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Abstract

Ground granulated blast furnace slag (GGBS) is the most common iadbgtproduct used aa
precursor foralkali activated binderdue to itsfast setting, simple curing nee@dgoodearly age
strength gainThere areconflicting findings on the chloride penetratigsistance of such bindeaad
more information is required regardirtige suitability ofthis type of binder materiaffor chloride
environmens. This article outlines the findingsf investigation 6 alkali activated slagoncretes
(AASC), to provide a comprehensive view of the effect of mix design variablslsiomp, strengthand
chloride transport and binding.is concluded that AASC can be designed for different workability and
different grades of concret&€hediffusivity results demanstrate that thaddition ofexcess watedoes
not directly controlthe pore structure/connectivity in AAS&s it does forPortland cementand
thereforeAASC can be designed based tre waterbinder rationeededfor a specified mechanical
performanceThe chloridebinding capacityincreasd asthe paste contemf the concreteand/orthe

silica content of the activatevas increased

Keywords: alkali activated slag concretes (AASGyorkability; strength chloride diffusionand
chloride binding capacity

1. Introduction

Alkali activatedmaterials (AAMs) have been under consideration as an alternative binder system since
1895[1]. However, despit¢he engineering communityaving been aware dhe potentialof this
material for over a century, there is stibufficient information availablabout the durability of AAMs,
andthe resistance to chloride ingresgarticularly critical for materials intended to serve in reinforced

concretes

Severalfactors areknown to affecthe setting timeworkability, strengthand durability propertiesf
alkali activated slagoncretegAASC), including:the type of alkaline activator, the means of adding
theactivator, the dosage of alkatie SiO.,/Na:O ratio denotednodulus, Ms), the type and fineness of

slag the pasteontentof the concreteandthe water to solid ratio irthe paste constituent &fASC.
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Many of these factors are interdependamid the effect of changing more than onparallelis usually

not addkive. The optimum NgO dosage for AAS bindsmactivated by sodium silicate solution under
normal curing has been found to be 3%orelative to the mass of slaggpending on the demand for
high earlyagestrength2-4]. Sag cements activatdn sodium silicateat modulusvaluesbetween 0.6

and 1.5atappropriate dosagevere reported tshow high ultimate strengfior engineering purposes
However, this optimurmodulusfor appropriate dosage of sodium silicaéeied dependg on the type

of slag, i.e. 0.75- 1.25 for acid slag, 0.98 1.3 for neutral slag, and 1:01.5 for basic slag3-5].
Activation by sodium silicate tends to give higher strength whtaan NaOH is usedh&lower strength

in the NaOH activated slgzpastesnay be explained by the much higher porosity found in these pastes
than in thesodium silicateactivatedmaterialg6].

The effect of water to slag ratio on NaOH activated slag is similar to that of twatement ratio on
Portland cemerg]. However,anincreasdan water to slag ratio has a very marked effect to decrease
the heat evolution of N&iO; activated slagd]. In this case when the water to solid/slag ratio is lower
than 0.45, there isneearly andpronounced peak ithe heat evolutiorcurve which then changes to a
very diffuse peak with 15 hours delay fowater to slag ratio greater than 0[4%. This can have a

noticeable effect on the performance?®SC, especially on workability and setting time.

It has beemeported7] thatby controlling mix design parametersuch as binder content and water to
binder ratio, it is possible to produce ABSvith mechanical strength and durability comparable to
conventional Portland cement concretefiasalso beershown that a higheslagcontent leads tan
increasen strength ofAASC andimprovement ofthe permeability, wateabsorption and carbonation

resistancg7].

Parket al. [8], in their work using mortayfavereportedthat the corrosiotehaviourof embedded
steel in AAMswas strongly dependent on the type of alkali activator. According tofitieings,AAS
containingCa(OH ; as the activator was most effective to reduce galvaomosion,while KOH and

NaOH activators indicated corrosion levels simitathatof Portland cement mort§3].

