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Abstract

This paper addresses the effects of relative humidity andc@@entration on the rate and effects of
accelerated carbonation in alkali-activated slag/metakaolin concretes. Stredgilatar absorption
are used alongside phenolphthalein measurements to monitor carbonation, and the elifgots aif
different relative humidities are particularly significant in controllingboaation rates. Different
trends in the carbonation rate as a function of metakaolin content are ohsbkeredarying theCO,
concentration, further revealing that the carbonation rates of theseiafsatender accelerated
conditions are influenced strongly by the testing protocol. The standard phenolphthaleid foet
testing carbonation depth appears only to be capturing the change in alkalihityore solution
carbonation, meaning that it does not correlate well with other perfornpanameterat high CQ

concentrations.

Keywords: alkali-activated cement; concrete; granulated blast-furnace slag; carbonationjtgdurabi

1. Introduction

Durability of structures and structural concretes, particularly in the preséaggressive agents, is a

topic of fundamental interest and importance in civil infrastructure and constru€arbon dioxide
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(COy) is particularly knownto affect the durability of cement-based materials under long-term
exposure, through a degradation process referred to as carboffa8hnThis phenomenoris
controlled by both gas diffusion and chemical reaction mechan@m consequently its progress is
determined by both the chemistry of the binder and the permeability of the mathaatffect of
carbonation in concrete structures is a reductionthe alkalinity of the material, leading to an
increased susceptibility to corrosion of embedded steel reinforcement, often acconiparded
decrease in mechanical strength [2, 4, 5].

Carbonation of mortars and concretes produced using ordinary Portland cement hasdbsen w
studied. In these systems, the 8@m the atmosphere diffuses through gas-filledepand dissolves

in the pore solution to form aquead€O;. This uptake of acidi€0, into the alkaline pore solution
reduces the internal pH of the binder, and the dissolved carbonate also reacts watbitinerich
hydration products present in the matrix, mainly with the portlanditéQi@g), calcium silicate
hydrate (C-S-H) and calcium aluminate hydrate phases, to form solidmatarbonates [4, 6, 7]. In
Portland cement-based systems, it is well known that the progress of carbonation is depetident
chemical nature of the binder phases with which the 8@oing to react, as well as the factors
determining the diffusion rate of the gaseol®,, such as the pore network and exposure
environment, in particular relative humidii§-11]. It has been reported [9] that carbonation is more
rapid at intermediate relative humidity (5®%), and this is attributed to interactions between drying
and carbonation processes [12], as the presence of a very high fraction ofilfeatesith water
hinders the diffusion of CQwhile sufficient wateis required to promote the solvation and hydration
of the carbon dioxide. Under intermediate moisture conditions both reaction keradickffusion of

CO, are favoured, which leads to acceleration of the carbonation process [4].

In the case of concretes based on alkali-activated binders, there is Exigédg knowledge about
the long-term in-service stability of these materials, although the sttlii¢ hae been published
show generally moderate to low carbonation rates (<0.5 mngiynilar to the carbonation rate of
Portland cement concretes, under service conditions in continental climates [13i1¥lriv&mko
and Roy report the natural carbonation rates of concrete structures with ages d&haad 40 years,
located in Russia, Ukraine and Poland [14]. The concretes were produced from akattdcliag,
using alkaline activator solutions of sodium metasilicate, sodium carbonate asdiymt carbonate,
and had28-day compressive strengths between 35 - 82 MPa. iffdservice carbonation rates
measured using the phenolphthalein method, did not exceed 1 mm/year in any ofdlutesasieed
Similar results were identified in 7-year-old silicate-activated slag etexr[16], where the

carbonated depths identified were much lower than would be predicted throughticaisidased on
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71 accelerated carbonation testing, demonstrating that the exposure conditions usedratedt testing

72 do not replicate the phenomena that take place under natural service conditions.

73
74 On the other hand, laboratory studies of pastes and mortars of alkali-activatedarsiag,

75 slag/metakaolin blends [15, 17-21], have indicated high susceptibility to carbonatidresa t

76  materials under accelerated conditions, compared with conventional celh@fmoposed that this

77 is due particularly to effects related to pore solution alkalinity [22] and bufdeEmistry, especially

78 the absence of portlandite aseaction product in these binderslore recently it has been identified

79 [23] that drying of alkali-activated materials induces changes in theiostiocture. This causes

80 severe microcracking, which is deleterious when pre-conditioning specimenstgprmalysis of

81 water absorption properties and accelerated carbonation testing. Considering thesdmisseatiat

82 evident that there is the neéunl develop a better understanding of the real meaning of the results

83 obtained in alkali-activated materials, and how accelerated carbonation testsl#hconducted, as

84 the divergences between accelerated and natural carbonation rates of alkaéehctoncretes are

85 remarkable [16].

86

87  The carbonation of concrete under ambient conditions is generally relatively slawpasequence

88  of the relatively low concentration of GGn the atmosphere (0.03 0.04%). This has led to the

89 development of experimental methods based on accelerated carbonation under controlleds;ondition

90 through exposure to high G@oncentrations for shorter periods of time. It has been noted [24] that a

91 short period of accelerated carbonation in Portland cement-based materials isessanigairectly

92 analogous to long term exposure to natural atmosphere, which involves differencesstiremoi

93 distribution under different drying periods, and gradual changes in the micropmRurgtrdue to

94  ageing and carbonation. A proposed European standard method [25] for testing the susgceptibilit

95 Portland cement-based materials to carbonation has been discussed in detail by etaatis{26]

96 and adopted recently by some nations, but not in general across the EU [26].irBivaierls of

97 common accelerated test methods, such as repeatability and reproducibility, hde=al&tentified

98 even in application to Portland cement-based systems [27, 28].

