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ABSTRACT: Many construction materials carry significant environmental impacts because they require high energy input and
non-renewable materials for production, contributing to material depletion and greenhouse gas emissions. In particular, Portland
cement (PC), the binder most widely used, is often considered a main contributor to emissions. Most PC environmental impact is
due to clinker production which requires burning rocks at 1400°C releasing abundant CO, from fuel combustion and rock
decarbonization. Alkali-activated materials (AAMS) do not require clinker manufacturing but are produced at low temperature
(ambient-100-C). Hence, they yield low emissions and have low embodied energy (EE). Most AAMs are made with waste which
further lowers their EE and the raw materials and fuel consumption for their making. Savings up to 75% CO; emissions are
reported compared with PC products, and additional environmental benefits (water consumption reduction and no requirement for
superplasticizers). This paper calculates the EE and carbon footprint (EC) of AAMs made with wastes including slag (GGBS), fly
ash (FA), bauxite and red mud (RM). The values are compared with equivalent CEM Il products. Their environmental impact is
set against their strength to assist the design of optimum mixes at lower impact. It is evidenced that the right activator procures a
strength similar to CEM |1 at approximately half the EE and EC, while a wrong activator increases the environmental impact and
lowers strength. Pyroprocessing waste at relatively low temperature slightly increases environmental impact but can greatly
increase strength: sintering bauxite at 800°C enabled strength two times greater than the CEM 11 product.

KEY WORDS: fly ash; GGBS; red mud; bauxite; alkali activation; embodied energy; carbon footprint.

1 INTRODUCTION GGBS and ash residues such as FA are used instead of clinker
for the production of AAMSs. These wastes contain abundant
silicates and/or aluminates that can be activated with alkali
metals. On successful activation, the wastes’ active
components generate Si**, AP* and (sometimes) Ca?* that
become available to form cementing products [6-10].

Most authors agree that AAMs have lower EE and carbon
emissions that their equivalent PC products. Duxon et al. [11]
calculated the CO, emissions of AA FA and metakaolin
cements using the CO; evolved during the production of Na,O
and SiO; in the alkali process as the primary inputs, and found
savings of 80% in CO; emissions when compared to PC.
However, there is a great divergence of results due to both a
disparity in the data used and the different formulations.
Wimpenny [12] and Provis and Deventer [13] state that the
carbon footprint of AA binders is 30% of the PC print, but
according to Zhang et al. [14], AA cement can be produced
with 60% lower values of energy and CO; emissions than PC.
Pacheco Torgal et al. [15] found several authors claiming 44-

The construction industry is one of the largest contributors to
greenhouse gas emissions, and a great consumer of energy and
non-renewable natural resources [1]. The fabrication of
building materials such as aluminium, steel and PVC implies
high energy consumption and environmental impact [2]. As a
result of severe environmental problems, the construction
industry needs to adapt. Using construction materials of low
environmental impact worldwide would considerably lower the
greenhouse gas emissions and improve the sustainability of
construction. PC is the binder most widely used in construction.
It is held responsible for major contributions to greenhouse gas
emissions worldwide in multiple publications. Most of the
environmental impact of PC is due to clinker production which
requires burning rocks at ¢.1400°C releasing abundant CO;
from the fuel combustion and the decarbonization of the
carbonate rocks used as raw materials. Alkali-activated
materials (AAMSs) do not require clinker manufacturing but are

produced at low temperatures, usually ranging from ambient to L9 L
100°C. Most alkali activated cements are produced at ambient /0% reductions in CO, emissions for several AAMs compared

: : ith similar PC mixes. Cunningham & Miller [16] account for
temperatures, and others with a small energy input usually V! . . .
ranging from 60°C (curing) to 100°C (drying) or 400-600°C AAMs havmg_lO%—SO% lower EE than their equivalent PC
(thermal activation of certain wastes) [3-5]. Hence, they yield materials. Davidovits [17] states that geopolymers, a subset of

low carbon emissions and have low embodied energy (EE). AAMs where the binding phase is almost exclusively

Furthermore, most AAMs are made with industrial waste which aluminosilicate, have 10-20% lower carbon footprint than PC,
further Iowe’rs their EE as well as the raw material and fuel while other geopolymer formulations [18] have shown a 60%

consumption for their making. The reduction in emissions, and reduct_ion "? €O emis;ions compared to their_PC equiva_lents.