AASC has traditionally been known for its low slungnd ths raises challenges in itkesign for
different workabilites and different grades of concrete. Therefore, dniglepresentdindings from
investigationsof the effect of vaterslag ratioand binder content on workability, strength, chloride
diffusion and chloride binding in AASQvith the aimof determiring the suitability of AASCfor use
in chloride environmest The outcomswill help designers to selectixdesigrsfor AASC for required

performance.
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2. Materials and experimental procedures
2.1 Materials

The granulated blast furnace slag used in this study was provided by ECOCEM, Fhenbasicity
coefficient (CaO+MgO/SiexAl,Os) and the quality coefficiefCaO+MgO+AbO3)/(SiO+TiO2) were
calculated from thehemical composition (Table 19 bel.07 and 17, respectivelyThe patrticle size
distribution of slag was eterminedby laser diffraction, the particle density was measwsdg a
LeChatelier flaskand the water absorption was measured using the centrifugal consolidation;method

these physical properties are presented in Table 2.

The aggregates used in this studgrewrushed basalt from local sources in Northern Ireland, and
comprised 10 mm and 16.5 mm crushed aggregates, and 4 mm sand. In sfahe Axperimental
campaign the proportion of 16.5:10:4 mm fractions were 32:32:36; in stage B the proportions were
optimised for the best packing density at 48:12:40. The bulk specific gramtyvater absorption of
these materials were measured based on BS EN1,G8W are presented in Table 3. Potable tap water

(i.e. drinking water quality) was used to make the cdraréxes.

Sodium hydroxide (NaOH)glletswere dissolved in water angded along with sodium silicate solution
to act as alkaline activators in concrete production at specified concentrations amditongas
shown inTable 4. The chemical compositiah the asreceived sodium silicate solution was 15.5%
sodium oxide (N£D), 30.5% silicordioxide (SiQ) and 54% wateron a mass basislaOH was used

to adjust the N content andVs valueto the requiredalues.
2.2 Mix details, mixing and casting of test specimens

Twelve AAS concretes with alkali concentrations {Dl&o by of mass of slag) of 4, &nd8 %, and
modulus (Ms)yaluesof thesodium silicate solution activator of 0.75, 1.00, 1.50, and, &6 studied
in stageA. The water/bindemass ratiaqw/b) washeld constant at 0.4ih these concrete#& barium
based retarder was used in this work for mixesfA2 for controlling the setting timeThe content of
the retarder was 0.3% of the masslafjfor all of thesemixesanddry-blendeal with slagbefore mixing.
For the purpose of comparison, one PC concrete mix was manufactured wstmtétal binder
content as that of the AAS concreteswv/ of 0.42 wasspecified for the PC concre{8] to ensurehat
its performance in exposukdasses XS3 and XD3 as defined in BS EN 206:2013 [10] would be
acceptableIn stageB, ten further AAS concretes were studied with differerib vatios binder to
aggregate rat® alkaliconcentrationandMs valueswithout using retardeilhe details ofhe different
mixes and their initial properties are presented in Tablldrbughout this workhe total binder content
is defined aghe sum of GGBS anithe solid component othe sodium silicate solutigrand he water

content ofthesodium silicate solutiowas taken into account while determining the mixing water.



103 A laboratory parmixer of volume 5Q. was used in this study. In sta§ahe mixing wasonductedn
104 accordancevith BS 18811252013[11]. In StageB, crushed basalt aggregates and sand firstelry-
105  mixed together fooneminute andthe GGBS powderas subsequently addesshdmixedfor afurther
106 2 minutes. The sodium hydroxide solution was then added and&iténer 2 minutes of mixinghen

107  sodiunm silicate solution was added and mixing continued for a further minute.

108  For both stages, fresh properties of concrete were meastrerting to BEN 12350[12], and nine
109 100 mm cubes and one 28P50x110 mm slab were cast for determining compressive strength
110  accordance with BEN 12390[13], andchloridediffusion coefficiens according tdNordtestNT Build

111 443[14]. After casting, all the specime(sill in moulds) were covered with plastic sheetsd left in
112  the casting room for 2. The demoldedslabs weravrapped with3 layersof plastic sheetsand cube
113  samples wer&ept in a sealed plastic zip hamtil the teshg date. The storage room was maintained
114  at 23°Cand65% RH.

115 2.3 Testing procedures

116  Chloride transporthroughAAS concretesvasassessed usingansteady state chloride diffusion test

117  NordtestNT Build 443[14]. One day before the test age of 91 days, three cores of diameter 100 mm
118  per mix werdrilled from the 250 250x 110 mm concrete blocks. A slice with a thickness of 50 mm
119  from the cast surface (trowel finished face) was cut off, andthe rest was kept for carrying out the test.
120  The vacuum saturation regime specified in the standard was used to preconditiaresise #tiat the

121 chloride flow is predominantly diffusiveand initial sorption or capillary forcesre negligible The

122  vacuum was applied to remove air for three hours and released afterwards. SamplampyEré in

123 hessian saturated in deionised water tegmeleaching of ionandplaced in the container. The weight

124  of the sample was noted after an houg)#hd then vacuumvas appliegfollowed by further saturation.

