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Abstract

In comparative Life Cycle Assessment (LCA) of caterstructures it is of crucial importance
to provide the functional equivalence of comparkgraatives. Most commonly, the
comparison is performed between the structures rmobdenventional and green concrete
mixtures. Since they have different mechanical du@bility properties, corresponding
structures have different strength and service While resolving this problem, two
approaches are generally possible: either correctiche functional unit volume or correction
of the calculated environmental impacts with corapiee strength and duration of service
life, if functional unit has the same volume. Iinsttvork, in order to assess the effect of
service life modeling in LCA, both approaches wersted. As a demonstration, comparison
of both slabs and beams made of conventional agidyalume fly ash concrete exposed to
carbonation was carried out. LCA was performe®tbdifferent mixtures from reported
experimental research and calculated environmeéntacts(climate change, acidification,
eutrophication, photochemical-oxidant creation, andabiotic depletion of fossil fuels¥or
both approaches were compared. Results showeditfement modeling of service life in

LCA can result in totally different, even oppositanclusions. With slightly larger volume of
functional unit(7%-20%), all normalized environmental impacts of high vokifly ash
concrete structural members were lower for an coflenagnitude6 - 7 times)compared to
those obtained on the basis of the same volumeagpipr Therefore, drawing conclusions
only on the basis of service life modeling with game volume approach may be misleading.
The proper choice of the best alternative shoulddsed on the integrated assessment which

includes structural, environmental and cost asseissof the structure as a whole.

Keywords: concrete structure, service life, LCA, environt@impact, integrated assessment
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1. Introduction

It is well recognized today that human activiti@sise major environmental impacts. Among
many others, the construction industry placesgeléurden on the environment: huge
consumption of natural resources, especially noesable fossil fuels, large emissions of
substances that pollute the air, soil, and watewell as the generation of substantial amounts
of inert and toxic waste.

More specifically, the concrete industry plays @di@g role in this process: concrete
production is not especially harmful per unit ohceete; however, the global production and
utilization of concrete is very high — roughly 28ibn tons of concrete are produced globally
each year, or over 3.8 tons per person per yeatG®8IB 2009), only second to water in
mankind’s consumption. In developed countries,cstmal concrete (concrete utilized in
reinforced concrete structures) constitutes ovét 80all concrete, and developing countries
will follow this trend (UN Environment, 2018). Tloement industry causes approximately
10% of the overall anthropogenic ggnissions (UN Environment, 2018) in the world — enor
than 50% of the yearly CQs related to building activities. The IEA studiA, 2018) found
that CQemissions in the cement industry, consistent witeasta 50% chance of limiting the
average global temperature increase to 2°C by 2400ld require an overall reduction of 24%
in the CQ direct emission from current levels by 2050.

For these reasons it is of crucial importancend fvay(s) of greening the concrete industry,
i.e., to decrease its impact on the environmengsé&tefforts can be divided into three major
groups: (1) recycling of construction and demotitiwaste as a way to reduce the amount of
waste and consumption of natural resources, (2h@material level, by introducing green
concretes, and (3) on the structural level, bygretr longer service life and reuse.

Green concretes are developed with the followingsai
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- to reduce the natural aggregate’s (NA) consumpiad waste generation — for the
production of these green concretes recycled ctmaggregates (RCA) are used instead of
NA; they are called recycled aggregate concret@sC(R

- to reduce C@emissions which originate mostly from cement puaitun, namely by using a
low content of cement.

Part of the cement is usually replaced by the #edcaupplementary cementitious materials
(SCMs) with low embodied COThe most common SCMs are reactive wastes froer oth
industries; for instance, fly ash (FA), the by-pwotlof the electricity production in coal-
burning power plants, can be used for this purpesause it has pozzolanic properties.
Granulated blast furnace slag (GBFS), a by-prodtiptg-iron production in blast furnaces, is
also commonly used. Fillers, inert or weakly reaefine particulate materials, can partially
replace cement or other reactive SCMs; the mostmamly used is limestone filler.

The cement content in concrete can also be reducagpropriate mix design methods such
as particle packing methods (Fennis and Walravet? 2Sunayana and Barai, 2017). These
methods enable better concrete properties withalenamount of cement. Recently, research
has focused on the possibility of replacing largegof cement with inert fillers and super
plasticizers, in combination with particle packimgthods (John et al., 2018).

Due to the high global production of concrete,,@@Xigation strategies require material
alternatives to be available in large amounts. Adiog to a UN report (UN Environment,
2018) there is not much future in replacing cemtit common SCMs such as GBFS and
FA, because of their limited global availabilityn& estimate is that quality sources of GBFS
and FA will be limited globally to only about 15-%50f cement production by 2050 and are
unlikely to increase. This amount is hardly enotagithe production of composite cement
(CEM II) (CEN, 2008) which contains up to 35% of€and is highly utilized in structural

concrete. For that reason, this report recommeztly developed alternative SCM systems
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that use a combination of calcined clays and grdumestone or a combination of filler, super
plasticizers, and particle packing mix design mdthd@eside limestone, many other minerals
can be used as fillers in concrete, so they araddntly available everywhere.

However, there are regions in the world where Failability is significantly above the global
average. These are regions where most of elegtigciroduced in coal-fired power plants,
with rapid technology change that is unlikely t@arcin the near future. For instance, in
Serbia, 70% of electricity is produced in such fgaifhe annual production of FA and bottom
ash is 7 million tons, with 300 million tons of Fveady deposited on an area of more than
1500 ha. On the other hand, the annual producfieerment in Serbia is about 2 million tons.
Only 3% of FA is utilized, mostly in cement prodioct. Much larger utilization of FA is
therefore urgently needed in some regions of thedwBor this reason, high volume fly ash
concrete (HVFAC) was developed as a concrete wdooitiains more than 40-50% of FA in
the total mass of cementitious materials. With prapix design and quality FA, this concrete
can have properties necessary for structural egtjpies.

Whichever SCM, filler, aggregate type, or mix desimgethod is used, the aim is to keep the
structural performance of concrete at a desireel l&yp to now extensive research was
performed regarding the properties of HYFAC and RAEr references for databases) and
regarding the behavior of structural elements dnimg them (Ajdukiewicz and Kliszczewicz,
2007; Arezoumandi and Volz, 2013; Arezoumandi gt28l14;Dragas et al., 2016gnjatovic

et al., 2013, 20174, Pacheco et al., 201%naack and Kurama, 2015adati et al., 2016;
Seara-Paz et al., 201BoSk et al., 2016, 2018iao et al., 2012Y 00 et al., 2015). Although
the production technologies are readily accessibteproperties are well investigated, their
application in structural concrete is not yet staddzed (or it is allowed but with strong

limitations canceling possible benefits). They sloavly entering the structural codes and, for
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instance, the new version of Eurocode 2 (CEN, 2@@#)ned for 2020 introduces RAC as a

viable structural concrete.

