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Abstract Blended cements, where Portland cement

clinker is partially replaced by supplementary cemen-

titious materials (SCMs), provide the most feasible

route for reducing carbon dioxide emissions associ-

ated with concrete production. However, lowering the

clinker content can lead to an increasing risk of

neutralisation of the concrete pore solution and

potential reinforcement corrosion due to carbonation.

carbonation of concrete with SCMs differs from

carbonation of concrete solely based on Portland

cement (PC). This is a consequence of the differences

in the hydrate phase assemblage and pore solution

chemistry, as well as the pore structure and transport

properties, when varying the binder composition, age

and curing conditions of the concretes. The carbona-

tion mechanism and kinetics also depend on the

saturation degree of the concrete and CO2 partial

pressure which in turn depends on exposure conditions
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(e.g. relative humidity, volume, and duration of water

in contact with the concrete surface and temperature

conditions). This in turn influence the microstructural

changes identified upon carbonation. This literature

review, prepared by members of RILEM technical

committee 281-CCC carbonation of concrete with

supplementary cementitious materials, working

groups 1 and 2, elucidates the effect of numerous

SCM characteristics, exposure environments and

curing conditions on the carbonation mechanism,

kinetics and structural alterations in cementitious

systems containing SCMs.

Keywords Carbonation � Supplementary

cementitious materials � Aggregate � Environmental

impact � Transport properties

1 Mechanisms of carbonation in cementitious

hydrates, and CO2 sequestration

This section summarises the chemical reactions

occurring during carbonation of cementitious hydrate

phases, and the effects of these reactions on hydrated

reaction products and pore solution chemistry. In

Portland cement-based systems, the term carbonation

describes the reaction of dissolved carbonates with

cementitious products, mainly through interaction

with calcium ions that are extracted from hydrate

phases. Once CO2 enters the material, at pH[ 10,

gaseous CO2 rapidly dissolves into the alkaline pore

solution and subsequently hydrolyses to bicarbonate

(HCO3
-) and carbonate ions (CO3

2-) via a multi-step

reaction sequence that can be summarised as: CO2-

? OH- ? HCO3
- ? CO3

2- ? H? [1, 2]. At

pH\ 8, direct hydration of CO2 occurs and results

in carbonic acid H2CO3 (via CO2 ? H2O ? H2CO3),

which can then dissociate into HCO3
- and CO3

2- ions

[3] at higher pH. At pH 8-10, both mechanisms are

important. In the pore solution the carbonate ions react

with calcium ions that are re-solubilised from the solid

products, and precipitate as calcium carbonate. Car-

bonation is a reactive transport process. The presence

of water lowers the diffusion of gaseous CO2. At the

same time, the presence of water is essential for

calcium and carbon dioxide to dissolve and react.

The main carbonation reaction product is calcium

carbonate, which can precipitate in three crystalline

polymorphs: calcite, aragonite and vaterite, depending

on the internal concrete conditions (e.g. pH, temper-

ature and supersaturation) [4], and the presence of

impurities or additives [5–7]. Calcite is the most

stable polymorph under ambient conditions, while

metastable phases including amorphous calcium
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carbonate, monohydrocalcite, vaterite and aragonite

can form prior to or along with calcite precipitation

(Ostwald’s rule of stages) [8, 9]. Amorphous calcium

carbonate and vaterite form in the early stages of

atmospheric carbonation and also during carbonation

in a CO2-rich atmosphere [10, 11]. Calcite and vaterite

are the most common forms of CaCO3 found in

carbonated cement paste [12, 13] at ambient or close to

ambient conditions.

The formation of calcium carbonate through car-

bonation leads to the release of some of the water that

was bound in portlandite and other hydrates, and

results in changes in the total solid volume as

illustrated in Fig. 1. These changes might be positive

or negative dependent on the cement chemistry and

can have a major impact on porosity and hence on the

transport properties of the carbonated cement paste.