99
100 For the specific case of alkali-activated binders, recent results [22] réaahe mechanism of
101 carbonation in alkali activated slag which is induced using accelerated test methawsghy st
102 affected by theCO, concentration, leading to differences in the chemistry of the alkali cagbonat
103 phases formed as a result of carbonation, and also the pH and carbonate/bicarbonateimati
104 remaining pore solution. This will therefore change both the @fake rate and the influence of the
105 carbonated pore solution on steel corrosion chemistry, meaning that thestetst must be carefully
106 interpreted in order to give an accurate prediction of either the rate orféhts eff carbonation in
107 these materials under natural conditions. In particular, it appears from thermadyadeulations

3
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108 related to pore solution chemistry [22] that accelerated testing will oveatsstimih the rate and
109 degradation effects of carbonation in alkali-activated binders. From thess,résdens likely that
110 if an alkali-activated concrete and a Portland cement concrete show the same carbonation depth in an
111 accelerated test, the alkali-activated material will suffer les®pation under natural conditions, and
112 thus the service life would be much higher. However, further detailed experimenkatelaied to
113 understanding the effects induced by different accelerated testing conditiomoistedly required
114  before such statements can be fully validated.

115

116 This indicates that the exposure conditions which are used to induce accelerated oarbbaiali-
117 activated materials need to be studied, in order to provide recommendati@mpropriate testing
118 protocols, and also to aid in interpretation of the results obtained. The dim sfudy is therefore to
119 assess the effects of relative humidity and,@0ncentration on the carbonation rate of alkali-
120 activated concretes during accelerated testing. The concretes tested have adsedeon a
121 combination of granulated blast furnace slag (GBFS) and metakaolin (MK), edtiligit sodium
122 silicate solutions, where the addition of the metakaolin serves to regulate it afetthiese materials
123 which are based on an otherwise very rapidly-reacting slag, and also enhances winengthe
124  activator dose is sufficient [29, 30]. In addition to carbonation depth measurementsonasriati
125 mechanical strength and pore network properties, investigated in an indireaawegter absorption
126 tests, are monitored durif@O, exposure, to obtain a deeper understanding of the microstructural
127 changes in the concretes which are induced under different exposure conditions.

128

129

130

131 2. Materialsand methods

132

133 2.1. Materials

134

135 The primary raw material used in this study was a Colombian granulated biastefislag (GBFS)
136 from the factory Acerias Paz del Rio. Its specific gravity was 2906°kand Blaine fineness was 399
137 mPKkg. The particle size range, determined through laser granulometry, wag (i, with a dso of
138 15 um. The metakaolin (MK) used was generated in the laboratory by calcination of a kaolin
139 containing minor quartz and dickite impurities [29]. Calcination wasezhout at 700°C in an air
140 atmosphere, for 2 h. The particle size range of the MK wad 008um, with a dso of 13.2 pm and
141  10% of particles finer than 4 pm.

142
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Tablel. Compositions of the MK and GBFS used, from X-ray fluorescence analysis. LOI is loss on
ignition at 1000°C

Component (mass % as oxide)

Rawmaterial —g 535" Cad Fe0, MgO TiO, Others LOI
GBFS 3229 1625 4245 235 287 050 057 2.7
MK 50.72 4463 269 - i i 094  1.02

Alkaline activating solutions were formulated by blending a commercial sodium esikcddition
(32.4 wt.% SiQ, 13.5 wt.% NgO and 54.1 wt.% FD), and 50 wt.% NaOH solution, with the slag
and metakaolin, to reach the desired overall molar ratios (specified aBAIZER (S/A)), and
corresponding to a concentration of activation of 11-12%0 Nalative to the amount of binder (i.e.,
11-12 g NaO per 100 g GBFS+MK).

Crushed gravel and river sand were used as coarse and fine aggregates. The coarsevagadgate
19 mm maximum size, with a specific gravity of 2790 Kgand absorption of 1.23%. The specific

gravity, absorption, and fineness modulus of the sand were 2458 Bgl%% and 2.57, respectively.
2.2. Concrete mixes

The concretes were produced with total binder (GBFS+MK) contents of 400 laptha total
water/GBFS+MK+anhydrous activator) ratio of 0.47. Fresh concrete was mixed, poured into
cylindrical steel moulds¢(= 76.2 mm, h = 152./m), tamped and levelled. The concrete specimens
were then cured in a humidity-controlled chamber at 25+5°C and 90% relative huiRid)tyfor 28

days, with the moulds removed after 24 hours. The mix designs are givEabie 2. Detailed
analysis of the evolution of engineering (compressive and flexural strength) anifitsiypedperties
(water absorption properties, chloride permeability and carbonation) of themomires assessed in

this study as a function of the time of curing is reported in [30].

Table 2. Mix designs of the concretes. All quantities are in Kgbfrfresh concrete

Component GBFS/(GBFS+MK)

1.0 0.9 0.8

GBFS 400 360 320

MK - 40 80

Sodium silicate solution 120 136 132
NaOH (50 wt.% solution) 68 72 78
Coarse aggregate 832 816 808
Sand 832 816 808

Free water 132 124 124
Overall SiQ/AI ,O3 molar 44 40 36

ratio

Activator concentration 10.6 11.6 12.0
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(% N&O by mass of
GBFS + MK)

2.3. Accelerated carbonation testing

After 28 days of cring the specimens were removed from the humidity chamber, and then the top
ends of the specimens were covered using an acrylic resin (Acronal ®)ingpplminimum of 4
layers, to direct the ingress of g@rough the curved face of the cylinders during testing. Samples
were then transferred to the carbonation chamber foy €@osure, without application of an
intermediate drying or conditioning step. This was done to minimise aeyt@tmicrocracking or
differences in sample maturity which would be observed if they were conditieneeixtiended
periods at the testing relative humidity, a step which is specified in remting protocols for
Portland cement systems.

