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Abstract

Supplementary cementitious materials are by-pradudth lower embodied carbon-dioxide (eg@ontents
than Portland cement. But while supplementary céitimus materials could be used to mitigate climetange,
their intrinsic hydraulicity and delayed hydraticgactions could have negative effect on concretfoperance
and cost. Hence, using 17 binary and ternary cermembinations containing fly ash, silica fume and
metakaolin at the water/cement ratios of 0.35, @ua® 0.65, this paper investigated the effect pplamentary
cementitious materials on the strength developmemgjronmental impact and cost of concrete. Theligs
confirmed that cement combination concretes hawel@CQ contents than Portland cement concrete. At equal
strengths, binary cement concretes with fly ashoup5% content and silica fume and metakaolin atnmore
than 5% contents were cheaper than Portland cecagtrete. Also, ternary cement concretes with notem
than 5% silica fume or metakaolin content at al tatplacement level of not more than 35% were che#mn
Portland cement concrete. At equal strengths of 3®,and 60 N/mf results showed that the use of
supplementary cementitious materials resultedridaction of 5.5-39.0% in eG@ontent with 50-61.5% of the
cement combination concretes being cheaper by .Q%3han Portland cement concrete. Hence, the fise o
cement combination in the right proportion wouldigdte climate change without having adverse effecthe
strength and cost of concrete.

Keywords. blended cement, cement additions, compressivegilreambodied carbon-dioxide, supplementary
cements

1. Introduction

Climate change is linked with emissions into then@phere and the obvious solution is to reduceocarb
footprint (Henson, 2008). The high level of cartioxide (CQ) emissions which stands at about 930kg per
tonne of Portland cement produced (The Concretasiing Sustainable Construction Forum, 2009), hadema
the construction industry an important sector fomssion mitigation strategies. With about 10% of ,CO
emissions being generated by the cement industrle©2003), the partial replacement of Portlandhest
content of concrete by supplementary cementitiowserals (SCMs) which are more environmentally
compatible due to their low embodied carbon diex{dCQ) content (Table 2), became inevitable in concrete
construction. SCMs are by-products of agricultusadd industrial wastes and are only used as partial
replacements for Portland cement content of coacdete their intrinsic hydraulicity (the need to téor
Ca(OH) produced by the hydration reaction of Portland eethand delayed pozzolanic reaction. Currently, BS
EN 197- 1 recognises SCMs like fly ash (FA), siliame (SF) and metakaolin (MK) among others.

Fly ash is cheap and available (Joaeal., 2006; Antiohos et al., 2007) and due to its spherical shape and low
water demand would improve the workability of caater (Dhir et al., 2002). Also, the use of fly ash is
characterized by increased setting times (Larsgah, 2002) and poor performance at early ages (Hagtsan
2000; McCarthy and Dhir, 2005). However, its improved pozzolanic reactivity with curing age would result in
better performance at later ages (Latal., 1998). Silica fume and metakaolin are charaaeriby higher
fineness and improved pozzolanic reaction (Mehta Aitcin, 1990), reduced setting times (Ambrogteal .,
1994; Bouzoubaa et al., 2004), enhanced strength (Day, 29®9chikawa and Okamura, 1993; Korpa et al.,
2008), refined pore structure to increase the patime resistance of concrete (Bemtzal., 2000; Frias and
Cabrera, 2000; Poon et al., 2006; Korpa et al., 2008) and offset the poor performance of fly aslearly ages.
However, they are costly and their high water desnaould result in workability problems (Bouzoubetaal .,
2004). Hence, for improved performance, ternary wioations of Portland cement, fly ash and silicenduor
metakaolin become relevant (Thongasl., 1999; Khan et al., 2000, Khan and Lynsdale, 2002; Bai €t al., 2002).
Despite the fact that these supplementary cemmumitmaterials are more environmentally compatibknt
Portland cement and their use is supported by ceamehconcrete standards like BS EN 197- 1, BS 86t 2
and BS 8500, among others, data from the Europead\yRMixed Concrete (ERMCO) confirmed that they are
underutilized in construction. This is probably daehe intrinsic hydraulicity and comparativelyler strength

of cement combination concrete than Portland cermamtrete at equal water/cement ratios.

Concrete is specified, in practice, on the basihef28-day compressive strength. But, due to tmeparatively
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lower strength at equal water/cement ratios, egwahgth with Portland cement concrete would béeaeld by
cement combination concretes at lower water/cenmaits necessitating higher cement contents witssipte
implications on cost and eG@ontents. Hence, in order to ascertain that cememibination concrete would
mitigate climate change without negative implication concrete strength and cost, this paper exartime
eCGO, contents and cost implication of binary and teyneement combination concretes at equal 28-day
strengths of 40, 50 and 60 N/fim

2. Experimental M aterialsand M ethods

The cements consisted of ordinary Portland cenfe@t @2.5 type) conforming to BS EN 197- 1, siliceau
Class F fly ash (FA) conforming to BS EN 450, silfume (SF) in a slurry form (50:50 solid/waterigaby
weight) conforming to BS EN 13263- 1 and metakadMK) conforming to BS EN 197- 1. The physical
properties of the cements are presented in Table 1.