Thermodynamic modelling of the carbonation of

hydrated cement can be used to understand the pH

changes and the destabilisation sequence of the

different Portland cement hydrated products. The

thermodynamic model depicted in Fig. 1 shows the

phase assemblage of a white Portland cement as a

function of the amount of CO2 that has reacted with the

cement paste, and the corresponding decrease of pH

and of the Ca/Si ratio of the calcium silicate hydrate

(C–S–H). Carbonation proceeds according to the

following steps:

• Initially any monosulfate- and hemicarbonate-

AFm phases, if present, will destabilise to mono-

carbonate-AFm [14], leading to small changes of

the solid volume (molar volume of monosulphate:

332 cm3/mol; hemicarbonate: 285 cm3/mol and

monocarbonate-AFm: 262 cm3/mol) (not shown in

Fig. 1).

• Portlandite is the first major hydrate that decom-

poses to calcium carbonate during carbonation,

leading to a moderate volume increase (DV = 12%

of portlandite) as the molar volume of calcite

(36.9 cm3/mol) is greater than that of portlandite

(33.0 cm3/mol). The pH remains stable at

around * 12.5 [12].

• After all accessible portlandite is consumed, C–S–

H starts to decalcify down to a Ca/Si ratio

of * 1.3. The pH decreases only marginally

during this step. This decalcification is not accom-

panied by significant volume change.

• Monocarbonate decomposes to strätlingite, which

accommodates the released aluminium and silicon

from the C–S–H; C–S–H continues to be con-

sumed without change of its Ca/Si ratio. This

reaction also leads to some changes of the solid

volume. The molar volume of monocarbonte

(262 cm3/mol) is greater than that of strätlingite

(216 cm3/mol), which is compensated by the
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formation of calcium carbonate and consumption

of C–S–H.

• After monocarbonate is consumed, the decalcifi-

cation and decomposition of the C–S–H continues

down to Ca/Si of * 0.75 and pH of * 11. This

step is accompanied by the largest drop in pH.

• Upon further carbonation strätlingite decomposes,

followed by ettringite at pH around 10. The

released aluminium and sulphur are bound in

aluminium hydroxide or zeolites [15] and gypsum,

respectively. In parallel, the C–S–H decalcifies to

Ca/Si of around 0.67 while the pH is lowered to 10.

• Upon further carbonation, C–S–H decomposed

into calcite and hydrated amorphous silica and the

pH drops rapidly below 10 to 8.5.

• At the final stage, hydrotalcite decomposes at pH

around 8.5.

• The total CO2 bound is around 40 to 50 g CO2/

100 g Portland cement.

The same sequence of destabilisation is also

observed in PC blended with fly ash [15], metakaolin

[16] and in calcium sulfoaluminate cements [14]. The

consumption of calcium during the carbonation reac-

tion lowers the pH in pore solution from initially 13.5

to 14 (in the absence of carbonation) to below 8, when

the cement hydrates have completely carbonated. This

decrease happens stepwise, as the pH is buffered by

different hydrate assemblages, which are destabilised

[17–20]. This buffering capacity, i.e. the amount of

calcium oxide available, as well as the buffered pH

depend on the type of the hydrates [14, 21].

It is worth noting, however, that under real

carbonation exposure conditions different steps might

occur simultaneously, and/or may halt before com-

pletion for kinetic or microstructural reasons, although

the general sequence will be the same as indicated by

thermodynamic modelling. For example, it has often

been observed that not all portlandite and C–S–H are

carbonated, particularly at low RH [13, 22, 23]. From a

thermodynamic point of view initially no C–S–H

should decalcify, which does not agree with what has

been reported in real carbonated pastes [24, 25].

Portlandite carbonation occurs as a consequence of

a dissolution–precipitation reaction and the reaction

kinetic is initially more rapid than the carbonation of

C–S–H [13]. Calcium carbonate grows on the port-

landite surfaces as illustrated in Fig. 2, which slows

down the further carbonation by limiting the transport

of water and CO2 [22, 23]. CH carbonation releases

water, while C–S–H loses water mainly upon com-

plete carbonation [27].

