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This study deals with a comparison of the environmental performance of one-way slabs utilizing steel fibre-
reinforced limestone calcined clay cement (LC3) concrete with the control case of Ordinary Portland cement
concrete. The experimental program constituted compressive and residual strength testing of concrete mixes and
beams reinforced with traditional longitudinal steel reinforcement as opposed to steel fibres. The code-compliant
design of the one-way slabs confirmed that, by adding steel fibres, 45% replacement of longitudinal steel rein-
forcement could be achieved. The cradle-to-gate life cycle analysis proved that the use of LC® as a binder and

integration of steel fibres lowers the environmental impact of one-way slabs by 10% despite the slight increase in
the concrete cover of the steel fibre-reinforced concrete slabs for carbonation resistance purposes. Several sce-
nario analyses were carried out to confirm that the savings could reach 40% depending on concrete mix design
optimization and the potential use of recycled fibres.

1. Introduction
1.1. Background

The increasing demand for concrete to meet the growing urban re-
quirements is alarming in light of the gross environmental burden
attributed to the construction sector [1]. The need for a sustainable built
environment is directing construction and building materials research
towards exploring effective strategies decarbonize concrete production
[2]. The structural components (concrete and steel) of reinforced con-
crete buildings are key to its carbon footprint reduction potential as they
constitute 90% of its carbon footprint [3]. To be more specific, slabs
contribute more than 50% to the concrete volume in a building and
hence are responsible for approximately 60% of building’s environ-
mental impact [4,5]. One-way slabs are the most well-known flooring
system for residential buildings in several countries [6] and hence this
study focuses on studying two main strategies to enhance their decar-
bonization potential.

The first decarbonization strategy is to reduce the amount of clinker
in the cement used in concrete [7]. The fact that 1 kg of clinker, the main
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component in Ordinary Portland cement (OPC) results in an almost
equal amount of CO, emissions highlights the decarbonization potential
of partially replacing it with low carbon Supplementary Cementitious
Materials (SCMs) [8]. Typically, industrial by-products such as fly ash
and ground granulated blast furnace slag are used as SCMs, but the
reduction in coal-fired power plants and blast furnace steel production
respectively means less future availability of both [9]. Hence, the
decarbonization potential of utilizing Limestone Calcined Clay Cement
(LC®) as a binder in which up to 50% of clinker is replaced is considered
significant [10]. Moreover, the limestone and kaolinitic clays required
for LC® production are abundant worldwide, enabling a widespread
deployment of this technology [11]. Previous studies show that LC3
concrete utilizing clays with >40% kaolinitic content exhibits compa-
rable compressive strength to a reference OPC concrete [12]. The
addition of calcined clay is associated with lowering the workability of
concrete, but specific water-reducing admixtures are proven to be
effective in resolving this issue [13]. Regarding durability, LC® concrete
was proven to have a substantially higher resistance to chloride ingress
[14]. The structure performance of LC3 concrete was assessed in pre-
cedent studies [15,16], but a gap remains on its specific use with steel
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fibres in reinforced concrete applications.

The second decarbonization concrete production strategy is the
integration of structural fibres to produce fibre-reinforced concrete
(FRC) [17]. Several international standards and guidelines already allow
for the usage of fibres in concrete for structural applications [18,19].
The addition of amounts ranging between 0.5% and 1.0% by volume of
steel and/or macro-synthetic polymeric fibres has shown significant
enhancement of the post-cracking) tensile strength [20], energy ab-
sorption [21] and post-cracking behaviour of structural concrete ele-
ments [22]. The ability to reduce the size of the structural reinforced
concrete sections and partially replace the traditional steel reinforce-
ment used in a member is hence considered as a promising decarbon-
ization strategy [23].

An established method to calculate the environmental impact of
concrete is Life Cycle Assessment (LCA). LCA is the study of the envi-
ronmental impact resulting from resource use and emissions attributed
to all processes defined within a specific scope of a concrete mix’s life
cycle [24]. A concrete mix designed for strength class C40/50 is reported
to have an average Global Warming Potential (GWP) of 370 kgCOzeq/m3
[9], whereas the average of comparable (similar mixing proportions)
concrete mixes based on LC° is reported to be 285 kgCOageq /m® [25].
Given similar transportation distances, LC> could also be up to 25%
cheaper than OPC [25]. Reinforcing steel, on the other hand, is attrib-
uted to a significant carbon footprint ranging from 0.86 to 0.92
kgCO2eq/kg (Garcia-Segura et al., 2014; Proske et al., 2014) depending
on the production process (blastfurnace/electric arc furnace), % of
recycled steel and energy source. Comparatively, a few environmental
product declarations from European producers (were found reporting a
lower average for steel fibres (0.69-0.88) kgCOgzeq/kg [26,27]. How-
ever, a previous paper assumed an equal value of carbon intensity for
both (rebars and fibres) as a global average [21]. Hence, an environ-
mental merit is expected when replacing the volume of steel rebars in a
slab with a lower volume of steel fibres as long as the structural per-
formance of concrete is maintained [28].