125  Weight was checked again gyWUsually after 6 how when W-W.;ywas less than 0.1%, the samples
126 were considered fully saturated; if not, saturation was continuedthisticriterion was metAfter

127  conditioning to a surfaedry condition, an epoxy resin was applied onto the surfaces of the specimens
128 inthree layers except the exposure face (saw cut face). When the epoxy coating was dry, theecores wer
129  immersedn anNaCl solutionof concentration 165 b/(~2.82 M)for threemonthsfor samples tested

130  in stage A orsix monthdor samples tested stage B After immersion, the cores wereofite ground

131  to obtain concrete dust from different depths up to a depth of 3ihratage A and 16 mm in stage B

132 measuredrom the exposed surface. The total chloride content of the dust samples was @et@min
133  accordance withthe recommendations oRILEM TC 178TMC [15 using a preealibrated

134  potentiometric titration methodhe concrete dust was dissolved in deionised water in accordance with
135 RILEM TC 178 TMC recommendationd p] to measur¢hepH value of the suspensiimboth stags,

136  andfor the determination ofvater solublechloridesin stage B Chloride diffusivity andhe surface
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chloride content were determined by using curve fitting to the error function solutiécktsf second
law of diffusion, as described in NT BUILD 4434].

3. Results and discussion

The following sections discugbe slump, compressive strength, chloride diffusivity, and chloride

binding capacity of AAS concretes.
3.1 Slump

AASC has often been characterised bgvaslump value and rapid setting behavidump valuesip

to 60-120 mm have been reported itheliterature[17]. The purpose of this testing programme was to
demonstrate the range of slump values that AASC is capable of prodaihghe changes to the
governing variables that are necessary toea® suchhigh slump.The Stage A results shown in Table
4 and Figure 1 indicatethat a slump value between-%80 mm can be achieved by varying the
percentag®la,O and Ms while the w/b is fixed at 0.47. As the percentadid increasegthe slump
increased from 50 mm (Mixes Al, A5 and A9ganda further increase in modulus (Ad4, A5-A8,
A9-12) brought the slump values to 180 rdue to the plasticising effects of dissolved silicate anions
In order to design slump class > S3specifiedin BS 85001:2015 [L8], an NaO doseof 8% is required.
The roleof parametes such adlapO% and Ms in controlling the slump has been widely reportétkein

literature L9, 20] andis in agreement with the Stage A results.

In Stage B, tests were designidconsider the effestof other parametersuch as w/b and binder
content andlid not use the retarder. Mixes in this stage were limited tedigesof 0.45 or 1, as an
increase in modulus means a proportional increatige sodium silicate content, which is botisty
andcanhave high negativenvironmentalmpacts The nain difference between timaix designs in the
two stages is that w/b was increased to 0.55 in stagadits effect is very obvious on the slump as
mixes B}, B6-B10had slumpralues in excess o865 mm.What is more interesting is that slump values
>200 mmareachievable with low N#% and Ms by increasing w/b, so in this sense, the ABS@aves

similarly to PC concretewithout anyobservation obleedng or segregation

Asisevident from Figrela and 1b, the AASC can be designed for all slump rahrtyegever higher
slumps in the range of S&5 require w/lratios higher that those allowed BS 8500 [L8]. Whether
such high w/lratiosare acceptae for concretsin differert chlorideexposure environmentgill be
further discussed in section 3&ter the diffusivity resultare presented

The contour map graphs in Figure 2 show the results obtainstlifopas a functiorof sodium oxide
(Na&O%) andsilicate modulus (Ms)for different mixes with same binder contémt bothstage. Using
aw/b ratio of0.55 instead of 0.4iesultedn more workable mixes. It isbviousfrom Figure 2(b) that
at higher w/b, both sodium oxide (Mao) & silica modulus (Ms) hava significant effect on

workability, while for lower w/b, parallel lines in Figure 2 (a) indicates that only the effect £d%a