The most abundant calcium-bearing phase in

hydrated cement paste is C–S–H, and this is also the

phase that displays the most complex carbonation

behaviour. The carbonation process of C–S–H

depends on its original Ca/Si ratio, CO2 concentration,

and on the presence of portlandite [28]. The C–S–H

carbonation proceeds in steps; first CaO is removed

from the interlayer space. The initially short silicate

Fig. 1 Thermodynamic modelling of the phase assemblage

during carbonation of a white PC w/b = 0.5 and degree of

hydration 90% (a), and changes of pH and Ca/Si of the C–S–H

during carbonation (b). In both graphics, the undamaged cement

paste is shown on the right-hand side, moving to the left as more

CO2 reacts with the hydrates. Adapted from [16]
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chains present in high-Ca C–S–H become longer until

a C–S–H with a very low Ca/Si ratio of around 0.7 and

a pH value of 10 is reached. Only then is the main CaO

in C–S–H also consumed, leading to the formation of

amorphous silica [11, 29] and further reduction of pH

to around 8.5. The destabilisation of C–S–H to silica

gel, however, often remains incomplete, particularly at

lower relative humidity [27, 30].

The extent of C–S–H carbonation also depends on

the CO2 concentration [31]. Above 3% of CO2 in the

gas phase, C–S–H can fully decompose into calcium-

modified silica gel, while below this concentration,

partially decalcified C–S–H was found after the

‘‘completion’’ of carbonation [29–32]. The behaviour

of C–S–H gels also varies depending on Ca/Si, due to

the composition dependence of the thermodynamic

stability of C–S–H [33].

Initial C–S–H decalcification, involving interlayer

calcium, is not accompanied by significant volume

changes (see Fig. 1), and C–S–H carbonation can thus

contribute significantly to the densification of cement

paste microstructure by calcite precipitation. How-

ever, below a Ca/Si ratio of * 1.3, significant decal-

cification shrinkage has been observed [34]. The fine-

textured initial microstructure of C–S–H is preserved

after the initial decalcification [35], and both inner and

outer C–S–H undergo a comparable decalcification

although only outer C–S–H shows morphological

changes upon decalcification [35]. These morpholog-

ical changes involve coarsening of the porosity and

precipitation of calcium carbonate at the tips of the C–

S–H fibrils. Carbonation shrinkage has been observed

to increase with CO2 concentration and with

decreasing Ca/Si ratio, and shows a maximum at high

to moderate relative humidity [36], mainly attributed

to the polymerisation of C–S–H.

The total amount of CO2 that can be bound (binding

or buffering capacity of a cement) depends directly on

the amount of CaO available to form CaCO3

[9, 12, 23, 37], i.e., all CaO in the hydrates minus

calcium bound in calcium carbonate or calcium

sulfates. Thus, the CO2 binding capacity of blended

cements and calcium sulfoaluminate cements is gen-

erally lower than that of plain PC, since the available

CaO content is lower [14, 16–21]. Additionally, a

lower degree of carbonation of portlandite and

calcium silicate hydrate in specific conditions alters

the buffering capacity. These differences mean that a

direct application of the understanding of the carbon-

ation mechanism and CO2 binding capacity for plain

PC cannot be used to infer how concretes with SCMs

will perform when exposed to different environments.

2 Carbonation kinetics and carbonation coefficient

The dependence of carbonation resistance on CO2

diffusion and the amount of carbonatable matter is also

clear from the well-known square-root-time relation

(Eq. 1) for carbonation rate, mentioned in various

literature including [38–40], which is essentially a

solution to Fick’s first law of diffusion.