2.3.1. Variation of relative humidity

An accelerated carbonation testing system with automated control of tempehatuidity and C®
concentration was used induce the carbonation of concrete specimen€QA concentration of 1.0

+ 0.2%, was used, at a temperature of 25 = 2 °C, and RH values of 50 + 5%%6%and 80 + 5%
where the uncertainties quoted here are the maximum allowable deviations from setpsjpecified
by the supplier of the chamber control systems. Specimens were removed from the clfii@mbs0

or 500 h of exposure, and the depth of carbonation was measured by treating theoSarfaeshly
cleaved specimen with a 1% solution of phenolphthalein in alcohol. In the uncarbonatefdtipart o
specimen, where the concrete was still highly alkaline, purple-red colourationbteased, while
there was no colour change observed in the carbonated region. Each result is repbetedesg
depth of carbonation measured at eight points, using two replicate samples (ffitsippo sample
the standard deviation of each carbonation depth measurement is similar to er $raalthe size of
the points on the graplas plotted). The properties of uncarbonated samples after 28 days of curing

are used as reference values, indicated as zero hours of exposure.

2.3.2. Variation of CQ exposure concentration

Specimens were exposerCQO, concentrations of £ 0.2% and 3.0 £ 0.2%t a relative humidity of
65 £ 5%. After 250, 500, 750 and 1000 h of exposure, carbonation depths were deteamined

described above.
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203 2.4. Testing protocols

204

205 Carbonated and uncarbonated concretes were tested for compressive strength followingatite stand
206 procedureASTM C39/C39M-09a (Standard Test Method for Compressive Strength of Cylindrica
207 Concrete Specimens)otal porosity and absorption were determined before and after carbonation
208 according to the standard procedure ASTM C642-06 (Standard Test Method for Dérssitytion,

209 and Voids in Hardened Concrete), where the samples are dried and then boiled io detemtine

210 the total volume of permeable void8apillary sorptivity was assessed by applying the standard
211 procedure ENPA-SIA 162/1 [31], in which water is allowed to pass from a damp sponge into a dried
212  cylindrical sample through a process of capillary suction, and the mass of the sample is monitored as a
213 function of time.

214

215 3. Resultsand discussion

216

217 3.1 Effect of relative humidity on the accelerated carbonation of alkali-activated GBFSIMK

218 blends

219

220 3.1.1. Carbonation rate

221

222  Figure 1 shows the carbonation depth as a function of time and relative humidity for fflessam

223 containing different percentages of metakaolin. There are two cleatigctis/pes of behaviour
224  shown by the samples when considering carbonation as a function of time:

225 - All of the GBFS-only samples, and the sample with GBFS/(GBFS+MR)9 exposed at 80%
226 RH, show relatively slow initial carbonation, but then the ingress of the carborfation

227 accelerates, and the increment in carbonation depth from 250-500 h is more than thei@arbonat
228 observed in the first 250 h

229 - All of the samples with GBFS/(GBFS+MK) = 0.8, and the samples with GBBEFHE+MK)=0.9

230 exposed at 50 and 65% RH, show a deceleration in carbonation with time, witkartmreation
231 in the first 250 h than in the subsequent 250 h.

232

233
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Figure 1. Carbonation depth as a function of the relative humidity and time of exposure in alkali-
activated GBFS/MK concretes, formulated with GBFS/(GBFS+MK) ratios oi(®)(B) 0.9 and (C)

0.8, at 1% C@ Error bars show * 1 standard deviation among 5 measurements per sample.

Figure 1 also shows differences in the trend in carbonation depth as a function of helatigiy,
depending on the binder composition and the exposure time. In specimens solely based on GBFS
(Figure 1A) similar carbonation depths are identified at each differentilRidg the first 250 h of
exposure, and the carbonation depth increaseRitafter 500 h of C@exposure. A similar trend is
observed in specimens with GBFS/(GBMI¢) = 0.9, although the carbonation rate within the first

250 h at 80% RH is notably lower than at the other relative humidities sti®lredar results are
observed at higher content of MK in the binder (GBFS/(GBFS+MK) = 0.8, Figure 1C)heithndst

rapid carbonation observed at intermediate humidity.

The acceleration in carbonation of some of the concretes (Figure 1A,B) betwefmsttR50 h and
the subsequent 250 h of curing is to some extent counterintuitive; such a changéds would not
be expected if the process were simply controlled by either diffusion or chere@etion
mechanisms [32, 33]. Even if the microstructural damage associated with theatiarmaduced
decalcification of the C-A-$t gel to form calcium carbonate products [17] was so severe that the

damaged material did not provide any barrier to, @@usion, this would result in a linear rate of

9
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256 carbonation, but could not explain an acceleration in rate. There must theefmreombination of
257 drying and carbonation effects which leads to this apparent acceleration dwitijmétifame. There
258 is only one dataset available (Figure 1A) which contains data at 750 and 1000 h for a saofple whi
259 showed an acceleration effect; these data show that the carbonation decelerated ad#if hfte
260 which is consistent with the development of some extent of diffusional resistamesgdransport in
261 the later stages of carbonation, as would be expected from the thickness of the edlagees on
262 the samples.

263

264 The higher final extent of carbonation at higher relative humidities is temnisiwith the trends
265 reported for Portland cement concretes containing supplementary cementitiouslsn§ddri 35]
266 where it is expected that the presence of water-saturated pores will hindeffubmrdiof CQ
267 through the material. Partially water-filled pores are known to accelera@nedion through
268 convective mass transport, and also by providing high interfacial areas foetrai€iQ, from gas to
269 liquid (and thus subsequently to solid) phases [9, 11]. For the GBFS-only samplgs hate the
270 lowest water absorption in the uncarbonated state [30], and f@BR&(GBFS+MK) = 0.9 sample
271 at high (80%) relative humidity, it is likely that the pores areexmttensively filled with water, so
272 the start of carbonation is slowed after the drying front has begun totleatesample. The higher
273 water absorption measured for the uncarbonated GBFS/(GBFS=MI8)samples [30] indicates that
274 there are already unsaturated pores within the concrete prior to thef stetcarbonation tests for
275 these concretes, and the observed carbonation behaviour does not show an acceleration event.
276

277 Comparing the samples with different MK contents, it appears that when concretgsosedainder
278 comparable relative humidity conditions for 500 h, increased metakaolin contensually give a
279 lower extent of carbonation. The only exception to this trend in Figure 1 is the saitiple
280 GBFS/(GBFS+MK) = 0.8 at 50% RH, which is more rapidly carbonated thensample with
281 GBFS/(GBFS+MK) = 0.9 under the same conditions. It is likely that thigl&ed to the higher
282  porosity of the concretes with GBFS/(GBFS+MK) = 0.8 [30], as will be discussed ihbaxday.