The aggregates consisted of 0/4mm fine aggregatésigcrushed 4/10 mm and 10/20 mm coarse aggregfates
varied shapes. Potable water, conforming to BS BN81 was used for mixing and curing the concrete
specimens. To achieve good cohesion within a ctamsie level of S2 defined by a nominal slump oP80mm

in BS EN 206- 1, a superplasticiser (a carboxytitee polymer) conforming to EN 934- 2 was applied t
concrete during mixing. Concrete mix designs, atwater/cement ratios of 0.35, 0.50 and 0.65, Wweased on
BRE Design Guide (Teychenmeeal., 1997), selected cement combinations (Table 3)aainde water content of
165 kg/nt to avoid an excessively sticky mix.

Concrete was prepared to BS EN 12390- 2 and tests warried out to determine the cube compressive
strengths of the specimens. The specimens were catd under a layer of damp hessian covered with
polythene for about 24 hours, demoulded and curesatter until the tests’ datesCompressive strengths at 28
days after casting were obtained, in accordande B& EN 12390- 3, using two replicates of 100 mmccete
cubes. Test specimens were loaded to failure usiegAvery Denison crushing machine with a base lofd
10kN at a loading rate of 7.0 kN7mUsing the mix proportions, the material costs antbodied carbon dioxide
(eCQO) contents of concretes were obtained as the suimmet the costs and eG@ontents of the constituent
materials at the different water/cement ratios gighre costs and eGQalues presented in Table 2. The costs,
eCQ, contents and strength values were interpolateabtain their values at equal 28-day strengths of540
and 60 N/mrh(Table 4).

Table 1: Physical properties of cements

Cements
Property
PC FA MK SF
Blaine fineness, ffkg 395 388 2588 2
Loss on ignition, 9% 1.9 6.1° 0.9 2.7
Particle density, g/ctn 3.17 2.26 2.51 2.17
% retained by 45um sieve - 11.0 - -
Particle size distribution, cumulative % passinggss’
1251m 100 100 100 100
10Qum 98.2 99.2 100 100
75um 93.2 96.5 99.8 100
45m 81.8 87.0 99.4 100
25um 57.1 66.2 96.0 98.8
10um 30.1 40.6 76.2 93.8
Sum 135 24.1 50.7 87.5
2um 5.6 10.9 18.2 85.5
1um 2.9 4.8 4.7 78.7
0.7um 1.3 1.9 14 50.7
0.5um 0.2 0.3 0.1 105

U Fineness for SF,= 15,000-30,008kyg (Holland, 2005)
In accordance with BS EN 196-2 (except for FA)
In accordance with EN 450- 1

2)
3)
) Obtained with the Laser Particle Sizer
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Table 2: Costs and embodied £€@ntents of concrete constituent materials

_ _ Cost of MateriaP, eCO, Content of Materia?,
Concrete Constituent Material
£/tonne kg/tonne
Portland cement (PC) 60.00 930
Fly ash 20.00 4
Silica fume 140.00 149
Metakaolin 100.00 3009
0/4 mm aggregates 10.00 4
4/10 mm aggregates 10.00 4
10/20 mm aggregates 10.00 4
Water 10.00 0.3
Admixture (superplasticiser) 1300.00 0.72

Sources:? Suppliers

2 Mineral Products Association (MPA) figures
3. Resultsand Discussion
3.1 Concrete options at equal water/cement ratios

Table 3 presents the 28-day strengths, costs a@d eghtents of concrete options at the water/cemnagits of
0.35, 0.50 and 0.65. The environmental compatbdftconcrete was examined with the aid of g€éntents of
the concretes. The eG@ontents of concretes decreased with increasingrigament ratio and increasing
content of the supplementary cements with FA and8#stantially reducing eG@han MK. The material cost
of concrete decreased with increasing water/cemagiot This is because the quantity of the codtimeaterials,
the cements and superplasticiser, decrease withdsing water/cement ratio. However, while FA redlicost
with increasing content, SF and MK increased cast imcreasing content. Also, the costs of thedeyrcement
concretes (though higher than that of their respedtA binary cement concretes) are lower than diagPC
concrete at all the water/cement ratios. Henceppropriately proportioned, the use of cement coatimns
could make concrete more economical.