Xc tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � Dc � cs � t
ac

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � cs � t
Rcarb

r

¼ k �
ffiffi

t
p

ð1Þ

Fig. 2 a Schematic of diffusion through calcium carbonate layer formed on the top of portlandite during carbonation, from [22];

b formation of calcite on the basal faces of portlandite, from [23]
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Here xc is the carbonation depth (m), Dc is the

diffusion coefficient of CO2 (m2/s), cs is the CO2

concentration at the concrete surface (kg/m3), ac is the

amount of carbonatable material per unit volume (kg/

m3), t is the time (s), Rcarb (= ac/Dc) is the carbonation

resistance ((kg/m3)/(m2/s)), and k (= H(2�cs/Rcarb) is

the carbonation coefficient (m/Hs). Equation (1)

assumes a linear decline of CO2 concentration across

the surface layer, from the CO2 concentration at the

concrete surface (cs), down to the concentration at the

carbonation front, which has a negligible value. The

carbonation progress is accelerated with increasing

CO2 concentration (cs) and increasing CO2 diffusion

coefficient (Dc) but slows down with increasing

amount of carbonatable material (ac).

The formula containing the carbonation coefficient

k in Eq. (1) is commonly used in experimental studies.

When plotting carbonation depths as a function of the

square-root of the exposure time, a more or less linear

relationship is obtained, the slope of which is taken as

the carbonation coefficient.

It should be noted, though, that Eq. 1 assumes a

steady-state condition (i.e. constant carbonation coef-

ficient). However, since carbonation reaction products

tend to block the pores in concrete and cause a

reduction in gas diffusivity, and because cementitious

materials continue to hydrate and refine the pores

inside the material, the carbonation coefficient should

decrease with time (or depth). When carbonation

coefficient becomes time dependent, Eq. 2 can be

applied as used in [41, 42].

kðtÞ ¼ k0 � tn ð2Þ

Here the exponent n should be negative, to account for

pore blockage by reaction products, wetting events,

increased moisture content and ageing effects; a value

of zero would define pure diffusion control and an

unchanging material, neither with depth nor time. A

positive value indicates that the material dries out and/

or cracks due to carbonation shrinkage. The empirical

exponent n was found to be between 0.0 and - 0.2 in

[42]. They observed that n depends on curing duration

and binder type. Hunkeler and Greve-Dierfeld [43]

showed for three days water cured samples a decrease

in n with decreasing w/b ratio and increasing relative

humidity.

The carbonation resistance of a cement paste or a

concrete—which is usually expressed in terms of the

depth to which atmospheric CO2 has penetrated the

material at a given time, or as a coefficient describing

this rate of ingress—depends not only on its CO2

binding capacity, but also on its porosity and pore size

distribution [16, 21, 44]. Changes in the effective

permeability due to hydrate/carbonate volume

changes and microcracking can be a significant

consequence of carbonation [45]. In concretes with

conventional SCMs, an increase in porosity upon

carbonation is typically reported, in contrast to plain

PC systems where carbonation decreases their perme-

ability due to pore blocking as discussed above [46].

However, the correlation between the hydrate prod-

ucts in blended PCs and the associated volume and

permeability changes is not yet clear. Of more

concern, it is not clear what mechanism is leading to

microcracking, and to what extent these microcracks

might modify the transport properties of the carbon-

ated layer, reducing the resistance to ingress of CO2.

Due to the large variety of SCMs used in the

production of modern concretes and the broad range

of properties exhibited by concretes produced with

them, in the following sections the main effects of the

type and amount of SCM added are discussed, as well

as the influence of concrete mix design parameters and

other factors on the carbonation process of SCM-

containing materials.

3 Concrete mix design and its effect

on carbonation

3.1 Effect of SCM type

When PC is blended with SCMs, the phase assem-

blages and chemistry of the pore solution change

significantly. In PC blended with siliceous SCMs, a

reduced content of portlandite is present, as conse-

quence of pozzolanic or latent-hydraulic reactions.

The main reaction product observed is an Al-substi-

tuted C–S–H type phase, with lower Ca/Si than in

plain PC systems [47]. Formation of different sec-

ondary reaction products such as layered double

hydroxides (e.g. AFm phases and Mg–Al hydroxides)

is also reported when using Al-rich SCMs [48].