283

284 3.1.2. Residual compressive strength

285

286 The residual compressive strength (Figure 2) represents the ratio ofethgtistrof the concretes

287 before and after exposure to £ @roviding a direct means of comparison of the samples which had
288 different strengths before carbonation (GBFS/(GBFS+MK) = 1.0: 63 MPa; GBFS/(GBFS=DIR)
289 73 MPa; and GBFS/(GBFS+MK) 0.8: 53 MPa). Concretes based solely on GBFS (Figure 2A) and
290 with GBFS/(GBFS+MK) = 0.9 (Figure 2B) show, over the first 250 h of exgosomly slight

291 reductions in the compressive strength relative to the uncarbonated concretes/athemidities of

10
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65% and 80%, while specimens exposed at an RH of 50% exhibit a reduction in the simpres
strength of around 15%. Similar trends are visible for specimens exfppdedger periods of time
(500 h), although the extent of strength loss increases notably with Theeeffect ofRH on the
carbonation progress of the concretes assessed seems to be more significaatimgtision of MK

in the binder.
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Figure 2. Residual compressive strengths of partially accelerated-carbonated concretes based on
alkali-activated slag/metakaolin blends formulated with GBFS/(GBFS+MK) rati@s) df.0, (B) 0.9
and (C) 0.8, as a function of the relative humidity, at 1%. &@or bars correspond to one standard

deviation of three measurements.

In a previous study where carbonation of some of these mix designs was studiedlatRi+i{@&$H%o)
for up to 1000 h [30], the correlation between carbonation depth and residual strength was observed to
be approximately linear for the concretes containing no more than 10% MK (GBHFS+MK) >
0.9). However, such a relationship is not evident across the different RH values wgaricgm
Figures 1 and 2, particularly for the samples containing MK. The sample&®B#B/(GBFS+MK) =
0.9 exposed at 50% RH showed almost no additional carbonation depth (Figure 1B), but a marked
loss of strength (Figure 2B), between 250-500 h of exposure. The same mix exposedRi 80%

11
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310 showed a relatively rapid progression of the carbonation front, but almost nadhat@mpressive
311 strength, between 250-500 h. However, the main disagreement between the carbonation depth and
312 carbonation rate data is visible when comparing the influence of RH on these two parameteh
313 case, 65% RH leads to the highest carbonation depth after 250 h of exposure, lyhtetsterésidua
314 strength after the same exposure time. The samples with GBFS/(GBFS+MK) = th8sardeeply
315 carbonated, and lose the most strength, after 500h at 50% RH, but agreement Ihetwerditions
316 which cause the greatest extent of damage as determined by these two difesasutemis not
317 observed for the concretes with GBFS/(GBFS+MK) = 0.9 or 1.0.

318

319 3.1.3. Total porosity and absorption

320

321 The carbonation of alkali-activated concretes leads to an increase in the volpereneéible pores

322 (Figure 3) so that the volume of permeable voids of carbonated specimens is twice they mdrosi
323 uncarbonated samples, when the porosity of the sample as a whole is measured;roptistd&rct
324 that there is an undamaged core in most of the cylinders tested, this change may evemiotaivier
325 if solely the carbonated part of the sample were to be considered. This incrgamesity is in
326 general slightly greater when carbonation is carried out at increasederdiamidities, but the

327 differences between different RH values are not highly significant.

328
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330 Figure3. Porosity of partially carbonated concretes based on alkali-activated slag/metakaolin blends
331 formulated with GBFS/(GBFS+MK) ratios of (A) 1.0, (B) 0.9 and (C) @s3a function of the relative

332 humidity, at 1% CQ Error bars correspond to one standard deviation of four measurements

333

334 Increased porosity is exhibited by concretes exposed tod®€r longer times, as expected with
335 reference to the progress of the carbonation reaction in the material. MixesB#8/(GBFS+MK)

336 = 0.8 show the highest total porosity of the specimens studied, which mighbatnto the higher

337 carbonation rate identified in these concretes after 250 h of exposure compdrdbewsystems
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including lower contents of MK. In this case, the samples exposed at 65% RH show &3¢ larg
increment in total porosity after 250 h of exposure; however, comparable poroaitiee observed
after 500 h when the exposure to 4©conducted at 65%r 80% RH.

These results agree reasonably well with the trends in carbonation depfarasian of relative
humidity (Figure 1C), but disagree with the residual compressive strength datedldta thee
specimens, where the lowest residual strengths were reported when the exposure wasdcand
50% RH (Figure 2C). It is thus suggestthat the different protocols for assessing the progress and
influence of carbonation on an alkali-activated concrete are influenced in difigegts by the
relative humidity conditions under which the test is conducted, and this is likeé/tery important
when comparing data across different investigations, where various parametassemsed under
different conditions. This means that different trends will be obtained, dependinghich w
performance parameters are selected for analysis.

Total water absorption values for the concretes assessed are shown i, Balolét can be seen that
although the influence of exposure RH on water absorption (as measured by the ASTM (¢6gl2 test
relatively minor, higher absorptions are generally observed in concretediiin the binder when
exposed to carbonation at 65% RH, especially at longer times of exposure. lehasgmted that,

for conventional Portland cement-based concretes [36], absorption values of 3%ahpdrimsity
values of 10% are able to be related to concretes with good durability. Based inistipigssible to
suggest that all the concretes assessed here, both before and aftgp&XDre, have the potential to

be highly durable.