Previous LCA related studies have attempted to answer the question
of the decarbonization potential of coupling low-carbon binder and
fibre-reinforcement use in concrete. Abdulkareem et al. [29] reported
that 1m?® of steel fibre reinforced alkali-activated concrete actually
poses a higher carbon footprint than that of an OPC concrete, but the
study did not include any structural performance comparisons. Simi-
larly, Backes et al. [30] compared different types of fibre reinforced
concrete walls for 3D printing applications and while structural per-
formance was assumed equal across alternatives, mechanical testing to
validate this assumption was lacking. Nonetheless, there is a clear gap in
studying, based on a code-compliant case study, the decarbonization
potential of partially replacing longitudinal steel rebars with steel fibres.
Accordingly, a holistic evaluation of the functional and environmental
performance of concrete and concrete structures is required [31].
Accordingly, this study is focused on exploring the environmental
impact of steel fibre-reinforced LC3 concrete compared with a reference
OPC concrete.

1.2. Research objectives and significance

The main objective of this study is to assess the environmental per-
formance of steel fibre-reinforced LC® concrete in one-way reinforced
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concrete slabs. The study is built on experimentally obtained mechanical
properties of LC® and OPC concrete aimed at fulfilling specific structural
design scenario requirements. The case-specific quantities of reinforced
concrete are then integrated into a life cycle assessment (LCA) to eval-
uate the environmental performance of each alternative. The outcome is
expected to present novel empirical evidence on the structural and
environmental performance of LC® concrete as well as the decarbon-
ization limitations of replacing longitudinal steel with steel fibres in
reinforced concrete elements.

2. Materials and methods
2.1. Materials

As shown in Table 1, two groups of concretes were designed based on
the use of OPC and LCS. The OPC used in the study was CEM I 42.5 N and
provided by Holcim (Schweiz) AG (Siggenthal, Switzerland). The LC3-50
mix included: 1) 53% of the same OPC; 2) 30% calcined clay with 50%
kaolinitic content sourced from a quarry in Northern Ireland and
calcined at the labs at EPFL; 3) 15% commercial limestone powder; 3)
2% commercial gypsum. Both OPC and LC3-50 concrete were designed
for a strength class of C40,/50 with 300 kg/m® binder content and a 0.5
water-to-binder ratio (W/B). Four fractions of natural aggregates (NA)
were used, namely 0/4 (silica sand), 4/8, 8/16, and 16/32mm of
crushed limestone. The mass proportion of each of the four sizes in the
aggregates portion of the concrete mix is 1:0.29:0.49:0.56 respectively.

A commercial polycarboxylate ether (PCE) based superplasticizer
(Sika Viscocrete 1 LC>) was used as a water reducer to achieve target
workability. Within each concrete family, two mixes were produced:
plain concrete, and steel fibre-reinforced concrete (SFRC). In particular,
double-hooked steel fibres (Readymesh MF-500) supplied by Azichem
were used in this research. The fibres are commercially available and
display a nominal length of 50 mm and an aspect ratio (1/d) of 50. The
tensile strength and modulus of elasticity of the fibres are reported by
the manufacturer as 1.4 and 210 GPa respectively. The concrete mixes
were designed to achieve a minimum slump of 50 mm. The volumetric
content of fibres (0.75%) was selected as an average of the reported
value in the literature to ensure the structural application of the steel
fibre-reinforced concrete (SFRC).

2.2. Testing program

2.2.1. Slump

The slump cone test was conducted according to the EN 12350-2
standard [32] on each fresh mix. The mixes with a slump <50 mm were
rejected and the SP content was adjusted accordingly.