2. Effect of service life on the life cycle enviromental impacts of concrete structures -
choice of functional unit

A lot of research in the last decade was devoted the environmental assessment of
conventional and green concretes and it was, almosxkclusively, performed by using Life
Cycle Assessment (LCA) in comparative assessmefigoeri et al., 2013; De Schepper
et al., 2014; Celik et al., 2015; Jiménez et al.025; Turk et al., 2015; Teixeira et al., 2016;
Braga et al., 2017; Marinkovic et al., 2017; Van deHeede et al., 2017; Vieira et al.,
2018; Zhang et al., 2019)Various commercial and non-commercial LCA sofwyancluding
Life Cycle Inventory (LCI) databaséSimaPro (www.pre.nl), Gabi (www.gabi-

software.con), Athena (www.athenaSMI.cgd, TEAM (www.ecobilan.com) JEMAI

(www.jemai.or.jp/english/index.cfm),) and LCI databases (Ecoinvent

(www.pre.nl/ecoinven), ELCD (http://Ica.jrc.ec.europa.ey, BEES

(www.nist.gov/el/economics/BEESSoftware.cfinetc.were developedilthough the

environmental aspect is not the only pillar of ausbility, it is the most investigated one,
because the social aspect is hard to quantifyh®mther hand, it is easy to incluthe
economic aspect (cost) in the assessment, and intfe has always been included in the
decision making process

Unlike most other products, structures generally hae very long service life — period of
time in which the structure has to satisfy the regired performance criteria. It ranges
between 10 and over 100 years depending on the typiestructure and its importance.
For instance, according to European standard Euroage O (CEN, 2004) design service

life is 10 years for temporary structures, 50 year$or buildings and other common
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structures of average importance, and 100 years onore for structures of greater
importance e.g. monumental buildings, large bridgesother special or important
structures.

Today we are able to successfully estimate servilte of concrete structures for different
deterioration mechanisms using probabilistic approahes such as those given in, for
instance,fib-Bulletin 34 (2006). In design of concrete structugs service life is one of the
functional requirements and therefore it has to bencluded in LCA when defining the
functional unit (FU).

This is especially important in LCAs where concretestructures made of conventional
and green concretes are compared. Since they usyaliave different mechanical and
durability related properties which influence service life of a structure, FU with same
volume would obviously not provide the same functio of compared alternatives -
comparison based on the same volume approach is rjastified.

In previous research, this problem was recognineddgalt with in several ways. Some
researchers adapted the functional unit (FU) ttudeproperties of the concrete as material
(Panesar et al., 2017; Zhang et al., 2019)hese authors included service life by
correcting calculated impacts per unit volume withchosen concrete durability related
property, such as rapid chloride permeability or cHoride diffusion coefficient.

However, in that way the behavior of the material jflain concrete durability) and not the
behavior of the structure (its service life), is then into account. Concrete structures are
made of reinforced concrete (RC) and in the most comon case of steel reinforcement,
basic deterioration mechanisms affecting servicefé are carbonation or/and chloride
induced reinforcement corrosion. For these commonlinvestigated mechanisms the
service life of RC structural member depends onlymthe quality of concrete in cover (in

standards usually expressed through the minimum copressive strength or minimum



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

cement content) and its depth. So, there is no &ar relationship between the whole
chosen volume of RC member and its service life, bthere is a certain, non-linear
relationship between the depth of concrete cover anduration of RC member service

life. And this is not the same at all since concretcover makes only a small part of any
chosen unit volume.

Therefore, when assessing concrete on the “mdtéxadl it is justified to apply FU based
only on the material properties. Such FU can bé ose for generic comparisons in order to
evaluate the environmental potential for matendissitution. Beside, such comparative LCAS
should clearly state that performance of a speapiglication of assessed material is not taken
into account.

As for concrete used in RC structures, its area application is known — it is a concrete
structure with specific functional requirements regarding safety, serviceability and
service life. The assessment of structural concretannot be performed independently of
the structure in which the concrete is applied beasse service life is not the property of
material but a function of the concrete structure.

In comparative LCA same functional requirements shald be satisfied for all compared
alternatives. In ISO 14041 terminology (ISO, 2006), all refererflows of compared
alternatives should be corrected for FU which mflall relevant functional aspects of the
concrete structure. So in comparative assessmestiotural concretes, FU based on a
specific concrete structure performance shoulddpdied. This is valid for all construction
materials, only in the concrete case there is ratihdarge difference between the “nature”

of material and the “nature” of the structure.

Generally, two approaches for obtaining the fum@laequivalence when comparing
structures made of concrete with different propsrére possible: either correction of the FU

volume (Approach B in this work) or normalizing tbalculated environmental impacts with

8
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compressive strength and duration of serviceflifédl has the same volume (Approach A in
this work). What however can lead to a very différ@ssessment results is a fact that for the
service life prediction in the case of deteriomatinechanisms which cause the reinforcement
corrosion, only the depth of the concrete coveerinforced concrete (RC) member matters
(as already mentioned).

Themost applied way to model the impact of service dif concrete structures in LCA in
previous research was Approach A. For instanc&airtia-Segura et al. (2014) and Vieire et
al. (2018) work, an RC column with chosen size disiens was applied. Silva et al. (2012)
performed the service life prediction for a linea@mber with specified length and cross
section size. These assessments were based od thki€h represents the same volume of
compared RC alternatives, i.e. same depth of cemcoer, resulting in different service
lives of compared alternatives (Approach A in Fegij. With this approach the functional
equivalence regardinggrvice lifeis not achieved and environmental impacts must be
calculated per year of service life for proper cangon.

The problem with such approach is that alternativesvith poorer resistance to chosen
deterioration mechanisms (whether conventional orgen concrete) can have much
shorter service lives and therefore significantlydrger environmental impacts per year of
service life. To avoid this situation (to be negate on green concrete performance) which
is generated by employing Approach A solely, resezhers often choose to compare
conventional and green concretes in the exposureratitions for which green concretes
have superior behavior (for HYFAC that would be resstance to chloride ingress). But if
the comparison is performed for the exposure conditn less favorable for green
alternative (for HVFAC that would be carbonation resistance and carbonation is
practically unavoidable), green concrete would beupfairly) assessed as much less

environmentally ‘friendly’ when service life is taken into account. In a word, commonly

9
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properties of concrete on the LCA environmental impct results of a concrete structure.
On the other hand, there is another possible and ceect approach to service life

modeling within LCA. Same service lives of comparedlternatives can be obtained with
different cover depths (keeping the same member’srength), Approach B in Figure 1.
Since the depth of concrete cover is usually equi several centimeters, this causes small
changes of volume in FU and different impact of seice life on the environmental
assessment compared to Approach A. If there is arlge difference between calculated
service lives of compared alternatives, results tfie impact assessment using Approaches
A and B (which are both correct) would differ for an order of magnitude. To the best of
the authors knowledge this fact was not recognized the previous research and
Approach B was not applied in assessment of conceetor structural use, i.e. concrete

structures.