The cube compressive strengths of concretes abg8 decreased with increasing water/cement rati@gial
water/cement ratio, Table 3 shows that the cubepcessive strengths of FA binary cement concretedoaver
than that of PC concrete and they reduced withegging content of FA. This is probably due to it
performance (Hassaat al., 2002; McCarthy and Dhir, 2005) arising from increased setting times (Langan et al.,
2002). In line with Day, 1992; Uchikawa and Okamura, 1993 and Korpa et al., 2008, the addition of SF and MK
resulted in binary cement concretes with strengtmparable with that of PC concrete. This is praypdne to
their higher fineness (Table 1) and increased mtide sites resulting in improved hydration reatt{®ehta
and Aitcin, 1990) and reduced setting times (Amdwei al., 1994; Bouzoubaa et al., 2004). Hence, SF and MK
as ternary cement components resulted in ternamgceconcretes with better strengths than theiresponding
FA binary cement concretes. Table 3 also shows #h&rual water/cement ratios, SF concretes drhithigher
strengths, lower embodied carbon dioxide contents ligher costs than MK concretes at equal replaocém
levels.

3.2 Concrete options at equal strengths

Concrete is specified in practice on the basistngth and in order to examine the cost and enmental
implications of blended cement on concrete consittnc Table 4 presents the costs and g€6ntents of
concrete options at the 28-day strengths of 4&rED60 N/mrh Table 4 shows that equal strength with Portland
cement concrete were achieved at lower water/cenagiols (and therefore at higher cement contengsihb
blended cement concretes. Hence, equal strengthidvibe achieved at different material contents,emal
costs and embodied carbon dioxide contents. Atle2@rlay strengths, all the cement combination oetes
have lower eC@contents than PC concrete and the reduction in,eG@ent ranges between 5.5 and 39.0%.
Hence, these cement combination concrete opti@ngexerally more environmentally compatible thatirary
Portland cement concrete.
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Table 3: Compressive strengths, costs and embaedidgxebn-dioxide contents of concretes at different
water/cement ratios

Compressive strength, costs and embodied carbomddiok concrete at 28 days,

Mix Combination Strength, N/mrh Cost, £/m eCO, kg/n?
0.35 0.50 0.65 0.35 0.50 0.65 0.35 0.50 0.65
100% PC 80.0 54.0 385 50.48 41.82 37.43 449 315245
80%PC+20%FA 72.0 46.5 30.0 45.86 38.67 34.90 356 50 2 194
80%PC+15%FA+5%MK 82.0 53.0 33.0 48.23 40.40 36.36 364 259 199
80%PC+15%FA+5%SF 83.0 55.0 36.0 49.04 40.46  36.85 356 250 194
65%PC+35%FA 60.0 35.0 20.0 42.67 36.39 33.46 291 03 2 162
65%PC+30%FA+5%MK 64.0 42.0 24.0 45.09 37.93 34.90 299 208 166
65%PC+25%FA+10%MK 68.0 43.0 25.0 46.87 39.70 35.83 305 214 169
65%PC+30%FA+5%SF 65.0 43.0 26.0 45.85 38.28 35.36 287 203 162
65%PC+25%FA+10%SF 77.0 49.5 32.0 48.04 40.93 36.66 287 204 162
45%PC+55%FA 42.0 24.0 12.0 38.10 33,55 30.81 19943 1 111
45%PC+45%FA+10%MK 47.0 325 18.5 42.45 36.21 33,55 217 152 123
45%PC+40%FA+15%MK 50.0 33.0 20.0 44.63 38.06 34.78 224 158 127
45%PC+45%FA+10%SF 57.0 36.0 22.0 43.58 37.24 33.96 199 143 111
95%PC+5%MK 80.0 56.0 41.0 51.51 4250 38.01 433 5 30 236
90%PC+10%MK 78.0 54.5 38.0 52.52 4347 38.51 416 92 2 229
85%PC+15%MK 76.0 54.0 37.0 53.42 4425 39.24 400 83 2 220
95%PC+5%SF 81.5 56.5 41.0 5251 43.10 38.61 426 1 30231
90%PC+10%SF 82.0 59.0 42.5 53.91 44,83  39.48 40382 2 222

Table 4 shows that 50-61.5% of the cement comlzinatdoncrete options investigated at equal 28-dangths
are cheaper than ordinary Portland cement conaretehe reduction in cost ranges between 0.1 ak¥é.5The
cheaper cement combination concretes are fly asarypicement concretes at replacement levels ub%, 5
silica fume and metakaolin binary cement concretieseplacement levels of not more than 5% and tgrna
cement concretes with not more than 5% silica fommetakaolin at a total replacement level of noterthan
35%. Hence, the use of cement combination cononeteld result in cheaper and more environmentally
compatible concrete if appropriately proportion&kspite the low strength of fly ash concrete ataequ
water/cement ratios, Table 4 shows that fly ashle&veeduce the cost of concrete at equal strengtlsn,
compared with metakaolin, silica fume concretes ldorequire higher water/cement ratios and produce
concretes with lower costs and embodied carbon idkoxontents than metakaolin concretes at equal
replacement levels.