Table 2. Water absorption (wt.%) of concretes based on alkali-activated GBFS/MK blendscetgose

CGO, under different relative humidities

Relative Time of exposure to Chours)

GBFS/GBFS*MK) 1 imidity (%) 0 250 500
50 1.27 1.53

1.0 65 0.28 0.99 1.27
80 1.20 1.32

50 2.09 2.15

0.9 65 0.58 2.16 2.29
80 2.10 2.30

50 2.68 2.98

0.8 65 1.38 2.95 3.11
80 2.73 2.99
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365 As CG can diffuse through both large and capillary pores, the total porosity is notytfaaiar that
366 can determine the progress of carbonation in alkali-activated concretes. Foxdéhessessed here, it
367 has been observed when applying the standard procedure EMBHA 162/1 [31] to study the
368 capillary uptake of water into a dried sample, that before carbonation the concretet ginaisaEn
369 resistance to water penetratiorl10’ s/nf) [30]. This parameter is one of the main coefficients
370 describing the capillary sorptivity of these materials, and provides information regtreliggometry
371 of the pore network of the assessed samples, where a higher resistance tonettgiqreindicates a
372 more tortuous pore structure hindering mass transport through the material. Theafeagitmilar
373 values of resistare to water penetration are obtained across the concrete mixes studiedmthiaat
374 these materials present approximately comparable pore structures. Consethemlifferences in
375 the rates of carbonation at early stages of reaction of the mixes assessauteatikaly to be
376 associated with the carbonation starting in the capillary pores, inmehsi pore size (as previously
377 identified in alkali-activated mortars [9-10]), and thus diminishing the effieitte different quantities
378 of water present at different RH values.

379

380 3.2. Effect of the CO, concentration on the carbonation of concretes based on activated
381 GBFS/MK blends

382

383 Results reported in a previous study [22] show that accelerated carbonation induced in the pore
384  solutions of alkali-activated binders under different,@0Oncentrations promotes the formation of
385 different carbonation products, depending on both the é@@centration and the temperature of the
386 test. This indicates that increased partial pressures ofs@ifi the reaction equilibrium expected
387 under natural carbonation conditions, and therefore promote mechanisms which may lead to
388 disproportionately faster degradation of the material compared to whéglis b occur in actual
389 service.Thus, conflicting results could be obtaingdthe carbonation progress in alkali-activated
390 concretsis tested under differei@O, exposure conditions, and this issue is examined in detail in the
391 following section. All the tests described in this section are conducted at 65% RH.

392

393 3.2.1. Carbonation rate

394

395 As discussed in detail in section 3.1 above, concretes exfm4étl CQ (Figure 4A) show a higher

396 carbonation extent at increased contents of MK in the binder; howdnerifference between
397 GBFS/(GBFS+MK) ratios of 0.8 and 0.9 is in general minor, while thereristable difference
398 between the concretes with and with®liK. Increasing theCO, concentration to 3% (Figure 4B)
399 promotes much faster carbonation of the specimassxpected. However, its effect is more
400 detrimental in the concretes with GBFS/(GBFS+MK) = 0.8 than with GBF$/83R®IK) = 0.9 or
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1.0. This indicates that 3% G®& too high a concentration of G@ enable reliable prediction of the
in-service carbonation performance of alkali-activated concretes with différelgr mix designs, as
it may not be possible to distinguish which differences are due to &ettet or worse carbonation
resistance of the samples, and which are due to differences in the aggressi/émesast towards

different binder chemistries. This is an important point, and further discussion is requiredrtondete

the reasons for this behaviour.

40
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Figure 4. Accelerated carbonation progress of alkali-activated slag/metakaolin blended concretes
induced at (A) 1% C@and (B) 3% C@ and 65% RH. The horizontal dashed line in each plot
represents full carbonation of the cylindrical specimens used in the tests. Eadhk tredusverage of

20 measurements taken from two specimens. Error bars correspond to one standard deviation.

After 250 h of exposure, the concretes with GBFS/(GBFS+MK) = 0.8 show the higinbehation
depths, consistent with the greater volume of permeable pores determined in thesenspbefore
testing, when compared with the concretes with GBFS/(GBFS+MK) = 0.9 or 1.0nd¢rltimes of
exposure, the carbonation rates of concretes with GBFS/(GBFS+MK) = 0.9reralh comparable
when exposed to 3% GQFigure 4B), although there was a notable difference between these
specimens at 1% CdFigure 4A). When including 20% MK in the binder (GBFS/(GBFS+MK) =
0.8) and exposing the material to 3% L£@e carbonation progresses so rapidly that the concrete
specimens tested here (38.1 mm radius cylinders) are completely carbonated haf&@0oh of

exposure.

This, combined with the pordsi data in Figure 3 and in reference [30], indicates that concretes
presenting a higher volume of permeable pores before testing will be moessggly subject to
carbonation penetration at higher Céncentrations than would be expected when the material is

exposed to more modera¥, concentrations. It is noted that 3% £i® actually not a particularly
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high concentration for use in an accelerated carbonation test for Portland cements.system

Concentrations far exceeding this value (and even up to 100%) are widely used in international testing

programs for Portland cement concretes [28], although there has been limited systahat€ thte

influence of these parameters on the chemistry oftraplitional cements and concretes [37]. This

strong dependence on g€oncentration when comparing binder types may also provide misleading

conclusions about théreal quality of the material in service, considering that alkali-activated

concretes often exhibit a substantial reductionpermeability at advanced ages of curing, and

therefore will behave differently if they are assessed at more mature ages [30].

3.2.2. Residual mechanical strength

Residual mechanical strengths of specimens carbonated under 1% and,386v@@hments are

shown in Figure 5. These results show that decreases in the compressive strengthcark das

consequence of the carbonation of the specimens, and that this is not strongly dependent on t

concentration of C@exposureThe concretes including MK assecondary binder component show

very little effect of CQ concentration on residual strength, while the slag-only binders show slightly

more loss of strength at 3% ¢@han at 1%. However, although some samples revealed complete

carbonation when determined using the phenolphthalein indicator (FiguresatBples with

GBFS/(GBFS+MK) = 0.8 a8% CGO,), the remnant compressive strength of those concretes (Figure

5B) is comparable with what is obtained in specimens of the same mix design tedtairnto CQ

(Figure 5A), where these specimens showed only partial carbonation when carbonation depth was

determined using the same methodology.