the use of waste for the production of AAMs, can elicit their Using nine LCA (life cycle analyses) Lolli and Kurtis [19]
i) 0 - - -

wide uptake in the markets [6-9]. Industrial by products such as conclude that AAMSs show a 50% reduction in CO; production
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when compared to PC and PC+SCM (supplementary
cementitious material) binders, while providing the required
compressive strength for pavement applications (30 MPa). The
carbon emissions and EE of AAMs depend on their
formulation. Ouellet-Plamondon and Habert [20] state savings
up to 75% CO; emissions for certain formulations when
compared with equivalent PC products. They also highlight
further environmental benefits such as reducing water use and
no requirement for superplasticizers. Ouellet-Plamondon and
Habert [20] claim that sodium silicate activators can contribute
up to 80% of the total impact of an AAM, while Anvekar et al.
[21] report EE 48% greater than equivalent PC material due to
the alkali activator energy demand. Several authors agree that
the main source of CO, impact for AAMs is the production of
sodium silicate activator from sodium carbonate [22-23].
However, the carbonate can be either mined from evaporite
deposits or produced through the Solvay process. Mining
implies 1/10 of the Solvay process CO, production, hence the
impact of silicate activator is often overestimated [19].

Matheuet al [24] state that the global warming potential of

AAMs is c. 25% lower than PC equivalents. They demonstrate
that, in ten LCA categories (global warming potential,
acidification, human health, air pollutants, ecotoxicity, smog,
natural resource depletion, indoor air quality, water intake and
ozone depletion) AAMs have less impact than PC materials.
They found that, in seven categories, the AAMs impact was
40% lower than PC equivalents. In two categories PC material
performed better: eutrophication and habitat alteration, due to
the use of potassium-based activators. Potassium hydroxide can
emit nutrients into waterways (eutrophication) and hence alter
habitats. In this paper, potassium activator is replaced with
sodium silicate/hydroxide.
As the environmental impact of AAMs depends on their
formulation, not only is it important to use activators of low
impact, but it is also important to use wastes that do not require
calcination or any other high-energy processing to render them
reactive. The processing of the wastes in this paper is minimal,
based on previous work by the authors that determined the
minimum processing that renders maximum reactivity [4-5,
25].

This paper calculates the embodied energy (EE) and carbon
footprint (EC) of AAMs made with several industrial wastes
including granulated blast furnace slag (GGBS), fly ash (FA),
bauxite and red mud (RM) from Ireland and Saudi Arabia.
These wastes have been successfully activated and used to
produce AAMs by the authors. Most of the resultant AAMs
showed satisfactory physical and mechanical properties, and
others displayed outstanding mechanical strength and
durability [26]. The outstanding performance of the AAMSs in
aggressive environments enhances their life cycle, hence
reducing their environmental impact. Other authors have also
found superior durability for certain AAM formulations
including better corrosion resistance [7-9, 27]. The EC and EE
of the AAMs produced is compared with equivalent PC
materials made with CEM Il A/L, a limestone cement of lower
environmental impact than other members of the PC family.

614

2 MATERIALS AND METHODS

2.1 Materials

The AAMs were fabricated with wastes including GGBS, FA
and RM sourced from Ireland and Saudi Arabia. A natural rock
(bauxite), mined principally as an aluminium ore, was also used
to fabricate some of the AAMs. The GGBS is a byproduct of
the steel industry while the FA is a residue of burning coal in
power stations. The RM is also a waste, generated during the
refining of bauxite to produce aluminium

The wastes were used as precursors and activated with
sodium hydroxide (NaOH) and sodium silicate (NaSiOs),
which dissolved the active components generating Si **, Al *
and Ca 2* that become available to form cementing products.
The sodium hydroxide activator (NaOH) was used in pellet
form with 98% purity. It was mixed with distilled water to
attain different molarities to suit the different AAMs: a 6 molar
(M) solution was used for the RM, 8 M solutions for the GGBS,
and 8-10M solutions for the bauxite. The molarities are chosen
according to previous research [4-5, 25]. The composition of
the AAMs is included in tables 1-3. A sodium silicate activator
(Na2SiOs) in liquid form was used, with a viscosity ranging
from 800 to 1400 cps; PH 11-14, chemical composition of 14-
17% Na0O; 31-35% SiO, and silicate modulus (MS
Si02/Naz0) of 2.20. The activators (NaOH, Na,SiOs) are used
in liquid form, however they are included in the calculations as
solids because water accounts for neither EE nor EC [28].