2.2.2. Mechanical properties testing

Cylinders with a 160 mm diameter and 320 mm height were tested
after 28 days for compressive strength according to EN 12390-3 [33]
and modulus of elasticity as per EN 12390-6 [34]. In addition,
120x120x480 mm® unnotched beams were prepared and tested at 28
days for the pre- and post-cracking flexural strength performance ac-
cording to the French national standard AFNOR or steel fibre-reinforced
concrete (1999). This standard is one of several used for the
post-cracking characterization of FRC, with the most commonly used

Table 1
The CEMI and LC® concrete family mixes with and without steel fibres (SF).
Mixes W/B ratio Cement type Fibre % volume Fibre type Superplasticizer
(%of binder by weight)
OPC 0.5 CEMI1425N - None 0.00
OPC SF 0.75 SF 2.30
Lc? LC3-50 - None 0.50
LC® SF 0.75 SF 2.50
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one being the EN 14651 [35]. Nonetheless, the AFNOR (1999) standard
is also compatible with a performance-based FRC design approach. A
span of 360 mm and roller supports of 20 mm diameter and 250 mm
length were adopted in a 4-point bending test setup. A 50 kN load cell
was employed. The loading blades had a span of 120 mm, 130 mm
length and hemispherical geometry (contact area) with a radius of
10 mm. The test was run with a constant displacement rate of 0.25 +
0.03mm/min until a deflection of at least 4mm was achieved. A
deflection transducer (LVDT) was used to track the deflection over time.
Three specimens were tested for each concrete mix. Disposable cylin-
drical cardboard moulds with aluminium bottom were used to manu-
facture 160 mm diameter and 320 mm high specimens for compressive
strength and elastic modulus tests. Before testing, the specimens for
elastic modulus and compressive strength test were polished with an
automatic polishing machine using a diamond brush. Specimens for
flexural strength test were also prepared using stainless steel prismatic
moulds with a size of 120x120x480 mm®. The concrete were mixed for
two minutes, cast and compacted by using a vibrating plate as from the
standard prescription for steel fibre-reinforced concrete (AFNOR, 1999).
All specimens were stored at 20 °C and 100% RH curing conditions.

2.3. Structural design scenarios

In this study, the choice was made to compare the environmental
performance of the OPC and LC® mixes in the case of one-way steel-
reinforced concrete slabs. As previously stated, one-way slabs can be
considered as typical horizontal load-bearing elements in a variety of
building structures and generally constitute the majority of concrete
volume in a building structure [36]. In order to cover a wide range of
possible scenarios, two slab effective depths (the distance between the
slab edge and the centroid of the tension reinforcement, d) were selected
for OPC reinforced concrete (RC) one-way slabs: 175 and 325 mm; and
two span-effective depth ratios (L/d) typical for one-way slabs were also
chosen: 20 and 25. Accordingly, the spans considered were 3500 and
4375 mm for slabs with d = 175 mm and 6500 and 8125 mm for slabs
with d = 325 mm.

The slabs were designed for the following loads: self-weight gg
(depending on the slab depth and considering a density of 2500 kg/m®),
additional dead load Ag = 3kN/m?, and a live load q = 3kN/m? was
assumed for use in residential buildings. The required reinforcement (A
req) Was determined per Eurocode 2 [37] for an ultimate load qgq = 1.35-
(8w + Ag) + 1.5-q considering a unitary strip of the slab with a width b =
1000 mm and a characteristic compressive strength fi = fom — 8 MPa.
Accordingly, the concrete mixes were designed for a strength class of
C40/50. An exposure class of XC3 was assumed as typical for the interior
of buildings so a nominal cover (chom) of 20 mm was assumed. Addi-
tionally, 20% of As;eq Was considered as transverse reinforcement, i.e.,
reinforcement orthogonal to the main reinforcement of a one-way slab
for covering secondary bending moments. Assuming the use of @10 mm
reinforcement bars, the total slab heights for OPC slabs were h = 175 +
25 = 200 mm and 325 + 25 = 350 mm.

In the case of LC3 RC slabs, two differences were adopted relative to
OPC RC slabs. Firstly, considering the obtained results on the modulus of
elasticity (presented in Section 3.1) that showed a 10% lower modulus
in the case of LC3 concrete, a 5% increase in effective depth was imposed
for the slabs to comply with the serviceability limit state of deflections.
This is due to the fact that a 10% decrease in stiffness E.-I caused by a
10% lower modulus can be compensated by a 5% increase in effective
depth (since the moment of inertia (I) is linearly correlated with the cube
of height). Hence, the effective depths for LC> RC slabs were 185 and
345 mm respectively, whereas the spans remained the same: 3500,
4375, 6500 and 8125 mm. It should be noted that this observation is
based exclusively on the results experimentally obtained in this study.
Previous work on LC3-based concrete shows no significant differences in
elasticity modulus compared to OPC [14].