Residual strength
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Figure 5. Effect of the CQ concentration of exposure on the residual compressive strength of

partially carbonated concretes based on alkali-activated slag/metakaolin blends, exposed to
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carbonation at (A) 1% or (B) 3% GCQand 65% RH. Error bars correspond to one standard deviation

of three measurements.

It therefore becomes evident that there is not a direct correlation between theofl@ugesss of the
carbonation front, as identified using the phenolphthalein indicator, and the degeggaifation of
the material as measured by residual mechanical strength. If complete tiarbohthe matrixwas
taking place in thgesystems, the loss of loading capacity should be approximately proportional to the
loss of undamaged cross-section area, considering that carbonation is usually assumed
associated with the decalcification of the C-A-S-H gel formed duringdinaton of the slag [20].
However, ongoing reduction in the compressive strength @{fh exposure is identified in the
specimens with GBFS/(GBFS+MK) = 0.8, which were apparently conpletebonated (according
to the phenolphthalein test) within the first 250 h of exposure. This highlights the factrbuataten

in alkali-activated binders cannot be understood saletgking place via either pore solution effects,
or by the decalcification of the solid binder phases, but rather that both sfaties interaction

between C®and the binder components (liquid and solid) must be considered.

The chemical reactions controlling the extent of carbonation in alkali-actiwatatials involve the
carbonation of the highly alkaline pore solution, and subselguesrtbonation of secondary products
such as layered double hydroxides (i.e. hydrotalcite) and decalcification of C-AxSHbroducts
[22]. Recent worK22] has shown that under accelerated carbonation conditions, the pore solution pH
in alkali activated binders is highly dependent on the partial pressure,pb€@at a decrease in the
pH to values below 10 could only be expected ab g&tial pressures higher than ambient, as the
pore solution chemistry changes from carbonate-dominated to bicarbonate-dominatederidgnsid
that the phenolphthalein indicator used here shows a colour change at pH values 8&aedn10
[38], it is likely that the colourless area obserirethe carbonation testing is more likely to represent
the carbonation of the pore solution, rather trether than the potential extent of degradation of the
C-A-S-H type phaseis the binder matrix.

This is consistent with the fact that the concretes exposed to differentdd@entrations present
comparable compressive strergyiéind that those showing complete carbonation within the firsh250
of exposure report ongoing changes in residual strength after longer times of exp@0seThese
later changes in compressive strength are associated with ongoing decalcifizatesses in the
binder, which take place after the local pH has decreased suffictentdguse phenolphthalein to
remain colourless when sprayed onto the samples. It is entirely possible thatstiaégse some
decalcification taking place simultaneously at the reaction front where the gtreasing, and this

will cause the start of the strgh loss, but this is seen to continue long after the ‘carbonation front’

17


http://dx.doi.org/10.1617/s11527-014-0289-4

491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521

This is a postprint of a paper published in Materials & Structurd8):483-669, 2014. The version of record
is available ghttp://dx.doi.org/10.1617/s11527-014-0289-4

has passed, showing that the traditional conceptual model of this processplakimgat a sharp
reaction front in Portland cement systems [39] is not appropriate for the systems bardielt is

noted that some authors have also observed a multi-stage process in Portland cement carbonation, e.g
[40], but the details of the mechanisms are likely to be very differehegetspecimens which do not

contain portlandite.

3.2.3. Water absorption properties

Given this apparent disconnect between measured carbonation depths and gel decalcifioagion dur
accelerated carbonation testing of alkali-activated binders, it thus appears vatuadobalyse
alternative methods by which the progress and effects of the actual decalcifisaicess can be
easily determined in an engineering sense, and it is likely that changes &l themgstructure and

pore structure will provide useful information in this regard. Water absorps a relatively
straightforward, although in many cases very sensitive and subtle, means of egarhamges in

pore network structure. In this section, the effects of inducing carborsttidifferent CQ partial

pressures on the water absorption parameters of alkali-activated concretesssedass

¢ \olume of permeable pores (ASTM C 642)

Concretes based solely on GBFS present the lowest volume of permeable porethancongretes
studied prior to carbonation (Figure 6), and an increased volume of pores ifieidenith the
inclusion of higher contents of MK in the binder. This might be an intrimiperty of the more MK-
rich binders, but may also be related to the reduced workability identifie@se toncretes, which
makes moulding and compaction of the specimens more difficult. Exposure to 19qKigure 6A)
inducesa gradual increment in the volume of permeable pores of the specimens throughautthe ti
of exposure, and a very consistent trend in this parameter is observed across the diffdes
formulations. These results and trends differ from what is usuallyifiddrin Portland cement-based
materials, where the porosity is generally reduced by carbonation, alorgdeitheasén the content

of small radius pores due to pore blocking by carbonate reaction products [10].

18


http://dx.doi.org/10.1617/s11527-014-0289-4

522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548

This is a postprint of a paper published in Materials & Structurd8):483-669, 2014. The version of record
is available ghttp://dx.doi.org/10.1617/s11527-014-0289-4

—_
(o]
—_
[0

| GBFS/(GBFS+MK)

10
09 | ]
Eos

GBFS/(GBFS+MK) @
1.0

-
[,

1

-

[&)]

1
]

-
[\¥]
1
-
N
—l

}

w
1

Volume of permeable pores (%)
il

Volume of permeable pores (%)
[{e}

o
|

0 250 500 750 1000 0 250 500 750 1000
Time of exposure (h) Time of exposure (h)

Figure 6. Volume of permeable pores of accelerated carbonated concretes based on alkali-activated
slag/metakaolin blends exposed to (A) 1% and (B) 3% &t35% RH. Each valus the average of

four measurements. Error bars correspond to one standard deviation.