5
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is significant.All AAS concrete mixes in stagg(ize., 0.55 w/blre in at least class S3 specified in BS
85001:2015 [.g], even for the miimum alkali content and silica modujughich are 4% and 0.45,
respectively in this stagevhereas in stagé the minimum alkali contento reach thisclass of
workability was more than 7.5% and the minimum silica modulus is 1.0. It is evident from s res
in stageB that forasilica modulus more than Qi8creasing the sodium oxide increagesworkability,

ashas been reported by previous investigatb®s 19].
3.2Compressive strength

An overall comparison of the results between Stages A and B (Figure 33 thaladfect of w/b very
apparentwith almost all (except on&tage A mixegxceeding 45 MPa at 2fays StageB mixes with

w/b between 0.55 and 0.7 off28-day compressive strengilin the range 21.5 to 64.4 MFeromthe
Stage A results, it can also hatsd that: (1) most mixes had approximately 20 MPa after 3 days curing,
(2) higher modulus results in loss of early strength, but offers comparablgtistiethe long term, (3)

in most cases 28 day strength is#6 of the 91 day strength, offerimgsight intothe short and long
term microstructual developmenin such binders. It is obvious that mixes with high modulus (i.e.,
silicate content) neet becured longerConcretes with Mgaluesof 1.0 to 1.5 generally obtained the
highest compressive strength (see Figure 3(a)), which is in agreement with theétRit

Figure3b showslata formixes with varying w/bThecomparable mixes B&0 all offer better strengsh
thantheir Stage A equivalents (A2, A6, A10) after 28 days, dedpigér higher w/b. But as time
progress, i.e., witB1 days curingthe aforementionedlifferences become negligiblBetter strength
for Stage B could be due their higher densityDue to these differences, it is best to summarise that
strength in the range of 28D MPa is achievable by altering the binder content, w/bh akid NaO%.
To aid with the design for strength,contour map using 28 day compressive strength reasls
function of sodium oxide KlaoO%) andsilica modulus (Ms) is provided in Figure An increaseof
NaeO% and Ms generally increases the compressive strength, which is in agreemehné wautts
reported by otherslld, 21]. Thisis due tathe higher degree of reactigimdicating the extent to which
the slag particles are reacted) caused by an incretise atkali activator d@ge[22]. More NA-S-H
(sodium alminosilicate hydrate) gedse generatedhen theNaO% and SiQ contentareincreased
The bottom right corner dfigure 4a (Stage A results) also shsdivat the strength value decresas
the silica modulus increasbeyond 1.5 foNa&O dosesbdow 5%, as the alkalinity of thactivators in

such systems is not sufficient to reach a very high degree of reaction

The PC concretén Stage Awas designed as a reference that conformtheédS EN 206:2013
requirement forexposure classeXS3 and XD3. Therefore, it was designed forménimum
characteristic compressive strength of 45 MPa, which is equivalent to an averagih stdEnd1MPa
(calculated ag5+1.48(3.15MPa;where3.15 is thestandard deviation of the test resulfsable 4and
Figure 3a) bothshow that mixes n#3(4%-1.5), A6(6%1.0),A7(6%1.5),A8(6%2), A9 (8%-0.75),
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A10 (8%1.0),A11(8%1.5),A12(8%2) and the PC met the strength requiremémtshis exposure
class Additionally, most of the AAS concretes except MiR(4%2) met the strength requirement of
41.66(=37+1.48(3.15)MPa for thelower-demandexposure classes XS1, XD1 and XD2. It should be
noted that the w/b ratio used for AAS concretes (0.47) was higher than that for PC c@xthie

to thelack of workabilityof the AAS at such a low wateontent[9]. The 28 day compressive stgtn
results reported for stadgein Table 4and Figure @) show that miesB7(8%-0.45, B9(6%-1) and
B10(8%1) alsoachieved the required strengtt51.11 (=45+1.48(4.13)MPafor the exposure classes
XS3andXD3 even at w/b = 0.55. However, for ni&10 the setting time wasconveniently short, at
around half an hour. Mixd86(6%-0.45) andB8(4% 1) seem to meet the strength requirersefid3.11
(=37+1.48(4.13) MPafor the exposure classes XS1, XD1 and XBRhough it was evident that the
strength requirement and wréitio of mixesB1, B2, B3andB5 will not comply withBS EN 206:2013
norms, the intention of including tbemixes wasto assess their performanagainstchloride ingress

and compare that data against a conforming PC reference.