APPROACH A

Alternative 1 Alternative 2

/ 1 m? A / 1 m? A
fcml dl fcmZ d2
D Ag ;@12 hy D, Ay 702 hy
| | T | | To

f‘c:ml =fc:m2

D=0, Ag=Aq @ | same flexural strength | A Vi=Vs @ same volume of FU
1 hi=h, tan#tsn different service lives
di=d,
APPROACH B
Alternative 1 Alternative 2

/ 1m? A / 1m? A
f(:ml dl f(:m2 d2
D Ay @2 | D Ay 2 |hy

3
| 2

Ci

Tcm 1 =fcml

D=0, Ag=Ag @ | same flexural strength | E‘iﬁz Vi#EVa |é> different volume of T
di=d, 17 ton=tsp same service lives

Figure 1. Different approaches to modeling of R&bdervice life in LCA
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Following symbols are used in Figure 1:

fem— Mean concrete compressive strength

® — radius of reinforcement bar

As— area of reinforcement

d — effective depth of RC slab

h — total height of RC slab

¢ — depth of concrete cover

More generally, as Approach A can be considered emeapproach in which the depth of
concrete cover is assumed to have the same valuedtd compared concrete alternatives.
Required service life duration can be set as targetnd additional repair activities are

than included in LCA for those alternatives which an’t fulfill this requirement (Van

den Heede and De Belie, 2014Again, if there is a large difference between cal¢ated
service lives this can end in large number of necgary repairs and consequently larger
impacts of alternatives with short service life.

Besidesgeneral conclusions on the structure’s servieedifect in LCA can hardly be drawn.
They depend on the type (beam, slab, column...) anize of the RC member/structure
because the participation of the concrete cover dépin the unit volume is not same for
beam and slab for instance — the effect of servitiée is case-dependentAs it was stated in
Purnell’'s work (2012) “there is no such thing agr@en structural material”. In fact, the most
proper way in comparative assessments of RC stegts to choose the whole structure as
FU (Garcez et al., 2018) while multiple structutakigns are unavoidable.

To demonstrate this fact, this work shows how serlife prediction affects the life cycle
environmental impacts of different RC structuralnnbers, and how different such results can
be compared to assessments based on the same \agpnoach or based on the material

properties only. For this demonstration two différeoncrete mixes, conventional concrete

11
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(CC) and HVFAC, and one deterioration mechanisarbanation, were chosen. This was
considered as good demonstration example since thvsconcrete mixtures have very
different carbonation resistance. For two typestafctural members, slab and beam,
relationships between the chosen impact categdigators and compressive strength were
derived taking into account the effect of carbamatn the service life. This was performed
on the basis of experimental results from literatusing LCA and regression analyses.
Impact category indicators were calculated for appnately 50 different mixtures of each
concrete mix, with input LCI data chosen to repnésererage European production

technologies.

3. Databases

The uncertainty regarding the relationship betweemmixture proportions and
compressive strength of concrete is rarely testedimost exclusively in the previous
research only one mix design per each alternativeag assessed and compared. Usually,
three samples are tested for determining the compssive strength of the mixture and
standard deviation is obtained. But this standard dviation (which is commonly small)
includes the variability due to concrete technologwand not due to the concrete mix
design.

The problem is that the same compressive strengtlan be obtained with different
mixture proportions, i.e. different amounts of commnent materials which are essential
for the impact assessment. This is especially impant for the cement amount, because it
practically determines the main environmental impats of concrete. The cement amount
in the mix design is influenced not only by the sength, but also by the workability
requirement. If workability (slump value for instance) is not equal, same compressive

strength can be obtained with (very) different cemet content, depending also on the

12
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amount of water reducing admixture. So, results ofhe previously published

comparative LCA studies treating several specificancrete mixtures are valid only for
those mixtures - if different workability requirement is set as target, different mix

designs and different impacts are obtained. This fd can introduce relatively large
variability of the impact results.

For that reason it was decided to calculate impactsn a database of concrete mixtures
with broad range of strengths and workability clases collected from published
experimental research. The other reason was to assethe influence of the concrete
compressive strength on the impact results.

Experimental results on the mixture proportions praperties of CC and HVFAC were
collected from available research papers, techmggairts, master and doctoral theses. From
all available studies only those which containddchatessary data for LCA were selected.
These are:

- type and amount of cement, FA, aggregate, arstipizer

- slump and compressive strength of concrete (ala38)

Only concrete mixes with mean compressive strehgtlarger than 38 MPa were chosen for
the LCA analysis. This value corresponds to coecséength class C30/37 which is the
lowest strength acceptable for XC3 exposure clamscfete inside buildings with moderate or
high air humidity) according to Eurocode 2 (CENQ2)) Concrete mixes with slump values
between 50 and 210 mm (classes S2, S3 and S4 axptwEN 206-1 (CEN, 2011)) were
selected for further analysis. Only class F fly asbording to ASTM C618ASTM C618,
2015) was taken into account. As for plasticizémesults with a plasticizer amount below
2.5% of cement+FA mass were included in the datbdhe type of curing regime can

influence HVFAC properties and therefore for thesetures the most common type was

13
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selected — standard wet curing: 95-100% RH andeeayre 20+2°C for the first 28 days.
Application of these filters led to:

- 51 different mixtures in the HVFAC databasat@base provided in Supplementaryout

of 440 collected results, with following rangespairameters: FA/(cement+FA) = 40-60%,
plasticizer 0-2.5% of the cement+FA mass and meampressive strength at 28-days 38—67
MPa.

As for CC, the results were compiled of control aate mixes from experimental campaigns
which were used to obtain the HVFAC resuttatGbase provided in Supplementary. It
contains 43 different mixes with following rangdsparametersplasticizer 0-2.5% of the
cement mass and mean compressive strength at 288a§6 MPa.

In selected concrete mixes, FA specific gravitygesfrom 2075 kg/fhto 2750 kg/m. Al
compressive strength results were recalculated fds x 30 cm cylinder, as per Eurocode 2

(CEN, 2004).

4. Modeling of carbonation resistance

4.1 Carbonation depth model

Carbonation is one of the most important depagsivgitrocesses. It represents the process of
cement matrix neutralization which destroys thenulsal protection of reinforcement (thin
oxide layer produced in the hydration process)oAdyreinforcement protection can be
achieved with adequate concrete quality and cogpthd depending on the exposure
conditions. The expected carbonation depth in mhttanditions directly influences the
concrete cover depth required for the design seifie.