However, an entirely different trend in the variations of the volume of permealkele ipadentified in
alkali-activated concretes subjected to accelerated carbonation at 3%Fig@re 6B). Concretes
based solely on GBFS show a gradual increase in porosity during the first 75xoetire under
these conditions, consistent with the trend identified in these specimensGD10kigure 6A), but

then a decrease in porosity after this time. The concretes witinNté binder start from a slightly
higher porosity, but with exposure to 3% Cshowa very substantial increment in their porosity up

to 250 h (with GBFS/(GBFS+MK) = 0.8) or 500 h (with GBFS/(GBFS+MK).8), followed by a
significant reductionn porosity up to 1000 h of exposure. These results do not correlate well with the
observations related to carbonation front progress or residual compressivéhstndrege samples
with GBFS/(GBFS+MK) = 0.8 were apparently fully carbonated after 250 h of expiwstire same

CQO, concentration, and the variations in strength (Figure 5B) were all monotdrec tlaéan showing

any inflection points. It is currently unclear why the samples show a maximumervploime after

an intermediate duration of carbonation, as this would not logically be expeceetidmathe current
understanding of the carbonation mechanisms in these systems, and this issue is identifiefd as bei
worthy of further analysis as a key part of the future development iablelcarbonation testing

protocols for alkali-activated concretes.

This behaviour provides further evidence that the use of increased concentoat®® to induce
carbonation of alkali-activated concretes letmsinrepresentative, and thus undesirable, changes in
the structure and chemistry of alkali-activated binders at early timé®oéxposure. This leads to a
faster reduction of the pH in the pore solution of the sample, decreasing into tlodpptieiein

colour change range, than what would be expected under natural carbonation conditions, and therefore

19


http://dx.doi.org/10.1617/s11527-014-0289-4

This is a postprint of a paper published in Materials & Structurd8):483-669, 2014. The version of record
is available ghttp://dx.doi.org/10.1617/s11527-014-0289-4

549 the identification of a ‘false’ carbonation. Consistent with this is the fact that there are ongoing
550 changes in the strength apetmeability of ‘completely’ carbonated specimens, as a consequence of
551 reactions that continue taking place over time. This also agreeshwitbservation that reductions in
552 the volume of permeable pores are observed hera consequence of the deposition of solid
553 carbonation products, which appear to contribute to the plugging of some of thenadigitioes
554  formed during carbonation.

555

556 e Capillary soptivity

557

558 The degradation of reinforced concrete under, @posure involves both the carbonation of the

559 matrix, leading to a reduction of the alkalinity of the system, and the cargedppassivation of the
560 steel rebars, which makes them susceptible to a series of corrosive sifeltkas pitting, which is

561 accelerated by the presence of chloride and is extremely harmful for ¢igeitiniof the concrete

562 structure as a whole. It has been reported [41] that similar tottlaian for Portland cement based
563 materials, the ingress of chlorine anions into alkali-activated concrates place through the
564 capillary pores. Several studies agree [30, 33, 42, 43] that uncarbonated alaiedanortars and

565 concretes present low capillary sorptivity, and consequently a high resistancerigechénetration,

566 when compared with conventional Portland cement concretes; however, the changespillahg ca
567 sorptivity of these concretes induced by carbonation have not previously been studied in detail.

568

569 The exposure to 1% GOof concretes based solely on GBFS (Figure ¥ 250 h leaddo a

570 substantial increment in the total capillary water uptake of the matehiah is higher by as much as
571 afactor of 3 thain uncarbonated specimens. However, this dramatic increase is only temporary, and
572 the exposure of tlse samples to 1% CfOfor longer periods of times then brings the amount of
573 absorbed water down to be similar to the unexposed material after 750 h of expakr CQ. The

574 same is true for the samples with GBFS/(GBFS+MK) = 0.9 (Figure 7B). Thisabedi that partial

575 carbonation of the specimensy inhibit the ingress of aggressive agents such as chldritethe

576 concrete, but that the complete carbonation of alkali-activated concretes afteimihileads to

577 reductions in the capilldy as a consequence of the precipitation of carbonation products. This time-
578 dependent behaviour was not observed in any other material parameters analysed during texposur
579 1% CQ, but shows some subtle effects in changes in pore size distribution which welsentd

580 in the overall porosity data.

581
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Figure 7. Capillary sorptivity curves of accelerated carbonated concretes based on alkakdctivat
slag/metakaolin blendsrmulated with GBFS/(GBFS+MK) ratios of (A) 1.0, (B) 0.9 and (C) 0.8,
exposed to 190, at 65% RH.

However, concretes formulated with GBFS/(GBFS+MK) = 0.8 (Figure 7C) do notgispkch a
notable reduction in the capillary suction with the progress of carbonatioa gpétimens. The total
water absorbed by the samples exposed to 1% f@0750 h is almost as high as after 250 h of
exposure, and almost three times as high as the water uptake of the unexposed Tidamaly be
associated with the lower Ca content of the gel in this mix, leading ttotimation of less solid
carbonation products to plug the pores in the material, or may be attributed to fatdted to
shrinkage and/or microcracking in the gel, which is also likely to be changée bfferences in Ca
and Al content as a function of MK addition [29, 30].

Concretes carbonated aC®, concentration of 3%igure 8) display water saturation afeeshorter

period of time than similar concretes carbonated aCl%(Figure 7). Concretes exposed to 3%,CO

for 250 h again show a marked increase in capillary water uptake compared with uncarbonated
specimens. After 500 h of exposure (Figure 8A), a substantial reduction in watey ispiddntified

in specimens based solely on GBFS; however, exposure to thisahi€entration for longer periods

of time leads again to increments in the amount of absorbed water compared vétidémgied

after 250 h, and the water uptake after 1000 h of carbonation is approximately double the uptake of

the unexposed concretes.
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Figure 8. Capillary sorptivity curves of accelerated carbonated concretes based on activated
slag/metakaolin blends formulated with GBFS/(GBFS+MK) ratios of (A) 1.0, (B) 0.9 and (C) 0.8,
exposed to 3% 0, at 65% RH.