As aforementioned, wastes that rendered the maximum
reactivity [4-5, 25] with minimum processing were selected.
The bauxite required grinding to enhance fineness and specific
surface area. The bauxite was mined from a deposit located in
the region of Ha’il, central/northern Saudi Arabia. It was oven-
dried at 105 °C for 24 hours and ground in a digital ball mill at
150 r.p.m with 20mm @ stainless steel balls. Finally, it was
calcined at ¢.800 °C to enhance reactivity [4]. For the same
reason, the RM was calcined at ¢.400 °C [5]. The DOE software
was used to develop an optimum mix for the AA bauxite
materials. The GGBS and FA were unprocessed.

2.2 Mixing, curing and compaction

The mix design (Tables 1-3) was based on existing literature
and previous research by the authors. The sand to precursor
ratio is constant at 3:1. The precursors were dry mixed for 3
min and the activator solution added and mixed for a further 5
minutes. The sand was then added and mixed for 6 min. The
mortars were cast into prismatic molds of 160*50*50 mm,
vibrated for 1 min, and sealed with plastic sheets to prevent
moisture loss during curing. The specimens were demolded
after 24 hours. The software determined curing in isothermal
chambers at 20 + 2 °C for 28 days for the AA bauxite materials.
Some of the AA GGBS materials were cured in an oven at 60
°C for 24 h. The CEM Il A/L-based control materials were
fabricated according to EN 196-1[29]. The percentage
composition is calculated from the mass fitted in a 3-gang
prismatic mold to attain densities between 1842 and 1966 g/m?
for the AA RM materials, 1676-1759 g/m® for the AA GGBS
materials and 1685-1895 g/m® for the AA bauxite materials
which is approximately 2 kg. As aforementioned, the activators
are included in the calculations as solids because water
accounts for neither EE nor EC.
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2.3 Methods

Only the production stage is included in the calculations.
Therefore, the life stages included in the EE and EC
calculations are raw materials extraction, manufacturing and
related transport, which in a LCA is equivalent to the cradle to
gate system boundary. The scenarios for the production stage
are usually defined in environmental product declarations
(EPD). However, no EPDs were found for some AAM
components. Therefore, some values are from the literature and
others calculated with data provided by the producers-Table 4.

The EE and EC of the FA and GGBS are based on existing
published data (Table 4). The EE and EC of the bauxite was
calculated with the details of the mining process provided by
the Ma’aden industries (Sidiya, Kaolin Processing and
Management, Ma’aden 2021), and it is based on the quarrying
of the Az Zabirah and Al Bai’tha mines. The Al Bai’tha
supplies high-grade bauxite for aluminium production while
the Az Zabirah mine supplies kaolin to the phosphate industry
and low-grade bauxite to local cement companies. The
environmental impact of quarrying this bauxite was calculated
by Alelweet and Pavia [4] as summarized below. The primary
energy used for quarrying is diesel, and the CO, emissions are
estimated based on the quantity of diesel and the activity of the
mine, amounting to 3.3 kg CO/t bauxite. This calculation
considers a diesel consumption of 3144 I/day producing 8237.3
kg CO.. The mining process starts with overburden stripping of
a 0.5-1 m soil cap which is removed with a bulldozer. The strip
waste is loaded into dump trucks and hauled to landfills outside
the pit. Once exposed, the bauxite is ripped and piled in heaps
with a bulldozer. The ore is then screened with wheel loaders
and mobile screens and blended to meet customer requirements
in terms of size and chemistry. The loaders collect the material
passing the sieve and stockpile it as the final product. Auxiliary
equipment includes one grader and one compactor for road
maintenance. Finally, the product is loaded into trucks and
dispatched to costumers. The red mud is produced as a waste
during the refining of the quarried bauxite to produce
aluminium. As a byproduct, the energy required for its
manufacturing is zero. It is also produced locally; therefore, no
transport is accounted for at the production stage.

Table 4. EE/ EC of the materials used to fabricate the AAMs.

Anvekar et al. [21]. The embodied energy and carbon were
calculated with equations 1 and 2 [39].

EE = Z(EEi x m,) (1)
Eco, = Z(Ecozi X m;) 2)

Where: EE; is the embodied energy of each material component
(MJ/kg), Eco,, the embodied Carbon (kgCO./kg), and m the

mass of each component.