Figure 5 showtghe91-daycompressivatrengtiresultsas a function ofhe SiQ content of the activator
relativeto the total slag contefttalculated for each mix &20% x Ms).When the91-day compressive
strengthvalues of all the activated slag concrete mixes studied are plotted as a fun¢hiasOdfo x

Ms), atwo-termexponentiatelationshipcanbe fitted,as shown in Fig. 5. In general, there is an increase
in the91-days compressive strengthlues with increase ithe SiQ contenf up to a value of %% of

the total slag contenfThis parameter is significant because it has been shown that thadater
compressive strengths of activated slag concretes are proportional to ilte/@&Eht ofthe activator
[23], and ahigher silicate content in the activator has been reported to lead to a higher flezpegan
[24]. In agreement witlthis observationthe results hersupport the use @dhe maximum Si@content

for optimising strength

3.3 Chloride diffusivity through AASC

Figure 6 presents chloride diffusion coefficerdnssq for mixes from both stages. Stage A mixats,
w/b=0.47, show very low to low chloride diffusivitsaluesas identified irthe classification oRILEM
TC 23GPSC [24] from 1.88x 10%m?/s [A7 (8%1.5)] to 6.59x 10?m?%s [Al (4%0.75)]. Stage B
mixes,with w/b valuesof 0.550.7, demonstrate low to very low chloride diffusivitglues[25], from
5.09x 10%?m?s (B4) to 1.18< 10"?m?s (B2). All of the coefficients obtaineavith the exception of
Al, were lower than 6& 10* m?/s, which is the lowest limiting value specified ftive equivalent
durability approach in PD CEN/TR 16563&5] for chloride environmentsThe coefficients obtaad in
this studyarealsosimilar to thenon-steady state chloride migration coefficieatues measureda NT
Build 492 andreported elsewherf7-29]. Comparing theesults of the two stages illustratiéeat
despite the high ik ratio, stage Bconcretesoffer lower diffusion coefficierg This could be due to

better workability and compaction in the case of stage B midethe Dhssqvaluesfor AAS concretes



241 werelower than the result shown for PC concrete in Figag despite the higher water to binder ratio
242  of the AASC mixes This is possibly due tthe influence of the activated aluminosilicates, chloride

243 binding, poresizeandpore connectivityf the concrete

244  The dfects of w/b and binder conteiatrenot directly obviousfrom the resultsit seems that the excess
245  water is not affecting the pore structure/connectioftpASC as it does for PC concrefBhereforejt
246  can only be identified that mix desig@arametersnd also reactivity ofhe aluminosilicateprecursor

247  [30] may have a larger influence on the diffusivity

248  The ontourplot in Figure7(a) (stage A) indicates that for lower w/b an optimum camadigevedoy
249  increasing th&a0% and bringing the modulus closer to 1.5. Theilinfationin Figure7(b) for stage
250 B gives a lower rangdi) for NaoO dosedess than %, the lowest value is observed athigher Ms

251  similar totheobservatiosin Figure7(a),and (ii)for higher NaO dosesthis is reversed

252 In summarythe Dnssais comparatively low foall of the AASC mixesstudied hereDssqiS a measure
253  of therate of transportamodified by the chemicagactiors leading to chloride bindingn order to
254  distinguish thee two effects, the binding capacity of the mixes in stage B was assesss@lbp a

255  morecomplete picture of thiactors controlling chloride transpon AASC.
256 3.4 Chloride binding in AASC

257  Thereislimited information available oohloride binding of AASGn theliterature The availableCSH
258 and aluminate phase(C-(N)-A-S-H or two layered double hydroxidgsn activated GGBS may
259  contribute to the physical and chemical bindiegctiong30, 31]. Figure 8 shows the total andater

260  solublechloride concentratiammeasuredor concretemixes B8, B9 and B1Gand he corresponding
261  pHvalues aralso provided for comparison. Itésidentfrom FHgure 8 thatthesurface regionZone 1
262 is undergoindeachinginducedchanges durin@l transportthat result ina lowering of pH; there is
263  also a skin effect which causesearsurface dip in théotal CI” content The depth of zone 1 is between
264 5-12 mm for the three mixes; the lowest depth is for the mix with 69@Mad Ms = 1. In Zone 2, pH
265  reduction is not significantlt is known that pH reduction camleasethe CI otherwise bound to
266  Friedels salt [32] in PC based systems shouldbe noted thate totalCl™ is composed of both bound
267 andfree chloride,and freechlorideis represented here lilie watersolublefraction whichtherefore
268  will alsocontaina proportion of the adhere@l physicallybound tothe aluminate phase§he ratio
269  betweenatal andwatersolubleCl seems tdollow the general trends established R&2 system§33].