Another change in LC® RC slabs was an increase in the concrete cover
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to ensure equal resistance to carbonation to OPC. This variation was
driven by the different carbonation coefficients (K,c.) of OPC and LC3
concretes subjected to accelerated carbonation (3% of CO3) as from
previous evidence of Shah and Bishnoi [38]. For concretes with a w/c
ratio of 0.5, the authors found average K, of 19.45 and
50.75 mm/year'/? for OPC and LC3, respectively. Considering the newly
introduced concept of exposure resistance classes (XRC) [39], the con-
crete’s performance against carbonation can be determined from an
accelerated test using the following expression [40]:

004 1 NXRC
XRC =k(C) ® feny ® fexe ® fac ® \/;' (%> "

Where k(C) is the carbonation rate depending on the applied test (out-
door sheltered, chamber test, accelerated carbonation, respectively)
determined in accordance with [41]; fexe is the effect of execution
(curing, compaction, and formwork after 50 years of exposure); feny is
the effect of different environmental conditions; fac is the correction
factor for the accelerated test condition (includes the effect of high CO,
concentration under curing and preconditioning); and nxgc is the time
exponent. In this case (exposure class XC3), all coefficients in Eq. (1)
were set as 1.0, except nxpc=0 [40]. Therefore, the values of XRC for
OPC and LC® concretes were obtained as 2.25 and 5.86, respectively. As
a consequence, OPC was classified as XRC3 and LC3 as XRC6, for which
the new Eurocode 2 revision (2021) proposes covers of 20 and 35 mm,
respectively. Therefore, the total height of LC® slabs was h= 185+40
=225 mm and 345+40= 385 mm, so 12.5% and 8.6% greater than the
correspondent OPC slabs.

As for the FRC slab cases, the amount of reinforcement bars was
partially replaced with steel fibres, considering the obtained residual
strength of the FRCs (which produces a resisting bending moment due to
FRC, Mpgc). Namely, considering a design external bending moment
Mggq, the amount of traditional steel reinforcement necessary to provide
a resisting bending moment (Mgc) was calculated from [42]:

Mpg¢ = Mgq — Mppe = Mgq — 0.45 o foq can @ h (2)

Where feq,ctan1 is the equivalent design tensile strength of FRC, deter-
mined according to German guidelines DBV-Merkblatt Stahlfaserbeton
[43], which is compatible with the P18-409 characterization test [44]
as:

feq,ctd.[l = feq.ctk.[l L4 (Xi L4 asys/yzt 3

With feq ct,ir being the characteristic value of the FRC residual tensile
strength corresponding to a vertical mid-span deflection of 2.8 mm in
the P18-409 test [44], ag = 0.85 for normal-weight concrete, asys being a
coefficient dependent on the height of the specimen (varying from 1 for
heights below 150 mm to 0.8 for heights above 600 mm) and vhe being
the partial factor for SFRC equal to 1.25.

2.4. LCA study

2.4.1. Scope definition

The first stage of an LCA is to define the scope of the concrete life
cycle to be considered. Typically, a cradle-to-gate scope would entail the
inclusion of all the processes until the production of concrete constitu-
ents, delivery to the concrete batch plant and concrete production. For
this case study, a cradle-to-gate scope is chosen as shown in the sche-
matic in Fig. 2 while including the use phase, to validate the suitability
of each concrete alternative to fulfil the service life requirement as per
the reinforced concrete slab scenario.

The second part of the scope is to define the functional unit (FU),
which is the LCA element responsible for the quantification of the
environmental impact indicators and the alternatives under study. The
FU of this LCA is selected as a square meter of the one-way slabs studied.
The FU is calculated as the volume of concrete per square meter
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Fig. 1. Testing set-up following the AFNOR (1999) for the residual flexural strength test showing a) OPC sample before failure and b) LC® sample post-failure.
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Fig. 2. A schematic figure of the LCA scope and modules selected in this study.

Table 2
Mixing proportions and literature based environmental inventory data for all concrete constituents of the experimental campaign.
Concrete constituent Unit OPC OPC-SF LC? LC-SF Unit GWP
kg CO, eq
Al module A1-A2 modules
average St.dev average
CEMI525N kg/ m3 300 300 159 159 /kg 8.50E-01 3.17E-02 8.73E-01
Calcined Clay - - 90 90 2.32E-01 2.58E-01 2.54E-01
Limestone - - 45 45 5.87E-02 2.00E-02 8.11E-02
Gypsum - - 6 6 5.40E-02 6.90E-02 7.64E-02
SP 0 6.9 1.5 7.5 9.91E-01 9.00E-01 1.01E+00
Water 150 150 150 150 3.63E-04 5.70E-04 2.28E-02
Steel fibres* - 60 - 60 1.08E+00 8.60E-01 1.11E+00
Sand 0/4 770 760 760 755 2.37E-03 2.00E-03 2.48E-02
Fine gravel 4/8 230 225 225 220 4.06E-03 2.90E-03 2.65E-02
Coarse gravel 8/16 375 375 375 370
Coarser gravel 16/32 430 430 430 425