There are several ways to predict the carbonagmthdover time (natural carbonation test, a

wide range of prediction models), but the probabdiapproach suggestedfib-Bulletin 34
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(2006) is the most widely used. Service life isimkd through limit state function for

carbonation induced reinforcement depassivation:

a(cx (1) =c=x(t) =c-\[2 0k, [k, [fk (R, +&, ) [, B W t) )
where,
c concrete cover (mm),

x(t) carbonation depth at the tihémm),

ke environmental function (-),

ke execution transfer parameter (-),

[ regression parameter (-),

& error term ((mrftyear)/(kg/m)),

R'acc inverse effective carbonation resistance of cardj@nnt/year)/(kg/n)),

Cs  CO, concentration (kg/f),

W(t) weather function (-).

For carbonation depth calculatidih-Bulletin 34 (2006) model takes into account theera
climate conditions, curing conditions and concpatgperties. The impact of environmental
conditions is represented by two parametersepresenting the influence of relative humidity
andW(t) representing the influence of atmospheric giéaiion. Taking into account that in
this study the indoor concrete members were coreidéhe value of the parameter W(t) was

adopted as 1. The environmental function paranfkfeis defined as:

e

‘ - 1-(RH,, /100)" N
2

| 2-(RH, /200"

where,
RHear environment relative humidity (%),

RH,e; referent relative humidity (%),

15
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fe exponent (-),
Oc exponent (-).

Execution transfer parametég)(takes into account concrete curing conditions:

t be
o ‘(ﬂ 3)

where,

tc period of curing (days),

be regression exponent (-).

The curing period (tc) of 7 days was adopted because it is assumed tHas is the
standard time of curing on site, as well as the timdefined infib-Bulletin 34 (2006)
required for the accelerated carbonation test.

Parameterg; ande; represent the relationship between natural anele@ted carbonation
resistance and they differ for different concretgtores. Values of these parameters for CC
are defined iriib-Bulletin 34 (2006) while for HVFAC values proposedCareve et al.,
2019) were used in this study. The only paramétarrepresents the concrete quality is the
inverse effective carbonation resistan@es:c), which is determined based on accelerated

carbonation tests:

— XC
RACC - { m} (4)

where

Xe accelerated carbonation depth (mm),

Cs  CO, concentration (kg/m),

t test duration (s).

In order to analyze the impact of concrete type @rdpressive strength, it is necessary to

establish a relationship betweHacc and 28 days concrete's compressive streffigih To
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establish this relationship, a database of avalabtelerated carbonation test results for CC
and HVFAC was formed. This database contained teefoim 15 studies for CC (Atis, 2003;
Bouzoubaé et al., 2010; Bucher et al., 2017; Carval., 2019; Dhir et al., 2007; Duran-
Herrera et al., 2015; Jiang et al., 2000; Katz,2@hunthongkeaw et al., 2006; Kuosa et al.,
2008; Leemann and Moro, 2017; Ohga and NagatakR;1Pedro et al., 2015; Ribeiro et al.,
2009; Shah and Bishnoi, 2018) and 8 studies for AWVFEAtis, 2003; Bentur and Jaegermann,
1991; Bouzoubaa et al., 2010; Catesi al., 2019; Ignjatoviet al., 2017b; Jia et al., 2012;
Jiang et al., 2000; Ribeiro et al., 2003). A tattl 15 carbonation depth measurements for CC
and 59 for HYFAC were collected for samples witimpoessive strength ranging from 11.5 to
67.0 MPa (measured on a standard cylinder sam@®@00 mm). The relationship between

R’acc andfen, for CC and HVFAC is presented in Figure 2.

% Khunthongkeaw et al (2006)
CcC ¢ Buozoubaa et al (2010)
50000 - +  Ribeiro et al (2009)
= ® Leemann and Moro (2017)
Eb 40000 - = Kuosa et al (2008)
= % Bucher et al (2017)
E) 20000 - = Carevic et al (2019)
2~ Dhir et al et al (2007)
Ng ¢ Herrera et al (2015)
S 20000 4 4 Ohga and Nagataki (1989)
;3 + Atis (2003)
% 10000 4 x  Jiang et al (2000)
Shah and Bishnoi (2018)
0 ® . x Pedroetal (2015)
10 70 Katz (2003)
£, [MPa] Power (CC)
HVFAC
— 50000 - x  Buozoubaa et al (2010)
E x o Ribeiro et al (2003)
ED 40000 - +  Jiaetal (2012)
% Rycc =2.80-107 £, -2352 4 Carevicetal (2019)
2 30000 - Lxa R*=0.679 Ignjatovié et al (2017)
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Figure 2. The relationship between inverse effectbarbonation resistance and 28 days
concrete's compressive strength for CC and HVFAC

For both types of concrete power regression funatias used, which is in agreement with the
research of other authors (Silva et al., 2015).fi@ent of determination of 0.516 and 0.679
were achieved for CC and HVFAC mixtures, respebtives expected, HVFAC has a lower
carbonation resistance compared to CC with sam@ssive strength. However, as
compressive strength increases, the differencegleet CC an HVFAC are reduced. In further
analysis the relationships proposed for CC and HE®BAd shown in Figure 2 will be used for

the calculation oR *acc.
4.2 Service life prediction

After establishing these relationships, a predictbthe carbonation depth and the service life
based on concrete compressive strength can beusadgEq. (1). Since Eq. (1) represents a
probabilistic approach, the input parameters ofntioelel should be stochastic variables.
Distributions and characteristic parameters forseariablesf(, gc, RHre, te, be, Cs, ki @ndey)

are given irfib-Bulletin 34 (2006¥or CC and in (Carevi¢ and Ignjatovi¢, 2020)for

HVFAC. An overview of the applied distributions and theharacteristic parameters is
shown in Table 1.

The result of the limit state function is the prbitigdy of an event occurring, which in this case
means probability that the carbonation depth walegual to the concrete cover depth. The
acceptable probability of failure accordingfito-Bulletin 34 (2006) is 0.10, which corresponds
to a reliability index £) of 1.3. The reliability index of limit state funen was calculated

using theFirst Order Reability Method (FORM). The results of this analysis, which serve as

input for LCA, are presented in Figures 3 and 4.
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Table 1. Input parameters of the limit state fumetior service life prediction

Paramete Distributior c Unit
RHca Bete 65 10 %
(40) (100)
RH, Constar 65 - %
fe Constar 5.C - -
Oc Constar 2.5 - -
te Constar 7 - days
b, Norma -0.56 0.02¢ -
C. Norma 0.000¢  0.000: kg/m?
t Constar 1+10C - yeal
ki CC Norma 1.2 0.3t -
HVFAC Norma 3.05 0.8t -
& cC Norma 315.F 48 (mmP/year)/(kg/n®)
HVFAC Norma 1626¢ 244( (mn/ year)/(kg/n’)
R acc Norma Fig. 2 CoV 10% (mn¥/ year)/(kg/n®)

* Lower and upper limit of the beta distribution

The relationship between calculated carbonatiohdgg andf., for CC and HVFAC
mixtures is shown in Figure 3. With increasing coesgive strength, the carbonation depth
decreases. For the same compressive strength AGwWerscarbonation depth for more than
two times compared to HVFAC. As a consequenceghdniconcrete cover depth for HVFAC
is required to achieve the same service life as@tCthe other hand, if the same concrete
cover depth was used for both types of concregeséhvice life of HYFAC would be more

than four times smaller compared to CC (Figure 4).