As aforementioned, some of the components were processed
(milled or heated). The impact of this processing appears in
Table 5. According to Kim [40], ball milling is a grinding
method of low environmental impact because it uses no
chemical catalysts or any other substances. A ball mill of 0.15
kWh power capacity was used for grinding some of the wastes.
The embodied energy of the grinding process EEp 4 min Was
calculated with equation (3) [41]:

_ (PrwnXt)

m X1000

EEpan min (3)
Where: Prwn is the power capacity of the ball mill, (m) the mass
in kg, and (t) the time in hours.

The RM was ground for 3h, the EE pan min Was 0.001 MJ/kg. The
embodied energy of the grinding process for the bauxite EE pail
mit Was greater (0.009 MJ/kg) because it was longer. The EE
and EC of the heating and calcination processes were also
calculated (Table 5) [42-43].

Table 5. EE and EC of the dry and calcined RM and bauxite.

Materials T(°C) Time EE EC
(h) (MJ/kg)  (Kg-CO2/kg)
RM ay 105 24 0.14 0.017
RM sintered 400 3 0.94 0.118
Bauxite gry 105 24 0.14 0.017
Bauxite sinerea 800 3 2.19 0.277
GGBS (G4-G6) 60 24 0.02 0.002

EE(MJ/kg) EC(kgCO2/kg)  Ref.
PC (CEM Il A/L) 4.80 0.842 [30], [31]
PC (CEM I) 4.50 0.730 [32]
FA 0.10 0.008-0.010  [32-33]
GGBS 1.60 0.083 [32]
Bauxite 0.05 0.003-0.005 [4]
NaOH 3.50 0.632 [34]
NazSiOs 4.60 0.430 [35]
Water 0 0 [28]
Quartz sand 0.85 0.020 [36]
Fine aggregate 0.17 0.025 [37]
0.004 0.081 [32]
Coarse aggregate 0.12 0.006 [30]
Compaction 0.009 0.001 [38]

The embodied energy was measured, as Mega-Joules (MJ) per
unit area (m2?) or per unit weight (kg or ton), according to
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3 RESULTS AND DISCUSSION

The EE and EC calculations used the data in Tables 1-5 and
equations 1-3. As aforementioned, the calculations refer to
material production. Therefore, the life stages included are raw
material extraction or supply, manufacturing and extraction-
related transport which are usually included in EPD’s. The EE
and EC of the AAM s are reported as the arithmetic mean of all
the mixes investigated. The strength of the resultant AAMs
(tables 6-8) is set against their environmental impact to
optimize their design for lower environmental impact.

The strength results of the alkali-activated RM and GGBS
materials are experimental while the strength of the AA bauxite
materials comes from both experimental data and an
optimization of the mix design modelled with software. The
strength values are the arithmetic mean of 6 tests each, and the
results are reliable, showing a small dispersion, with COVs
ranging from 0.04 (RMG1) to 0.23 (RMFAGS). The COV of the
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CEM I1 equivalent is 0.10. The alkali activators are the main
responsible for the environmental impact of AAMs [44]. It can
be seen from the results that rising the concentration and molar
ratio of activator increases environmental impact. However, it
doesn’t significantly increase the strength, sometimes it even
reduces it (Table 6).

In the AA RM materials, the results show that growing RM
substitution with FA, from 6 to 10%, nearly doubles the 28-d
compressive strength of the resultant AAMs without increasing
their environmental impact (Table 6). The same effect is
evident for GGBS replacement when the main activator is
NaOH. However, with silica activator, the strength drops
despite the increase of GGBS.

The AA GGBS materials including NaOH-rich activators can
reach strengths comparable to their CEM Il equivalents (~26-
34MPa compared with 37MPa for CEMII)-Table7. However,
their environmental impacts are considerably lower: The EE of
the AA GGBS materials is 53.78 % lower that the CEM 11 and
the ECO2 66.67 % lower (Table 8). Therefore, the right
activator can provide a similar strength at half the emissions
and half the EE than a similar CEM Il mix.

Sintering the bauxite precursor at 800°C has slightly raised the
environmental impact (Table 7-8) but has nearly doubled
strength when compared to the equivalent CEM |1 product. The
high strength of the GGBS blended bauxites (60MPa) is due to
the combined reactions involving the pozzolanic transition
aluminas in the bauxite, with the latent hydraulic phases of the
GGBS, enhanced with the high surface areas of both
precursors.

e ——— eI -~
Figure 1. Typical appearance of AAGGBS materials studied.

Figure 2. Typical appearance of AA RM materials.