* The GWP for steel rebars is considered similar to that of the steel fibres

multiplied by the total height (thickness in m) of the slab including the corrosion for the assumed 50 years of service life. The alternatives
amount of steel and fibres (if any) required to fulfil each of the structural being compared under this LCA scope are the concrete mixes for which
scenarios explained in Section 2.3. This includes the reinforcing steel the exact mixing proportions are described in Table 2.

volume compensation due to variation in the residual strength and
Young’s modulus as well as the durability against carbonation-induced
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2.4.2. Inventory data

The second stage of an LCA is to prepare the inventory database
including the environmental impact of each of the concrete mix con-
stituents. For each constituent, the upstream impact which is associated
with the extraction and production as well as the delivery to the concrete
batch plant, is allocated. A distance of 50 km was assumed for the
transportation of the concrete raw materials to the batch plant. The
source of the inventory data is a compilation of different published pa-
pers as shown in the supplementary information Table S1. The summary
of the inventory data including the averages from the literature is shown
in Table 2.

2.4.3. Impact assessment

The third and final stage of an LCA is to calculate the environmental
impact of the studied product. This is performed by adding up the in-
dividual impacts of all the associated processes to calculate an envi-
ronmental impact indicator; a number that makes the output of the
impact assessment study more understandable to the user [45]. The
selected impact indicators for this study were: Global warming potential
(GWP).

3. Results and Discussions
3.1. Experimental results

The slump cone results of the six mixes were 180 mm and 170 mm
for OPC mixes without and with steel fibres respectively, whereas it was
130 mm and 100 mm for the equivalent LC® mixes. The 28-day
compressive strength results (Fig. 3) show minor increase (~17%) for
the LC3 and OPC concretes incorporating steel fibres, relative to the
corresponding mixes without fibres. Considering that, at this dosage,
fibres should not affect significantly compressive strength, and the
modulus of elasticity results (discussed below), a probable explanation
lies in the better compaction of concretes with fibres, as they were
exposed to longer compaction because of the presence of fibres. At the
same time, LC3 exhibits comparable performance to OPC (-12% on
average) and provides a compressive strength above 49.12 + 1.82 MPa,
allowing it to be classified as a C40/50 structural concrete.

As shown in Fig. 4, the addition of steel fibres did not strongly affect
the elastic modulus of unreinforced OPC or LC> (within max. +7%),
corroborating the explanation that the increase in compressive strength
was due to the casting procedure and better compaction of the concretes
with fibres. Overall, it is observed that LC? is a slightly less stiff matrix
compared to OPC with a reduced elastic modulus value of -10% on
average which was factored in the structural design considerations as
explained in Section 2.3.

Overall, a low standard deviation is observed for all mechanical tests,
supporting a good homogeneity of the concretes produced. In terms of
equivalent flexural tensile strength, both SFRC mixes showed a suitable

70
£ 60
E ks
= 50
o
E 40
o 30
=
E 20
g 10
(=]
© 9

OPC OPC SF LC3 LC3 SF

Fig. 3. Compressive strength results of unreinforced and steel fibre-reinforced
OPC and LC® concrete mixes.
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Fig. 4. Elastic modulus results of unreinforced and steel fibre-reinforced OPC
and LC® concrete mixes.

Table 3
Equivalent tensile strengths of the tested SFRC mixes.

fetm,n (MPa)

feq,ctm,1 (MPa) feq,ctm,i1 (MPa)

Mixes Average CoV (%) Average CoV (%) Average CoV (%)
PC-SF 3.58 6.7 3.37 19.9 2.41 19.7
LC3-SF 3.43 - 2.67 - 1.65 -

residual flexural performance for the used volume of fibres (0.75% of the
binder volume). As seen in Table 3, the differences between OPC and LC3
mixes in terms of flexural strength were consistent with the compressive
strength results, showing slightly higher values for OPC — 3.58 MPa
compared with 3.43 MPa. Nonetheless, for the LC® mix, a 20% and 30%
decrease in equivalent tensile strengths feq ctm,1 and feq,ctm,;1 Were noted,
respectively: 3.37 and 2.41 Mpa for PC-SF and 2.67 and 1.65 Mpa for
LC3-SF, respectively.