100 4 RH 65%, t =50 years

80 -
E —CC
= 60 . —— HVFAC
i

40

20 T T r )

0 20 40 60 80
X, [mm]

Figure 3. The relationship between carbonation ldeyotd compressive strength of CC and

HVFAC for RH 65% and t=50 years
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Figure 4. Reliability indey during time of exposure for CC and HVFAC

5. LCA model

LCA analysis was performed with a goal of calculgtihe environmental impacts of RC slab
and RC beam made of different CC and HVFAC conarekes, taking into account two
approaches to modeling of service life. Impactsewsiculated for 43 CC and 51 HVFAC
mixes, collected from previous research and cordpiiedatabases. Impact category indicators
were normalized with concrete compressive streagthduration of service life for different
concrete mixtures and RC member types, and exgt@sskinctions of compressive strength

applying regression analyses.
5.1 System boundaries

The analysis was performed for the production stddbe concrete structure life cycle.

System boundaries were chosen in accordance vatatthbutional LCl modeling approach
and shown in Figure 5. Impacts of the plasticizedpction were neglected since its mass was
lower than 0.15 % of the concrete mass. Produdioainforcement was also excluded under

the assumption that the amount of reinforcementegasl in all compared alternatives, which
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is required for the same flexural strength of RGnbers. Impacts from transport to
construction site and construction itself were as=tito be equal and therefore excluded from

comparison.

Natural aggregates
- extraction

- separation
Fly ash
Primary process | ————mm— ] e m—m————— | mmm————-- V| e |jm———=—==a

)
- electricity production Y Transport to . Concrete y Transportto I: Construction l__>: Use :_,: End-of-life :
| |

Secondary process concrete plant production 1 construction site: ) L '
...............................

- transport to storage silo
Cement : Reinforcement /
production ) production |

.......

--------

——m————-

Figure 5. Analyzed part of the concrete structifeedycle
5.2 Functional unit

An RC slab with effective depth equal to 0.15 m andRC beam with effective depth equal to
0.50 m and width equal to 0.30 m were assumedpasatystructural members of residential
and commercial buildings structures. Depth of ceteccover required for service life of 50
years and indoor environment with relative humi@ityal to 65% was calculated for each CC
and HVFAC mixture (Figure 3). One square meter Gf$kab and one linear meter of RC
beam were taken as FUs.

In the approach B (Figure 1) for achieving the saemwice life of 50 years, volume of
concrete in FU differed, depending on the typeasforete mixture (CC or HVFAC). Total
height of CC slab’s cross section varied from 03Li#2to 0.1829 m while total height of
HVFAC slab’ cross section varied from 0.2087 m 189 m, depending on the mean
compressive strength. Similarly, total height of B&am’s cross section varied from 0.5333 m
to 0.5438 m while total height of HVFAC beam’s g@®ction varied from 0.5697 m to

0.5799 m, depending on the mean compressive skrehgirger concrete cover and
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consequently, larger total height of cross seaottas required for HVFAC than for CC
member due to much lower carbonation resistan¢®/6fAC. However, the volume increase
in the slab case was 20.4% on average while o8B6 7n the beam case.

In the approach A, the concrete cover depth reddoeservice life of 50 years of CC
slab/beam was adopted for HVFAC slab/beam. Consglguéne FU for both CC and
HVFAC slab/beam had the same volume of concreteueder, service life of HYFAC
slab/beam with such concrete cover was much lowaer 50 years — calculated values varied
between 4.5 and 8.6 years, Figure 4. Impact cagagdicators in this approach must be
calculated per year of service life. To enable canspn between approaches A and B,
category indicators calculated according to apgrdaevere also divided by duration of

service life (in this case 50 years for all alténres).
5.3 Life cycle inventory

The intention was to perform LCA in the Europeanteat. All Life cycle inventory (LCI)

data were taken as average European data, masthtifre Ecoinvent database (Dones et al.,
2007; Kellenberger et al., 2007; Spielmann et28lQ7) or from European organizations, with
the exception of the FA LCI data. It is very haoddefine average data for FA production and
economic allocation — they depend on the partiotdat-burning plant technology and cost of
FA and electricity, which differ significantly beegn European countries. So, Serbian site-
specific data for FA production and allocation wased instead. It was calculated that the
difference in revenue from electricity and FA wa®i025%, in which case economic
allocation should be applied (CEN, 2016). Hencenemic allocation, based on the market
prices of FA and electricity, was applied (Marinkoet al., 2017).

Information about LCI sources is summarized in €gbDetailed information on inputs,

outputs and resources use for each considered praseper unit (kg, n? and MJ) and
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guantities of all elementary flows per FU and eackoncrete mixture are provided in

Supplementary.

Transport distances were estimated as 100 km (ambledd to account for the return trip) for

all concrete components and presented in Tabler3alFconcrete mixes, it was assumed that

river NA (sand and round gravel) is transportedlgge, while crushed NA (sand and crushed

gravel) is transported by trucks as is cement ahnd F

Table 2. Sources of LCI data

Type of dat Sourct Geograph
(process name in Ecoinvent V2.0)

Energ)

Diesel production Ecoinven EU averag

distribution, and usage (diesel, at regional storage/kg/RER)
(diesel, burned in building machine/MJ/GLO)

Electricity Ecoinven EU averae
(production mix RER/KWh/RER)

Concrete componer

Cement productic CEMBUREAU (the European Cement Associat EU averag

EPDs for CEMI and CEMII
Ecoinven

(gravel, round, at mine /kg/CH)
(gravel, crushed, at mine /kg/CH)

Fine and coarsaggregat:t
production

estimated as E!
average

FA productiol Industry Serbit
Concrete
Concrete productic Ecoinven estimated as E!

(concrete, normal, at plantfftH)

average

Transpor
Road and rive Ecoinven EU averag
(transport, lorry 16—32t, EURO5/tkm/RER)
(transport, barge/tkm/RER)
Table 3. Transport distances and types
Materia Route Transport Transport typ
Fromr To distance (km)
Cement Cement plant Concrete plant 100 x 2 Trueld2a
River NA Place of extraction Concrete plant 100x2  Barge 10000 t
Crushed NA Place of extraction Concrete plant 1@0 x Truck 16-32't
FA Power plant Concrete plant 100 x 2 Truck 16-32t
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5.4 Life cycle impact assessment

The problem-oriented (mid-points) methodology was ltosen for the impact assessment.
In the damage-oriented approaches (such as for iretce Ecoindicator, ReCiPe, etc.), it is
not possible to avoid normalization, grouping and wighting. Weighting is not a
scientifically based operation, but it relays uponthe opinion and attitude of experts
towards different environmental effects. On the otker hand, the relationship between
midpoint category indicators and LCI results is eady established through appropriate,
scientifically based, characterization models.