The effect of SCMs on the chemistry and properties

of cementitious materials has been extensively eval-

uated, including by recent RILEM technical commit-

tees, and the reader can find more detailed information
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in [49–51]. In this review a brief description of the

chemistry of SCM-blended cements is presented to

explain potential correlations between material prop-

erties and carbonation performance.

Addition of SCMs can increase the early reactivity

of PC clinker due to its (physical) filler effect

promoting nucleation and growth of the hydrates,

and the higher effective water/cement (w/c) ratio

[52, 53]. In the pozzolanic reaction SiO2 and Al2O3

react with water and CH to form additional C–S–H

with a reduced Ca/Si ratio, an increased silicate mean

chain length, and some incorporation of Al [54–56].

Thermodynamic calculations indicate that for com-

plete consumption of portlandite, the required ratio of

SCM to total binder content is approximately 75 wt%

for blast furnace slag (BFS) [44, 53], 35 wt% for Class

F/siliceous fly ash (FA), 18 wt% for silica fume (SF)

[47, 57, 58] and 6–18 wt% for metakaolin (MK) [59],

although microstructural (kinetic) constraints can lead

to the persistence of portlandite at higher SCM

contents than would be indicated from thermodynam-

ics alone [60]. The consumption of portlandite leads to

a reduced pH value in the pore solution, which is in the

range of pHPC,LS & 12.7–13.8, pHBFS,FA,MK-

& 12–13, pHSF & 11.0–12.5 at high clinker replace-

ment levels, according to [57, 61, 62] and is

accompanied by reduced K? and Na? concentration

[15, 57]. Furthermore, a reduction of coarse porosity

and an improvement in quality of the interfacial

transition zone are generally noticed [61, 63].

Limestone (LS) provides CaO mainly in form of

CaCO3. The replacement of a small amount of PC by

limestone is beneficial as it promotes nucleation and

increases the effective w/c ratio for hydration [64]. In

addition, CaCO3 can react with C3A to form mono-

carboaluminate, which indirectly stabilises ettringite

by increasing sulfate availability, leading to an

increase of the total volume of hydrate phases

[16, 64–66]. According to [67], 15 wt% LS addition

with a similar size distribution to PC, and used as an

addition instead of interground, increases porosity of

the hydrated binder, while a smaller size distribution

and intergrinding decreases porosity.

Figure 3a shows a Ca–Si–Al ternary diagram,

highlighting the regions corresponding to the major

SCM groups and Portland cement [68]. Figure 3b

shows cement hydrate phases that commonly form

from Portland cement—SCM blends in the H2O-CaO-

Al2O3-SiO2 system [47]. The precise extent of the C–

S–H and C–A–S–H domains is the subject of ongoing

research, but these graphics do highlight the broad

range of compositions of the main binding phases

forming in SCM blended cementitious systems, as a

function of the type of SCM used.

The significant difference in Al2O3 contained in

SCMs influences the composition and structure of the

C-A-S–H phases and secondary reaction products

forming in these materials [44]. Therefore, the role of

Al in defining the carbonation rates and mechanisms

of C(-A)-S–H has received some attention in the

recent literature. Irbe [69] found faster carbonation of

C–A–S–H than a comparable C–S–H gel when testing

synthetic gels of molar ratio Ca/(Al ? Si) = 0.96-

0.97, under 0.04%, 2% and 4% CO2 conditions. The

thermogravimetry data of [70] show a significant

increase in CaCO3 formation after 28 days of carbon-

ation of synthetic gels of molar ratio Ca/(Al ? Si) *
1 when moving from zero Al content to Al/Si = 0.02,

but no notable trend when increasing Al content

further up to Al/Si = 0.14. In this study and other

publications [29, 71] the formation of an additional

Al-enriched silicate gel as a carbonation product is

described when C-A-S–H gels are decalcified. This

phase (and/or the formation of additional potential Al-

containing reaction products) deserves further atten-

tion in characterisation, as its formation may alter the

energetics of the carbonation process sufficiently to

induce changes in its rate or mechanism.