Is

The results are comparable with others in the literature.
Mathew et al. [45], calculated EE 40% under equivalent PC
products for AAMs of formulation: 75%FA, 25%GGBS,
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NaOH (15M), Na,SiOs/NaOH=2.33 and ratio activator /
FA+GGBS = 0.42. Kalaw et al. [46] report the EE of AA
FA/PC materials at 3.52 MJ/kg (for 25% PC replacement with
FA) and 2.43 MJ/kg (50% replacement). Their environmental
impact is higher than the mixes in this paper because their PC
has a greater EE than CEM II. Faridmehr et al. [47] also state
comparable values for AAM mixtures made with high-volume
FA which emitted 45.5 kg CO,/m® and consumed 881.2 MJ/m?.
They report GGBS mixes reaching higher values at 70.6 kg
COy/m® and 1534.5 MJ/m3. The impact of their AAMs is
significantly lower than their benchmark mortars made with PC
(CEM 1) which carry 436.8 kg CO2/m® emissions and 2793
MJ/m?® EE.

As aforementioned, most of the AAMs showed satisfactory
properties and some displayed outstanding mechanical strength
and durability [26]. Representative specimens appear in figures
1-3. Other authors have also found superior durability for
certain AAM formulations including better corrosion resistance
[2-4], [23]. An increased resilience enhances the life cycle of a
material, hence reducing environmental impact.

4 CONCLUSION

The EE and EC of AAMs was calculated and compared with
other materials. The results evidence that, in alkali activation
technology, an appropriate design leads to lower environmental
impact and superior strength.
From the AA GGBS material results, it was clear that the right
activator procured a strength similar to the equivalent CEM 11
mixes at approximately half of their embodied energy and
carbon emissions.  Activators constitute the main
environmental impact of AAMs. An excessive activator
concentration or wrong molar ratio can increase the
environmental impact while simultaneously lowering strength.
Therefore, they must correctly selected and formulated.
In addition, sintering the bauxite at 800°C only slightly raised
the environmental impact of the resultant material, but it nearly
doubled the strength when compared to the equivalent CEM II
product. Consequently, pyro-processing waste precursors at
relatively low temperature can report great strength increase
with a low increase in environmental impact.
The importance of blending waste precursors is also
acknowledged: increasing FA in the AA RM materials, from 6
to 10%, nearly doubles the 28-day compressive strength
without increasing the environmental impact.
Therefore, three design variables particularly impact the results
including:

1- Using adequate blends of waste precursors.

2- Using the right activator formulation for a given waste

precursor.
3- An adequate processing (activation) of waste precursors.
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Table 1. Composition of the AA RM materials (3:1 — sand: RM/FA/GGBS).

RM FA GGBS sand Density water NzOH (6M)  NaSiOs
®@ W ©® W ® W ©® %W k' @ W @ W @ @
BM-1 450 2023 — — — — 1330 6068 185384 25249 1135 6867 300 10345 465
RM-2 450 1971 —  —  — — 1330 3913 190253 24775 1055 7220 316 16308 7.4
EM-3 450 1907 — — — — 1330 3721 196653 23024 976 7513 315 25447 1078
RMFAL 315 1424 135 610 — — 1330 6105 184278 24460 11.06 6653 301 10021 453
RMFA2 315 13488 135 393 — — 1330 3930 1850.68 24046 10.60 7007 309 15829 698
RMFA3 315 1344 135 376 —  — 1330 37359 195358 22383 953 7304 312 24741 1055
RMFA4 251017 25 1017 —  — 1330 6105 184278 24460 1106 6633 301 10021 4353
BMFAS 25 998 225 998 — — 1330 3988 187886 23319 1034 6795 301 15349 681
RMFAG 25933 25933 — — 130 3721 196653 23024 976 7513 315 25447 1078
RMG1 35 1416 — — 135 607 1330 6068 185384 25249 1133 6867 300 10345 465
RMG2 315 13488 — — 135 393 1330 3930 1850.68 24046 10.60 7007 309 15829 698
RMG3 315 1344 —  — 135 376 1330 3730 195358 22385 033 7304 312 24741 10535
RMG4 25 1017 — — 225 1017 1330 6105 184278 24460 1106 6633 301 10021 4353
RMGS 25 998 — — 225 098 1350 3988 187886 23319 1034 6795 301 15349 681
RMG6 25 960 — — 225 960 1350 3750 195358 22385 953 7304 312 24741 1055
CEMII 50 2322 — — —  — 1350 6667 168750 22500 1111 — 0 — — —
Table 2. Composition of the AA GGBS matenals (3:1 - sand: GGBS).
GGES sand Density water NaOH (8h) NazSi0;
(8 () (g () kgin? @ () (2) (%) ® (%)
Gl 450 19 1330 65.60 171256 12437 603 64.08 312 66.62 34
G2 450 2237 1330 67.11 167625 100.46 409 11104 352 — —
G3 450 2131 1330 63.92 173988 12823 607 41.83 198 14175 6712
G4 450 2190 1330 65.60 171256 12437 603 64.08 312 66.62 34
€51 450 2237 1330 67.11 167623 100.46 409 11104 352 — —
Gé 450 2131 1330 63.92 1739.8% 12823 607 41.83 1.98 14175 6712
Table 3. Composition of the AA bauxite materials (3:1 - sand: bauxite/FA/GGBS).
Bauxite FA GGBS sand Density water NaOH (6M) Naz8i0s
® ) @ W @ (% (@ (% K (g () (@ % (@ (%)
Bauxite 22500 1112 — — 22300 1112 1330 6674 168371 12746 630 4110 203 3429 268
+GGBS
Bauxite 22500 9389 22500 9039 — — 1350 3936 189337 23853 1089 8539 375 15050 642
+FA