270  The gquantity ofbound chlorids for all the mixes in stage iB shownin Table 5 Thisis computed by
271  determinng the area under the total and free chloride curves from the concentration vs depth graph
272 (typical data shown in Fig. 8he difference between the two areas gitie quantity of bound chloride.
273  Thevalues presented in Table 5 show #nadintity of bound chlorideacreased as the paste content of
274  the concrete and/or the silica content of the activator was incre&seliscussedthe main reaction
275  product in AASC is a Na-Al substituted calcium silate hydrate (€N)-A-S-H) gelwhich can bind

8
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chlorides, while hydrotalcitegroup minerals are a smaller constituent of the phase assemblage but have
strong chloride binding capacit@urface absorption is the main binding mechanisrthese phases
responible for around 90% of théotal chloride uptakewith around 10% contribution from ion
exchange30, 31]. The binding capacitysicomparabl¢o the valus reported for PC andigh-volume

blast furnace slag concref@d]. Thisis likely due to thealkalinity reduction affecting the stability of

the bound chloridefg4, 35]in zone 1

In summary,the masstransporttesting showed that AASC perforred significantly betterthan

conventional PC based binddan terms of restrictin@l transport These oncretes can be classified
into two zones, based on the reduction of pH closérgsurface. Whit the overall binding capacity
is deemed slightly lower than comparable PC systems, further study is neededde éxeleffect of

pH reduction ando eliminate neassurface effects
4. Conclusion

e AAS concretes can be desigrfed different workability andstrengthgrades of concreteThe
key parameterat the disposaif the designer arda,0%, Ms, and thepaste content

e For higher water to binder ratio, both sodium oxide.(¥4) andsilica modulus (Msinfluence
theworkability, while for lower w/b only Na&O% seems to have a notable effect

o The compressive strength values warenglyproportional to the Sigcontentn the activator.
This will be usefulbsguidanc to produce AASC of required strength.

e Chloride diffusioncoefficients of AAS concretes artow. Measurement ofhdoride binding
capacity waaffected by the pH reductiaiue toleachingin thesurface zoneThe cepth ofthe
affected zone was in the range e1% mm, so further study is required to discern the binding
capacity of zones unaffected thys type of pH reduction.

o The diffusivity results demonstrate that the excess water is not affecting the pore
structure/connedntity in AASC asit does forPC concretesand AASC can be designed based

on the w/b needeidr a requirednechanicaperformance

As a closing remark the authors suggest adopting a perforrbased approach to specifying such
concretes, since the conventional wisdom of w/b and mix design features may noketraak[26].
A performancebased approach is apt to give confidence to the suppliers, and also to convince clients

of the beneficial aspects of AASC.
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Table 1: Oxide composition tfie GGBS used, from Xay fluorescence analysis

Precursor Component (ma% as oxide)
SiO  Al,O3 CaO0 Fe0s MgO TiO» Other LOI*
GGBS 35.7 11.2 43.9 0.3 6.5 0.512 1578 0.31
* LOl is loss on ignition at 100C.
Table 2:Physical properties dhe GGBS used
Fineness (particles45um) 7.74%
Particle density 2.86
Water absorption 35.14%

Table 3:Physical properties of aggregates

Aggregates Bulk dry Bulk saturated Waterabsorption (%)
specific gravity | surfacedry
specific gravity
Sand(0-4mm) 2.72 2.73 0.75
Fine crushedagg. (5-10 mm) 2.67 2.75 3.14
Coarsecrushedagg. (10-16 mm) 2.60 2.67 2.60

Table 4(a): The details of the different Stagendixturesand their properties

. . . Setting time 3 days_ 28 day§
Mix Mix details Wet (initial/final) Slump compressive| compressive| Concrete
No. (NaeO%-Ms) density (min) (mm) strength strength grade
(MPa) (MPa)