One possible explanation could be the potentially weaker bond be-
tween fibres and the LC® matrix. However, it should also be noted that
for LCS the results are an average of only two tested specimens (since one
specimen was lost due to equipment malfunction) and that the coeffi-
cient of variation for the OPC mix (which could not be determined for
the LG® one since only two results were available) is relatively high (but
usual for this type of test). Therefore, the statistical significance of the
differences in feq cum,1 and feq,com,n between OPC and LC3 could not be
assessed.

3.2. Structural design results

As explained in Section 2.3, the structural design was performed in
each case to determine the required amount of steel reinforcement (As
req)- For the SFRC mixes, characteristic values (5% allowed defectives) of
the equivalent tensile strength feqcumn were determined using the
average values and CoVs shown in Table 5 assuming a t-student distri-
bution and that the observed CoV is equal to that of the population, so
that feqctm, Lk = feq,ctm,i,m — 1.645-0r3 (Where og3 is the standard devi-
ation, i.e. CoVxaverage). For the LC2 mixes, since CoV values could not
be determined, they were adopted equal to OPC. The detailed results are
shown in the supplementary information table S2.

The obtained results are shown in Table 4. In each case, minimum
reinforcement for ductile failure was checked and always maintained,
per Annex L of the new Eurocode 2 [46] meaning that for SFRC one-way
slabs, a 50% reduction in minimum reinforcement was adopted. As ex-
pected, slightly higher amounts of reinforcement were needed for LC>
RC one-way slabs compared with OPC ones: up to 13% and even less
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Table 4
Results of the structural design of the one-way slabs.

Alternative L/ feqetaqx L d(mm) h Zow Agreq

d (MPa) (mm) (mm) (kN/  (mm?%/
m?) m)

OPC 20 0 3500 175 200 5.0 409
25 4375 175 200 5.0 493
20 6500 325 350 8.8 779
25 8125 325 350 8.8 1228

OPC-SF 20 0.99 3500 175 200 5.0 223
25 4375 175 200 5.0 228
20 6500 325 350 8.8 413
25 8125 325 350 8.8 817

Lc® 20 0 3500 185 225 5.6 387
25 4375 185 225 5.6 552
20 6500 345 385 9.6 879
25 8125 345 385 9.6 1393

LC3-SF 20 0.69 3500 185 225 5.6 216
25 4375 185 225 5.6 329
20 6500 345 385 9.6 556
25 8125 345 385 9.6 1056

reinforcement was needed when minimum reinforcement was govern-
ing. However, in the case of LC3 SFRC one-way slabs, up to 44% more
reinforcement was needed than for the OPC SFRC slab, due to the 30%
lower design equivalent tensile strength feq ctq,u- Even so, the use of fi-
bres could reduce reinforcement up to 45% relative to the RC cases.

3.3. LCA results

Following the life cycle impact assessment process explained earlier
in Section 2, the values of the environmental impact per unit volume of
each concrete mix came out as seen in Fig. 5. The impact is equivalent to
the product sum of the processes in extracting/producing each of the
concrete constituents multiplied by the ratio of these constituents in the
concrete mix. The values confirm that for each type of concrete (no fi-
bres or with steel fibres) L.C3 mixes exhibit a 35% lower carbon footprint
per unit volume of concrete. The addition of 0.75 vol% of steel fibres
increases the carbon footprint per m® by around 30%. Nonetheless, the
steel fibre-reinforced LC® concrete has 10% less embodied carbon
compared to the no-fibres OPC mix while exhibiting superior functional
properties. The details of the calculations are shown in the supplemen-
tary information Table S3.

The unit volume impact results were then multiplied by the func-
tional unit generated from the case study calculations of each of the
specified one-way reinforced concrete slab scenarios. In all one-way slab
scenarios analyzed in this case study, the LC® concrete slabs save 25% of
the carbon footprint compared to OPC ones as shown in Table 5 below.

The second major finding is that the boundary conditions and
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selected variables in this case study conclude that through the synergy of
using LG® as a binder and the addition of steel fibres, net carbon savings
of a one-way slab are achieved. Although the steel-reinforced LC3 con-
crete slab exhibits slight carbon reduction (~9%), it falls within the
statistical variance in the inventory database used for the environmental
impact assessment as shown in the error bars in Fig. 6. Moreover, the
steel fibre addition, in either binder types, increases the GWP of a unit
area of the designed one-way slabs by approximately 25%.