If the use phase is excluded, the most signifiamissions in the course of a concrete
structure’s life cycle originate from cement protioic and transport: green-house gasses
(carbon dioxide, methane, and nitrogen dioxide)ptawr dioxide, nitrogen oxide and non-
methane volatile organic compounds (NMVOC). Relévaidpoint impact categories related
to these emissions are climate change, acidificateutrophication, and photochemical-
oxidant creation (Marinko¥j 2013). Beside them, energy consumption and esipebossil
fuels consumption are of interest when assessingrete structures. Therefore, the impact
category indicators calculated in this work wereobgl warming potential (GWP),
eutrophication potential (EP), acidification potah{AP), and photochemical-oxidant creation
potential (POCP). They were calculated using tharadterization models within baseline
CML methodology (Guinée et al., 2002) which is momthmonly used.

Beside these, abiotic depletion of fossil fuelseptil (ADPFF) was calculated using the
cumulative energy demand method. For the ADPFRutations, the following heating values
of fossil fuels were used: 42.0 MJ/kg for dies®,11MJ/kg and 8.8 MJ/kg for hard and soft
coal respectively, and 39.0 MJior natural gas. For life cycle inventory and lifgcle

impact calculations, original Excel-based softwaes used.
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5.5 CO, uptake

Due to carbonation, certain amount of Q@I be reabsorbed or taken up by the concrete
structure over its life cycle. This process hasiagestigated a lot as an aspect of concrete
durability, but it was rarely taken into accountemhassessing G@missions in course of the
life cycle of concrete structures (Garcia-Segural e2014).

To assess the G@ptake, it is necessary to consider the use agtabElife phase of the life
cycle of the concrete structure. The {take generally depends on the earlier uptakeglur
service life, exposure conditions and time perspects well as on the size of debris pieces.
For instance, if concrete waste is crushed and ¢eanipy stockpiled for a new application the
exposure time is limited. If it is landfilled, tlexposure time is much longer — it is not limited
and concrete will eventually fully carbonate. Fareay long time perspective, maximum total
potential CQ uptake (for all life cycle phases) is estimated3% of the maximum clinker
uptake (CEN, 2016). For CEM I concrete, this thecad maximum CQ uptake is about 0.37
kg COJ/ kg cement. This amount obviously affects the GWifcator calculated for the whole
life cycle of the concrete structure.

In this work the CQuptake impact was not taken into account sincevth@e life cycle must
be considered and many assumptions regarding thei@@ke potentials for different
concrete mixtures, service and end-of-life phas@agos and eventual post-use applications
must be made. While this is acceptable for the gaep of this comparative study, the
influence of CQuptake over the whole life cycle should not be eegld in the sustainability
design of concrete structures.

5.5 Uncertainty in LCA

According to Huijbregts (1998) three types of uncdrinty can be distinguished within

LCA. First one is parameter uncertainty caused byhe imprecise, incomplete, outdated
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or missing values of LCI data. The second is modahcertainty, for instance adoption of
linear models instead of non-linear for environmerdl phenomena modeling. The third is
uncertainty due to choices such as, for instancehaice on system boundaries (which
upstream and downstream flows are included), methamlogical choices (attributional or
consequential modeling), choice of FU, allocatiorparoaches, etc.

Generally, the parameter uncertainty can be dealt wh using simplified approach which
includes a qualitative assessment of data qualitypdicators based on a pedigree matrix
(Weidema & Wesnaes, 1996). Then uncertainty factor@re attributed to each of the
guality indicator depending on their scores (1-5) ad the square of geometric standard
deviation can be calculated for assumed probabilitjunction for each elementary flow.
Such procedure is applied in Ecoinvent database wheuncertainty factors based on
expert judgments are used (Frischknecht et al., 200. The uncertainty estimations on the
level of a unit process are then obtained using Mda Carlo simulation. Monte Carlo
analysis is a probabilistic model parameter uncertaty analysis which requires
distribution functions for each elementary flow orunit process. However, it is stated in
this report that “the reliability of the mean values of the unit process raw data is judged
to be much higher as compared to the roughly estinbead geometric standard deviation”,
which has to be used for probability function defintion and Monte Carlo simulations.
Maybe more transparent way to test the uncertaintyespecially uncertainty due to
choices, is to perform the sensitivity analysis othe main influencing parameters/choices.
It means that impact assessment is performed for clsen parameter varied within
“realistic” limits and the interval of impact result is obtained instead of one value. This
procedure is commonly used for testing the effectf &ransportation distances and types
but also it can be used for testing the effect ohe service life model (Vieira et al., 2018,

Van den Heede et al., 2017).
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In this work the parameter uncertainty of LCI data was not tested and sensitivity
analysis regarding transport distances or servicafe model was not performed. The
rational behind these choices is as following.

Majority of LCI data was taken from Ecoinvent data base. Rather wide geography
(Europe) was chosen because the goal of the studysaamethodological issue, not a
comparison between two or more products. Two unit ppcesses that practically
determine the chosen impacts are cement productiaand transportation. Since the
contribution of aggregate, concrete and fly ash pruction is low, usually below 5% each
(referenca dodati Eco efficient construction and buding materials), the uncertainties
regarding the quality of data don’t affect the resuts significantly (not for more than few
percents). Cement production technology is today we similar throughout Europe and
therefore impact category indicators data fromthe largestEuropean Cement Association
CEMBUREAU EPD’s were considered as representativeniall aspects for Europe.
Transportation is the second largest source of imgas, but still much lower than cement
production in the European context. However, it is1ot logical to assume that cement,
aggregate and fly ash distances differ for two congred alternatives — both structures
are constructed at the same construction site andigplied from the same concrete plant.
Transportation distances and types other than thosassumed will influence both
alternatives’ impacts in the same way. So, sensiify analysis regarding transport
distances was not performed since the goal of theudy was to establish the effect of
different service life modeling in comparative LCAand not to calculate the absolute
values of impact indicators.

What however may introduce relatively large uncertanties (if FU is defined in relation
to service life and compressive strength) is senadife prediction model and relationship

between mixture proportions and compressive strengtof concrete.
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Service life prediction in this work is based on dull probabilistic approach where each
parameter is introduced with its estimated distribuion function. The calculation of
service life is performed for the assumed failure bability equal to 0.1 or reliability
index equal to 1.3 which is usually requested regding service life design of concrete
structures. Uncertainties regarding relationship letween mixture proportions and
compressive strength of concrete are taken into asant by applying the statistical

regression analysis on a database of 43 CC and 5YHAC mixtures.