According to several studies [42, 72–74], PC

carbonation under moderate environmental conditions

is governed by the reaction of portlandite to mainly

form calcite, yielding a denser microstructure due to

the positive difference of molar volume of calcite

compared to CH (?4 cm3/mol as mentioned in

Sect. 1), which more than compensates the shrinkage

induced by C–S–H decomposition and subsequent

microcracking e.g. [74, 75].

In the case of BFS-blended cements, with increas-

ing C-A-S–H carbonation the percentage of the

CaCO3 that is present as calcite is found to be reduced,

while the metastable aragonite and vaterite tend to

increase [21, 75–77]. The microstructural changes

identified in these materials lead to higher permeabil-

ity [75] and diffusivity [78] after carbonation, com-

pared to PC with the same water to binder (w/b) ratio.

The reduced calcium and alkali contents lead to a

lower buffering capacity in BFS blended cements, and

polymerisation shrinkage may lead to increased
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porosity. Experimental results from [79, 80] indicate

that at a replacement level C 25%, the carbonation

resistance is decreased compared to plain PC. Several

researchers have determined that, under moderately

accelerated carbonation conditions (3-5 vol% CO2),

not all portlandite and C–A–S–H were consumed

during carbonation of BFS-blended cements [21, 26].

However, especially at high BFS replacement levels,

the degree of portlandite and C-A-S–H carbonation is

higher compared to plain Portland cement systems

[21, 74]. This may compensate for the lowered

buffering capacity to some extent, because if the

degree of portlandite and C–A–S–H carbonation is

increased, the actual available Ca is increased. How-

ever, if the maximum possible degree of portlandite

carbonation is reduced, for example because port-

landite is covered by calcium carbonate crystals and

therefore the release of Ca from portlandite into the

pore solution is hindered, the available Ca to buffer

carbonation is reduced.

Compared to BFS, low calcium fly ash (FA)

provides less initial CaO to blended systems. At the

same FA replacement level (30 wt%), portlandite

reduction compared to PC is higher for FA than for

BFS [15, 64, 65, 76, 81]. A higher degree of C-A-S–H

carbonation (full polymerisation) was identified at[
20 wt% FA replacement levels [73]. A less pro-

nounced decrease in mercury and water intruded

porosity upon carbonation has been found in FA

blended systems compared to plain PC and BFS-

containing concretes [24, 27, 77, 82, 83] and an

increase in pore size threshold upon carbonation [82].

The slow pozzolanic reaction of FA compared with

slag hydration, and the higher degree of C-A-S–H

carbonation accompanied by a release of physical

water [73] may be a reason for the deviation from

Fick�s first law that has been observed in these systems

[42, 84, 85]. There is an increase in the partly

carbonated zone with increasing FA replacement,

determined through depth dependent pH measure-

ments by the ex situ leaching method [86], indicating

divergence from the assumption of pure diffusion-

controlled kinetics required for Fickian diffusion (and

formation of a sharp carbonation front). In several

studies [87–90], a significant increase in carbonation

progress compared to PC was found with increasing

FA replacement levels between 30 and 50 wt% for the

same w/b ratio. The difference was more pronounced

for longer water curing durations ([ 7 days) and high

relative humidity during carbonation exposure. Tho-

mas and Matthews [91] found that concretes with the

same strength grade containing 15–30 wt% FA in the

cementitious fraction carbonated to only a slightly

greater extent than plain PC. However, concretes

containing 50 wt% FA carbonated at a significantly

higher rate than PC concrete.