3.4. Discussions

It is established in the literature that the main incentive behind using
steel fibre-reinforced concrete in structural applications is to bridge and
limit the propagation of micro cracks (Liu et al., 2021) as well as in-
crease the stiffness of the horizontal elements to enhance its service-
ability (Nogales et al., 2021). However, this paper aimed to study the
decarbonization potential of one-way slabs combining a low-carbon
binder (LC®) and steel fibres compared to reinforced OPC concrete.
The results show that LC® FRC slabs reduce the carbon footprint by
5-10% compared to the control and that in the same binder the envi-
ronmental cost of adding steel fibres increases the carbon footprint of a
one-way slab by an average of 25% and 70% per m? respectively). In
order to validate the promising environmental impact savings beyond
the statistical variance, the four underlying parameters controlling the
decarbonization potential of steel fibre reinforced mixes were studied
and compared against precedent research. The detailed calculations of
each of the discussions scenarios is shown in the SI table S4.

First, on the concrete level, the agglomeration potential of steel fi-
bres requires a SP dosage of 2% by binder mass to achieve the target
slump. However, the experimental results showed that the SFRC mixes
achieve a 15% higher compressive strength compared to the plain
concretes produced. This agrees with the findings from Liu et al., (2021).
Hence, the SFRC mix designs could be optimized to increase the W/B
ratio slightly to reduce the binder content by an equivalent 15% while
achieving the same target compressive strength. The correlation be-
tween the paste volume and binder intensity achieving the same slump is
established in the literature [47]. Hence, a scenario in which SFRC mixes
would have 15% less binder was analyzed and the results in Fig. 7 show
that the LC3SFRC slab is 15% (instead of 9%) less than the control one
(Fig. 7 — Binder content).

The second parameter that plays a direct role in defining the
decarbonization potential of SFRC slabs is the differential carbon in-
tensity of the steel fibres compared to the reinforcing steel rebars.
Intuitively, the fibres and rebars are produced using the same electric arc
furnace processes and hence in all the literature, including this paper,
the same carbon intensity is attributed to both [21]. However, recent
papers studied the potential use of recovered steel fibres from waste tires
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Fig. 5. The environmental impact assessment of OPC and LG concrete mixes per unit volume.
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Table 5
The environmental impact per m? of reinforced concrete slab of OPC vs LC® concrete.
Scenario L(mm) Indicator Unit/FU (m?) PC PC-SF Lc? LC3-SF
1 3500 Concrete volume m® 0.20 0.20 0.22 0.22
Steel reinforcement kg 3.85 2.10 3.45 1.93
GWP kg CO3 ¢q 58.56 71.44 40.97 54.96
2 4375 Concrete volume m® 0.20 0.20 0.22 0.22
Steel reinforcement kg 4.64 2.15 4.82 2.80
GWP kg CO3 ¢q 59.42 71.50 42.46 55.90
3 6500 Concrete volume m® 0.35 0.35 0.37 0.37
Steel reinforcement kg 7.34 3.89 7.54 4.65
GWP kg CO; ¢q 103.12 125.27 71.37 94.80
4 8125 Concrete volume m® 0.35 0.35 0.37 0.37
Steel reinforcement kg 11.57 7.70 11.94 8.95
GWP kg CO; ¢q 107.71 129.39 76.15 99.46
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(Baricevic, et al., 2017; Bartolac et al., 2016) and from previous
fibre-reinforced concrete [48-51] for which the carbon intensity is
negligible, and they all showed enhanced tensile strength (50-100%
better) compared to new steel fibres. A recent article attributes 54.74

gC02¢q/kg for the recovered steel fibres due to the energy required for
mechanical recovery process [52]. Accordingly, a second scenario was
analyzed considering the use of recovered steel fibres and as shown in
Fig. 7, the LC3SFRC one-way slabs show 30% GWP savings compared to
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the control. The combination of the two realistic and easy-to-implement
scenarios 1 and 2 could yield a differential of 40% in carbon footprint
between LC3SFRC and conventional OPC one-way slabs.