618

Table 6. Compressive strength and environmental impact of the AA RM materials (3:1 - sand: RM/FA/GGBS). Arithmetic

means of CS = 11.76 N/mm? at 28 days, COVs =0.04-0.21. COV of PC mix =0.1.

CSMPa %RM %FA  %GGBS  %NaOH  %NaSi03  EE ECkzCOrke
Mg
RM-1 i3 2023 - — 309 463 143 018
RM:2 468 19.71 — — 316 714 17 021
RM-3 1.69 19.07 — - 318 10.78 188 020
RMFAI 6.7 14.24 6.10 — 301 453 127 0.16
RMFA? 10.83 13.88 593 — 309 6.98 153 0.19
RMFA3 i 13.44 576 - 312 1053 172 0.18
RMFA4 9.90 10.17 10.17 — 301 453 118 013
RMFA3 1154 998 9.98 — 301 6.81 143 0.17
RMFAG 2.90 953 953 - 318 1078 1.6 0.17
RMGI 1321 14.16 — 6.07 309 463 150 0.17
RMG2 9.5 13.88 — 595 309 6.98 173 020
RMG3 8.02 13.44 — 5.76 31 1055 192 0.19
RMG4 2748 10.17 — 1017 301 453 152 0.16
RMGS 33.69 998 — 9.98 301 6.81 177 0.19
RMG6 1239 9.60 — 9.60 312 1053 197 0.18
CEMII 37.18 — — — — — 331 043

Table 7. Compressive strength and environmental impact of the alkali-activated GGBS and bauxite materials (3:1 - sand:

GGBS/bauxite FA/GGBS). COVs 44 6085=0.01-0.48; COVS a4 pamires = 0.41-0.63.

GGBS Baxite FA Cuingt NaOH  Na?Si03  CS EE Ecor-
Co) (e (o) (C) (BM)(%) (6  (MPa) (MIks) keCOrkg
Gl a0 — — W 312 314 2570 148 014
G2 n3y - - N 552 — 1756 134 014
G3 A1 —  — D 198 670 521 175 016
G4 A0 —  — 60 312 34 3360 149 014
G5 23—  — 60 552 — 123 13 0.14
G6 A3 —  — 60 198 671 292 176 016
Baite+GGBS 1112 1112 — 20 203 268 6041 152 0.16
BamitetFA ~ — 989 989 20 375 662 3312 178 0.22
CEMII - - = % — — 3118 331 045

Table 8. Summary of environmental impact vs strength results (MPa). EE (MJ/kg), EC (kgCO2%kg). E COVs =0.06 -

0.62. % A -Arithmetic mean of the percentage variation compared with CEM II equivalent.

AA RM matenals AA GGBS matenals  AA Bauxite + GGBS AA Bauxite + FA PC equivalents
EE ECO, [ EE ECO, Cs EE ECO, €S EE ECO, CS EE ECO, cs
162 018 1176 153 015 1619 152 016 6041 178 022 3312 331 045 3718

%A -50 -22 -65 -54 -67 -5 -5 64 +40 46 -33 0
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