In concretes formulated with GBFS/(GBFS+MK) = 0.9 (Figure 8B), a simmgaudtis observed, with
a reduction in absorbed water after 750 h of exposure but an increased pernwzdsiiaed at the
other times of exposure. This differs from the observations for these concretes whed ézpbi%
CO,, where reductions in the capillary permeability at extended periods of expoer@bserved
(Figure 7B). This again demonstrates that exposure of alkali-activated conoratifferent CQ
concentrations promotes the development of different pore structures, and therefamnsanahe
transport of C@inside the material, which can give potentially misleading indications liagattie

carbonation performance which would be identified in service in these concretes.

Increasing the MK content of the binder to 20% (GBFS/(GBFS+MK) = 0.8) again leadsdased
water absorption at extended times of,@Rposure (Figure 8C). This is consistent with the high total
porosity observed in these specimens when compared with concretes with lower contédtdrof
this case, similar behaviour is observed at 1% and 3%-Ofthich may mean either that both of
these testing conditions are appropriate for the analysis of these corarétas.even 1% C£s too
high a concentration to provide a good representation of the performance of the congeteseé.

At this point it is not possible to say which of these possibilities agenfikely, but the effect of
elevated C@ concentrations on pore solution chemigi2?] indicates that the concentrations are
probably too high to fully accurately represent the in-service carbonation of alkali-activatedtes,

even at these levels which are quite moderate by the standards of most carbonation tests [28].

The kinetics of the capillary sorption of water into concrete can be destybdte resistance to
saturation time
(penetration dept)%

water penetrationi= ). The values of this parameter, as determined from
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capillary sorption curves of concretes exposed to 1% E@ure 7) and 3% CO(Figure 8), are
shown in Figure 9. Concretes exposed to @@ display lower resistance to water penetratbn
extended periods of exposure, which is consistent with the increased volume of perparabl
observed in those concretes (Figure 6). On the other hand, for concretes exposed tg, 3% CO
fluctuations in the m values are approximately consistent with the total tpoobshese concretes,
indicating the high variability of capillary pore structure induced during caroonat such a high
CQO, concentration.
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Figure 9. Resistance to water penetration (m) of carbonated alkali-activated concretes expd8ed at
RH, and (A) 1% CQor (B) 3% CQ, for durations as marked.
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648 4. Conclusions

649

650 The key outcome of this study is the observation that accelerated carboeatiog of alkali-
651 activated concretes depends strongly on both the testing conditions and the chentigtriyioder.
652 The inclusion of more than 10% MK (GBFS/(GBFS+MK) < Oif)activated-slag binders leads to
653 notably increased carbonation rate and extent, as these specimens develop increased permeability. The
654 performance of samples with GBFS/(GBFS+MK) = 0.9 or 1.0 is sometimes sioniEmetimes the
655 samples with GBFS/(GBFS+MK) = 0.9 carbonate more rapidly, depending on ttlveridgtions. In
656 the relative humidity range tested (50-80%), the rdgharbonation rates are generally observed in
657 specimens exposed atrelative humidity of 6%5%, indicating that a partially saturated moisture
658 condition accelerates the carbonation reaction process. For carbonation tests a/tsgrecitiens
659 were not dried prior to testing, the water absorption of the uncarbonated spmpleles a good
660 indication of whether drying effects during the test duration will retidwel initial stages of
661 carbonation. Testing samples with low water absorption (i.e. initially ynigaturated and refined
662 pore networks) at high relative humidity gives a very low carbonatienimaethe early stages of the
663 test, as the carbonation of the saturated binder is slow, followed by arra@omelef the carbonation
664 process as the drying front begins to enter the sample to a more significant extent.

665

666 The progress of carbonation in alkali-activated concretes is also very gtdapgindent on the GO
667 concentration used during the accelerated testing, as differences in the tota padsanainly in the
668 capillary pore structure are induced at higher, €@hcentrations. At relatively low G@oncentration
669 (1%), a monotonic increasén porosity, along with an eventual reduction capillaity, can be
670 identified in the concretes assessed, indicating that the formation of carbgmaiilicts in these
671 systemss contributing to changes in the pore network structure during the test. Othénehand,
672 carbonation induced at highCO, concentrations (3%) shows less clarity in the relationships between
673 measured carbonation depth, residual strength and porosity.

674

675 Concretes which appear fully carbonated after only 250 h of testing WwaegpHt is revealed by a
676 phenolphthalein indicator continue to show structural changes over 1000 h, showirtgitbaire
677 likely to be multiple steps in the carbonation process (most probably carbonatioa alkali-rich
678 pore solution in the first instance, followed by later decalcification of gblg, and that the
679 phenolphthalein method shows only the progress of the first of these processeseJtué patre
680 solution carbonation and gel carbonation seem to be particularly distinceffomother at higher
681 CO, concentration, meaning that such test conditions edde prediction of poor performance in
682 alkali-activated concretes, which may not accurately represent the behaviber rofiterials under

683 exposure to natural carbonation. It is therefore not recommended to carry oeteedetarbonation
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testing of alkali-activated binders at €@oncentrations higher than 1% £Qhe results obtained
from these experiments are more an indication of the loss of alkalirtitngde materials due to pore
solution chemistry (which is highly subject to differences in, @@rtial pressure), rather than the
degradation due to decalcification of the binding gel, and it cannot be cauksaden sole predictor of

thdr durability.

Finally, it is noted that the interaction between carbonation and drying in-atkiabted concretes
certainly requires further investigation there is a coupling effect whereby drying influences
carbonation, and carbonation influences drying, and the study of these effects leal paral
laboratory (or field) setting has not yet been fully developed. This is an ege&img further
research, as highlighted by the fact that this paper has opened almost as many questitas as

answered in this area.
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