4. Conclusion

Cement combination concretes have lower g€@nhtents and are therefore more environmentaliypadible
than Portland cement concrete. At equal strengftiesreduction in the eGQrontents ranges between 5.5 and
39.0%. Hence, the use of cement combination woettlice carbon dioxide emission and mitigate climate
change.

Fly ash reduced compressive strength and concoste Silica fume and metakaolin, on the other hdmadie
comparable strengths with Portland cement concteie would increase concrete cost. However, the
supplementary cements would complement each ath@moduce ternary cement concretes that are chézgoer
Portland cement concrete. At equal strengths,ateation in cost ranges between 0.1 and 5.1%.
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At equal strengths, fly ash binary cement concratagplacement levels up to 55%, silica fume awrthkaolin
binary cement concretes at replacement levels bfmooe than 5% and ternary cement concretes withmooe
than 5% silica fume or metakaolin at total replaeetiievels of not more than 35% would produce cbeapd
more environmentally compatible cement combinationcretes than Portland cement concrete.

At equal water/cement ratio, silica fume concretelibited higher strengths, higher costs and losvebodied
carbon dioxide contents than metakaolin concretesjaal replacement levels. Also, at equal replacgrevel,
silica fume concretes achieved equal 28-day sthsngtith metakaolin concretes at lower costs andefow
embodied carbon dioxide contents than metakaolicrates.

Hence, if mixed in the right proportion, the usecement combination concrete would mitigate clinatange
without any negative implication on concrete stitbrand cost.
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Table 4: Concrete Options at the 28-day strengtd® 050 and 60 N/mm

28-day Compressive strength, N/fm

fw = 40 N/mrh fw = 50 N/mrh fw = 60 N/mrh

Mix combination w/  Cost, £/m?  eCQ, kg/nt Cost, eCQ, w/ Cost, eCQ,
c w/ £/ kg/m? c £m? kg/m?

Cos %Dif eCO %Dif © Cos %Dif eCO %Dif Cos %Dif eCO %Dif

t f 2 f t f 2 f t 2 f
100%PC 063  37.77 251 053  41.08 296 046 4401 345
80%PC+20%FA 055  37.04 1.9 226 -10.0 047  39.84 3.0 267 98 041 4258 33 308 -10.7
80%PC+15%FA+5% o059 3752 0.7 218 -13.2 052  39.64 35 249 159 046 4212 -4.3 283 -18.0
MK
80%PC+15%FA+5%S o061  37.32 1.2 205 -18.3 053  39.34 4.2 235 206 047 4178 5.1 268 223
E
65%PC+35%FA 046  37.74 0.1 223 112 040 4021 2.1 257 132 035 4267 3.0 292 -15.4
65%PC+30%FA+5% o051  37.60 0.5 204 -18.7 044 4030 1.9 239 1193 037 43.90 0.3 284 7.7
MK
65%PC+25%FA+10% o052  38.99 +32 205 183 045 4172 +1.6 239 1193 039 4464 +1.4 276 20,0
MK
65%PC+30%FA+5%S o052 3762 0.4 196 21.9 045 4029 1.9 227 233 038  43.96 0.1 267 226
E
65%PC+25%FA+10% o057 3859 +2.2 179 -28.7 05 40.93 0.4 204 311 043 43.90 0.3 238 -31.0
SF
45%PC+55%FA 036  37.74 0.1 195 223 * * * * * * * * * *
45%PC+45%FA+10% o042  39.09 +35 182 275 * * * * * * * * * *
MK
45%PC+40%FA+15% o043 4072 +7.8 185 -26.3 035 4463 +8.6 224 243 * * * * *
MK
45%PC+45%FA+10% o047 3826 +1.3 153 -39.0 039 4159 +1.2 182 385 * * * * *
SF
95%PC+5%MK S S - - - 055 4050 14 276 6.8 047 4394 02 326 5.5
90%PC+10%MK 063  38.93 +3.1 235 -6.4 053 4215 +4.0 275 71 460 4548 +3.3 320 7.3
85%PC+15%MK 062 3991 +5.7 229 8.8 053 4292 +4.5 267 9.8 450 46.84 +6.4 317 8.1
95%PC+5%SF S S - - - 055  41.05 0.1 272 8.1 047 4459  +13 322 6.7
90%PC+10%SF S S S - S 057 4187 +1.9 247 -16.6 049 4532 430 289 -16.2

* Mix combination requires lower water/cemeniagdhan investigated.

** Mix combination requires higher water/cementioathan investigated.
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