Al | 4%-0.75 2245 30/39 55 22.3 44.7 C32/40
A2 | 4%-1 2217 1114 55 21.8 46.7 C35/45
A3 | 4%-15 2229 15/22 55 1.7 49.5 C35/45
A4 | 4%-2 2186 18/24 55 1.4 33.3 C30/37
A5 | 6%-0.75 2222 28/38 65 317 47.3 C35/45
A6 | 6%-1 2219 12/22 65 37.3 53.6 C40/50
A7 | 6%-1.5 2221 14/22 65 20.3 60.8 C49/60
A8 | 6%-2 2236 32/42 75 8 59.6 C45/55
A9 | 8%-0.75 2208 16/26 70 32.3 51.9 C40/50
A10 | 8%-1 2230 46/58 105 32.7 53.6 C40/50
A1l | 8%-1.5 2233 37/56 145 34.1 59.3 C45/55
A12 | 8%-2 2241 - 180 11.7 55.4 C45/55
A13 | PC 2257 - 50 35.4 58.9 C45/55

Note:all mixeshaveawater to binder ratiof 0.47, binder conterdaf 400 kg/nd, sandcontent 0f670+16 kg/m and

aggregateontent 0ofL190+30 lg/m?), as outlined elsewhef6]. The setting timdor the alkaliactivated slag pastéssed on
standard consistentest(0.2<w/b<0.27)was studiedn satge Aand the results are reportedlie aboveable Due to the
rapidsetting observed, a retarder described in se@tidat a dosage of 0.3%f the mass aflag was used to control the
setting of theAASC mixes. This dosage was the minimaoguarante¢hatthealkali activated slag mies meet the setting

time requirement specified in BS EN 1272011) [36, 37.
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323 Table 4(b): The details of the differer8tage Bmixturesand their properties
Final 2days 28days
Mix Mix Binder Sand | Aggregate| Wet setting | Slump | compressive | compressive | Concrete
No. | (N&2O%Ms) | (kg/mP) wib (kg/m?) (kg/m?) density | time (mm) strength strength grade
(min) (Mpa) (MPa)

Bl 4%-0.45 300 0.6( 772 1158 2426 120 40 15.3 271 C20/25
B2 4%-0.45 360 0.7¢ 671 1007 2410 145 225 11.1 21.5 C16/20
B3 | 4%-0.45 400 | 06 669 1004 2390 165 215 15.3 26.4 C20/25
B4 4%-0.45 400 0.55 701 1051 2395 160 168 17.8 30 C25/30
B5 6%-0.45 400 0.6(¢ 669 1004 2389 130 215 21.2 35.8 C28/35
B6 | 6%-0.45 400 | o059 701 1051 2469 125 135 24.7 44 C32/40
B7 8%-0.45 400 0.55 701 1051 2464 90 225 38.4 53.6 C40/50
B8 4%-1 400 0.55 701 1051 2519 80 160 25.8 47.8 C35/45
B9 | 6%-1 400 | o055 701 1051 2447)5 60 203 33.9 62.7 C49/60
B10 | 8%-1 400 0.55 701 1051 242( 40 240 33.7 64.4 C49/69
324 Note: The setting time of thAASCsin satgeB areasreported in the abowableand are based on observations during
325 castingof concrete.
326
327
328
329 Table 5: Total C| free Cl, andbound Cl values for stage B mixes

Mix No. Mix details Binder wib Total <_:r Free Ci Bound _Ci

(NaeO%-Ms) (kg/md) (Quantity) | (Quantity) | (Quantity)

B1 4%-0.45 300 0.60 7.08 2.93 4.15

B2 4%-0.45 360 0.70 7.14 2.59 4.55

B3 4%-0.45 400 0.60 10.32 4.02 6.30

B4 4%-0.45 400 0.55 13.53 3.54 9.99

BS 6%-0.45 400 0.6 12.71 4.54 8.17

B6 6%-0.45 400 0.55 10.69 4.01 6.68

B7 8%-0.45 400 0.55 7.72 3.14 4.58

B8 4%-1 400 0.55 11.37 4.62 6.75

B9 6%-1 400 0.55 11.36 3.69 7.67

B10 8%-1 400 0.55 9.32 3.53 5.79
330 Note: Quantity oftotal Ct and fee Cl wasestimated by computing tlezeaunderthe concentration vs depth
331 curve Maximumvalue for depth was 16mfor all mixes Quantity of bound chlorides is therefore the difference
332 between the total and free chlorides.
333
334
335
336

11
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= 400kg/n?; (b) StageB with various mix design parameters as marked
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