Thirdly, as explained in the methods section, this study is among the
first to model the structural concrete element concrete cover based on
the performance-based approach [39]. The increased cover due to the
exposure resistance class in an XC3 environment caused a 12.5% in-
crease in the volume of concrete per FU of the LC® slabs for compared to
OPC ones. However, what was not taken into account was the contri-
bution of SF to crack control and deformation, i.e., deflections. Although
there are not many experimental results on this topic, available results
suggest a contribution of steel fibres to reducing deflections in RC ele-
ments [53]. Additionally, theoretical research has provided models for
calculating deflections of SFRC members [54] that demonstrate the
reduction in deflections. Finally, ToSi¢ et al. [55] developed a
closed-form analytical solution to determine the maximum slenderness
of SFRC members and showed a potential reduction in slab thickness
when using SF. Since these studies are still preliminary and more
experimental research is needed, in particular on long-term deflection
behavior, the possible reductions in thickness were not considered in
this study. Nonetheless, as seen in Fig. 7 — Concrete volume, assuming a
reduction in the volume of concrete (through thickness reduction) of
around 15% (plausible within the framework of the cited theoretical
studies), could result in a 22% differential carbon footprint of the
SFRLC? slab relative to the conventional OPCRC one.

The final parameter to be discussed is the structural performance of
SF. The results showed that the addition of 0.75 vol% of SF to concrete
enhances the flexural tensile strength of the studied slab scenarios by
almost double. This is consistent with the findings from the results in
Chen et al. [17] and Liu et al. [49]. However, as a safety precaution (to
guarantee moment redistribution capacity and avoid cracking localiza-
tion in lightly reinforced elements), the Eurocode 2 design process limits
the replacement of steel reinforcement to maximum 50% of the mini-
mum steel longitudinal reinforcement regardless of the enhanced re-
sidual strength of the mixes with fibres [56]. This result is a
disadvantageous position for the FRC because the minimum steel rebar
reinforcement in one-way slabs in the studied span widths is on average
20 kg/m® which is consistent with the findings from Jayasinghe et al.
[57]. Therefore, since the studied one-way slabs, as shown in Table S2,
have a maximum of 30 kg of rebar reinforcement per m> of concrete, the
added weight of steel fibres would be 60 kg/m® to replace approxi-
mately a maximum of 20 kg of steel rebars. Accordingly, the third sce-
nario designed was to assume a no-minimum reinforcement provision of
the code and as seen in Fig. 7 - Min. rebars, this results in lowering the
carbon footprint of the SFRLC® slab alternative potentially becoming
15% lower than the conventional OPCRC one. It is clear that the third
and fourth discussion parameters are less likely as those require code
coefficients adjustments, but it is important for further study of the topic
within code provisions revisions for decarbonization purposes.

4. Conclusions

The case study carried out for this research was focused on exploring
the decarbonization potential of combining the environmental savings
from LC® based concrete compared to OPC and the structural perfor-
mance enhancement of the addition of steel fibres. For this purpose, one-
way slabs were chosen as a representative typology to apply the Euro-
code for partially replacing steel rebars by structural steel fibres and use
the results as the functional units for the life cycle assessment compar-
ison between both alternatives. Based on the results, the following
conclusions can be drawn:
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— LC3 concrete exhibits a comparable compressive strength perfor-
mance to OPC and provides a compressive strength above 49.12 +
1.82 MPa, allowing it to be used as a C40/50 structural concrete.

— LC® concrete exhibits a slightly less stiff matrix compared to OPC
with a reduced elastic modulus value of -10% on average which was
factored in the structural design.

— The slight increase in the concrete cover of LC® concrete elements to
compensate for its lower carbonation resistance compared to OPC
concrete is negligible considering the total volume of the structure.

— Following the Eurocode 2 design guidelines, the addition of steel
fibres reduce the reinforcement rebars in one-way slabs by 45%.
However, the partial steel rebar replacement required the addition of
0.75% steel fibres by volume which increased the carbon footprint
per m? of the studied one-way slabs by approximately 25%.

— The most important conclusion is that the combination of LC as a
binder and steel fibre-reinforcement could save 10% of the carbon
footprint of a one-way slab compared to OPC-reinforced concrete.
The adjustment of the concrete mix for lower binder content and the
reuse of steel fibres could increase the relative decarbonization po-
tential to 40%.

The findings of the case study are only limited to the boundary
conditions and assumptions considered. Accordingly, further research is
needed to validate its conclusions. First, instead of fixing it at 0.75% by
mass of binder, the experimental campaign could be extended to study
0.5 and 1% steel fibre additions to test the concrete properties and
corresponding decarbonization potential. Also, as opposed to studying
only a one-way reinforced concrete slab, other applications such as
bridges or pavements could be analyzed to integrate the mechanical
properties enhancements from the fibres even more. Finally, the carbon
accounting boundary could also be extended in the future to include the
potential reductions from the use of fibres in the construction and use
phases by reducing the time and maintenance, respectively.
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