6. Results and discussion

For each CC and HVFAC mixture from databases, impacassessment of the concrete
structure production part of the life cycle was peformed two times: once with the same
volume of FU (Approach A) and once with corrected @lume of FU (Approach B).
Calculated impact category indicators of CC slatwbvand HVAC slab/beam were
normalized relative to their service liveg)(&nd mean compressive strength at 28-day¥ (f
and plotted against it. Regression analysis wa®peed and functions which best fitted the
experimental results (with the highest determimatioefficient ) were selected. Results for
Approach B are presented in Figures 6-10.

A trend of decreasing indicator values with incnregEompressive strength is clear for all
indicators and both concrete mixtures. This mehasthe effect of compressive strength on
indicator values outweighs the effect of the largement content needed for the larger
strength.

As already stated, the FU volume increase in the HRAC slab was 20.4% on average
while only 7.3% in the HVFAC beam (compared to CC kb and beam, respectively).
Despite the larger volume of FUHVFAC mixtures have lower values of all indicatorsfor

both slabs and beams. Significant decrease of cemi@ontent ranging between 40% and
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60% in analyzed HVFAC mixtures causes such resultsince cement production is by far

the largest contributor to all indicators. Fly ashwas considered as a by-product and its

contribution consisted of the environmental load dbcated from the electricity

production and the environmental load from its owntreatment prior to the utilization in

concrete. The economic allocation coefficient caltated for Serbian market prices was

equal to 0.013 (Marinkovic et al., 2017) and all gether contribution of the FA

production to category indicators was below 5%. Sintarly, contribution of concrete and

aggregate production was around 5% each, while tragport contribution depended on

the category indicator: 10-15% of GWP and 30-35% oADPFF, EP, AP, and POCP

originated from transport emissions and resources $e.
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) R?=0.2128 R>=0.2242 R’=0.1604 R*=0.1923
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fem [MPa]

Figure 6. Normalized GWP of CC slab/beam and HVFs#tdb/beam per FU — Approach B
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Figure 7. Normalized ADPFF of CC slab/beam and HZF#Aab/beam per FU — Approach B
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Figure 8. Normalized EP of CC slab/beam and HVFR®B/beam per FU — Approach B

However, the effect of service life is more proncesh for slabs than for beams. For instance,

normalized GWP of HVFAC slab is lower for 22% oreeage, while GWP of HVFAC beam

is lower for 30% on average compared to CC slab@ddbeam, respectively. Although LCA

was performed for same CC and HVFAC mixtures irhlwatses, the volume increase in the

HVFAC slab FU relative to CC slab FU, is largerrthia the beam’s cas&his is expected

since concrete cover makes larger part of the unitolume in the slab’s case than in the

beam’s caseSo, if Approach B is applied, the effect of seeviife in LCA depends on the

size and type of a structural member.
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3 Figure 9. Normalized AP of CC slab/beam and HVFAdbbeam per FU — Approach B
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Figure 10. Normalized POCP of CC slab/beam and H¥Ekb/beam per FU — Approach B

7  Results for normalized GWP of slab and beam whetyaqg Approach A are shown in

8 Figures 11 and 12. For the sake of comparisonjrdataesults for Approach B are also

9 shown in these Figures.
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Figure 11. Normalized GWP of CC and HVFAC slab lpegr— Approach A and B
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Figure 12. Normalized GWP of CC and HVFAC beamFér— Approach A and B

Similar results were obtained for other impact gatg indicators. Values of the normalized

indicators for CC slab/beam are equal regardletiseodpproach due to the methodology

applied in this study. However, normalized GWPHMFAC slab is 6.5 times larger on

average in Approach A than in Approach B, althouigias calculated for same HVFAC mix

proportions. In the beam’s case this ratio is daeger: 7.1 on average. This is the

consequence of very short service lives obtainetheHVFAC alternatives, if the concrete

cover depth is assumed equal to required valuE@alternatives and service life of 50 years.
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It is more than obvious that Approach B is favoediolr service life modeling of green

concretes which have poorer durability propert@sgared to CC. However, it should be kept

in mind that the volume of concrete required fa same structural performance in this
approach is larger for HVFAC alternatives: for 26.47.3 % on average in the slab/beam
case, respectively.

Results of comparison with other published resultare presented in Table 4. Among the
published research, papers in which compared alteatives had significantly different
service lives were chosen for comparison with owresults. In all cases, deterioration
mechanism was chloride attack (favorable for greeconcrete alternative), Approach A
was applied and several green alternatives (differg replacement ratios of fly ash or
slag, but one mix design per alternative) were congped with referent, conventional
cement concrete. Only one impact category indicatowas chosen for comparison — GWP,
except for the work of Vieira et al. (2018) where aingle score expressed in points (Pt)
obtained with ReCiPe methodology was used. Althoug¥iieira et al. (2018) reported also
results for midpoint categories including GWP, it vas not clear to authors for which FU
these results were obtained. In Van den Heede et §017) GWP was calculated for FU
which included volume, and for FU which included vtume, strength and service lifeTo
eliminate the impact of compressive strength, fronall analyzed alternatives in their

work, only concretes with same compressive strengtliere chosen.
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Table 4. Comparison with published research

Author Environ. Concrete mixtur Durability Service life EI(GC)/EI(CC) EI(GC)/EI(CC (5)/(6)
impact (EI) property (DP) (SL) FU1 FUZ
(mechanism) average values  average values
1) 2) 3) 4) ©) (6)
Panesart GWF cement concrete (C)  28-day rapid
al. (2017) (chloride chloride /
ingress) permeability
(3186 C)
25% of cement replace 28-day rapid 0.65 0.09 7.2
with slag and 8% of chloride /
silica fume (GG permeability
(421 C)
Vieiraet PP cement concrete (C / 8.4 year
al. (2018) (chloride 40% of cement replace / 29 1 vears 1.07 0.30 3.6
ingress) with fly ash (GC) Y
Vanden GWF cement concrete (C / 32 year
Heede et (chloride 15% ofcement replace / 100 years fo 0.98 (approx.) 0.29 (approx.) 3.4
al. (2017) ingress) with fly ash (GC) FU calculation
this work ~ GWF cement concrete (C / 50 year
(carbonation) 40%-60% of cemen / / 3.6-9.7 (slab, /
replaced with fly ash 4.,5-8.6 years Approach A)

(GC)

'FU1 (includes volume and strength)

2FU2 (includes volume, strength, and SL or DP)
® conventional cement concrete alternative
“green concrete alternative

® single score including damage to human healtrsystems, and resources
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It can be seen from Table 4 that including the seige life into FU significantly changed
the impact assessment result expressed as ratio ween GC and CC impact, for 3.4 to
7.5 times. In this work the FU including volume andstrength was not tested so only the
result in column (6) is reported. However, result@re similar having in mind that in this
work green concrete alternative has poorer durabily related behavior — if expressed as
ratio EI(CC)/EI(GC), result in column (6) for this work would be 0.10 — 0.28 which is
very similar to results of other researchers.

Results shown in Figures 6-12 clearly demonstratarge scatter (R ranges between
0.1604 and 0.5983, where the correlation coefficieR represents the degree of
correlation between two variables) especially forite GWP which is most influenced by
the cement amount. For the same compressive strehgtalculated impacts vary a lot
both for CC and HVFAC for the reasons explained inChapter 3. Standard deviation and
coefficient of variance (CoV) of GWP prediction (Aproach B, slab) are calculated for
several strength intervals (38-45 MPa, 45-50 MPa dr60-55 MPa) for both CC and
HVFAC and presented in Table 5.

Table 5. GWP/(fcmts), Approach B, slab

Compressive strengtk, CC HVFAC
38-45 MPe average (gCyw-eq./(MPeyear) 341 28.C
standard cviation (gCC-eq./(MP¢year) 4.7z 4.5:2
coefficient of variance (9 13.€ 16.2
45-50 MP« average (gCyw-eq./(MPeyear) 32.t 27.1
standard deviation (gCx-eq./(MPeyear) 3.9¢ 4.3
coefficient of variance (9 12.5 15.¢
50-55 MPs average (gCw-eq./(MFa-year) 30.7 23.71
standard deviation (gC-eq./(MP¢year) 4.1¢ 4.0t
coefficient of variance (% 13.€ 17.1

The uncertainty expressed through standard deviatio or coefficient of variance is rather
large, larger for HVFAC (CoV ranges between 15.9% ad 17.1%) than for CC concrete

(CoV ranges between 12.3% and 13.6%). This analysshiows that compressive strength
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dependence on the mix design introduces similar, ngae even larger uncertainty than
that brought by the LCI environmental data uncertainty if Monte Carlo simulation is
performed (see for instance Van den Heede et al.q27)). All together, this level of
uncertainty cannot jeopardize the conclusions’ vatlity since Approaches A and B lead to

impacts which values differ for an order of magnitue.

7. Conclusions

In comparative LCA of reinforced concrete struciiieis necessary that compared
alternatives fulfill all relevant functional reqements of the concrete structure (safety,
serviceability and durability). Since conventionald green concretes have different
mechanical and durability related properties, ¢jual can be achieved either by correcting the
volume of FU (Approach B) or by normalizing theaadated impact indicators with
compressive strength and duration of service Mjgpfoach A).

In this work both approaches were tested to shawditierent modeling of service life in

LCA affects the environmental impacts of differ&®&@ structural members. Two concrete
mixes, CC and HVFAC, and one deterioration mecimanisarbonation, were chosen for this
demonstration. For two types of structural membsed) and beam, relationships between the
chosen normalized impact category indicators amapcessive strength were derived. They
were developed using a number of experimental tesgported in literature regarding the
mixture proportions and properties of the mentiooaacrete mixes. Regression analyses were
applied to the obtained LCA results concerning raized GWP, ADPFF, EP, AP, and POCP
indicators and best-fitting equations relating nalized indicators and concrete compressive
strength were selected. Finally, comparison ofrésailts obtained according to these two

approaches was performed.

36



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

For service life modeling in the case of carbomatifib-Bulletin 34 (2006) model was
applied with missing required parameters for HVFA&tures adopted according to (Caxevi
et al., 2019). The relationships between invertecafe carbonation resistance and
compressive strength for both concrete mixturegwlerived on the basis of test results from
literature applying regression analysis. Followoogclusions are drawn.

1. Results obtained using developed service liggligtion model showed that HVFAC
mixtures had much lower carbonation resistance emetpto CC mixtures. Consequently, for
the same depth of concrete cover, RC member mad¥BAC had much shorter service life
(6 to 11 times, depending on the compressive dingtigan RC member made of CC.

2. LCA was performed on a relatively large numbfamixes (43 CC and 51 HVFAC) with a
very broad range of involved parameters which chaskeigh scatter of resultEhe

uncertainty regarding the relationship between mixtire proportions and compressive
strength of concrete was assessed. The parametercentainty was not assessed which is a
limitation of the work. It was considered that thisfact did not have a significant effect on
the conclusions in this study having in mind its gal and range of obtained results.

3. If Approach A is applied (same volume of FU)radfrmalized impact indicators of HVFAC
mixtures, for both slabs and beams, were much ddhge those of CC mixtures. Depending
on the impact indicator and compressive strengthiticrease ranges between 5 and 8, which
is almost an order of magnitude. This is a consecgief a much lower carbonation resistance
(shorter service life) of HYFAC compared to thaiGf.

4. If Approach B is applied (different volume of JFall normalized impact indicators of
HVFAC mixtures, for both slabs and beams, were faWan those of CC mixtures. This
decrease ranges between 4% and 30% depending onghet indicator and compressive

strength. In this specific case, the volume inazaaghe slab FU was 20.4% on average while
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only 7.3% in the beam FU; because of that, thecetieservice life was more pronounced for
slabs than for beams.

5. Different modeling of service life in LCA of corete structures can result in totally
different - opposite conclusions. With slightlydar volume, which of course increases the
weight and cost of the structure, calculated nomadlimpact indicators of HVFAC structural
members were lower for an order of magnitude. Rigje®f green concretes with poorer
durability properties based only on the servioe iifodeling like in Approach A is not
justified, because it is possible to achieve egtrakctural performance to CC performance
with slightly larger volume of RC membeén a word, a caution is recommended when
drawing conclusions based only on an Approach A lktype of service life modeling in
LCA of concrete structures.

6. Commonly used Approach A is not applicable forlte environmental assessment of
concrete structures in practice. This is because opared alternatives must fulfill same
functional requirements — these are strength, sergeability (deformations mostly) and
service life duration in the case of concrete striagres. Normally, concrete structure is
designed to fulfill them and results of design ardifferent if different concrete mixtures
are used (different size dimensions, different refiorcement amount, different concrete
cover depth etc.). So, in practice, FU in comparate environmental assessments should
be the structure as a whole — in fact there is naler way. For the final choice of “best”
alternative, other aspects should also be includgdarious specific technical aspects
regarding for instance the construction, cost etcywhich implies multicriteria

optimization as adequate methodology for integratedssessment.

7. Future research in the area of the environmentakssessment of concrete structures
should be oriented towards developing C@uptake prediction model for different green

concretes such as RAC or HVFAC, and for different rd-of-life scenarios. This should
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enable proper assessment of Calance over the whole life cycle of a concrete
structure. Also, research should be devoted to lifeycle integrated assessment of concrete
structures taking into account various possible choes on the importance associated to
different functional aspects of the concrete structre.

8. Results and conclusions in this work are validor analyzed concrete mixtures,
deterioration mechanism and exposure conditions asell as for types of structural
members chosen in demonstration example. They shauhot be generalized — results of
the environmental assessment of a concrete struceidepend on the purpose of the
construction project, type of the structure and stuctural members, exposure conditions,

and many other factors - it is a case-dependent iss.
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