From a thermodynamic point of view, less CO2 can

be bound if less calcium is available in the liquid and

solid phases (except CaO already bound in CaCO3 or

CaSO4) and if less Na? or K? are available in the pore

solution. When using highly siliceous SCMs such as

SF, where Al2O3 and CaO are solely provided by the

Portland clinker, the carbonation reaction process is

comparable to that identified in plain Portland cement

Fig. 3 Pseudo ternary diagrams, presented on a wt% basis, of a the major SCM groups and Portland cement [68]; and b hydrate phases

from Portland cement—SCM blends [47]
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systems, as the main reaction product forming is C–S–

H. For synthetic C–S–H it has been reported [33, 92]

that with an increasing molar ratio of C–S–H versus

portlandite, i.e. with increasing C–S–H carbonation,

decalcification shrinkage may be dominant, leading to

a coarsening of the pore structure. The carbonation

(decalcification) shrinkage seems to increase with the

degree of C–S–H polymerisation, and with a decrease

in Ca/Si molar ratio. Carbonation shrinkage may

reverse the beneficial, experimentally determined,

porosity reduction that is related to portlandite

carbonation to CaCO3 [27].

The C–S–H amount in SF blended paste is high and

the amounts of ettringite and AFm are reduced

compared to PC or blends containing FA or BFS.

However, the higher extents of self-desiccation and

autogenous shrinkage leading to high internal stresses

and micro-cracking, a pronounced reduction of pH,

challenges of early-age workability, and high increase

in strength provided by small amounts of SF addition

usually lead to its application at low replacement

levels. The number of published research papers on

carbonation of SF-blended binary [78, 93, 96] and

ternary [74] cement pastes is limited compared to BFS

or FA blends. According to Leemann et al. [96], the

reduction in total porosity of SF blended cement paste

is less pronounced and coarse porosity is increased

compared to PC upon carbonation. Consequently,

higher oxygen diffusion coefficients are expected for

carbonated SF blended cementitious materials than for

PC and BFS blended cements for similar replacement

levels. A decreasing carbonation resistance compared

to PC was found for constant w/b [96] and for constant

strength grade [93].

MK provides less CaO than FA but makes available

more Al2O3 into the cementitious system than other

SCMs. Carbonation when using MK or other calcined

clays as SCMs has been investigated in an increasing

number of studies [16, 25, 83, 93, 94]. At moderate

replacement levels, a negligible amount of portlandite

was found prior to carbonation due to pozzolanic

reaction, and the C-A-S–H carbonation degree was

higher than for PC (polymerised C-A-S–H for MK,

decalcified C–S–H for PC) [16]. Consequently, the

accessible porosity was on a similar level [16, 83] and

the threshold pore radius was increased compared to

PC upon carbonation [16]. Higher carbonation rates

were found for MK blended cementitious materials

either for a constant strength grade [93] or for constant

w/b [16] upon carbonation compared to PC, but lower

than for SF blends [93] or for LS blends [16] at the

same replacement level.

Initial portlandite contents in LS blended cement

pastes are slightly lower than in PC pastes [16, 64, 66].

The LS-containing pastes were found to carbonate to a

higher degree [16, 95]. Both the initial porosity and the

porosity upon carbonation were increased compared to

PC. A similar reduction in accessible porosity com-

pared to plain PC was found after carbonation [16, 96],

leading to a reduced diffusivity.

Figure 4 shows some effects of clinker replacement

levels on the change in carbonation coefficient relative

to PC mixes as reported by different authors—all

samples have been cured for 28 days. According to

these analyses, at the same replacement level the

reduction in carbonation resistance is more pro-

nounced for FA and SF blended concretes and mortars,

than for LS or BFS blended concretes and mortars. It

should be stated that differences in w/b, aggregate type

and grading, execution and carbonation conditions can

affect these results.

In order to assess the carbonation resistance of a

specific cementitious material from its composition

three main approaches have been developed:

1
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clinker replacement level [%]

FA w/b=0.50 23/55/0.04 Burdon2006
FA w/b=0.42 20/65/3 Sisomphon2007
SF w/b=0.48 20/57/1 Leemann2015
LS w/b=0.59 20/60/0.04 Parrott1996
LS w/b=0.48 20/57/1 Leemann2015
BFS w/b=59 20/60/0.04 Parrott1996
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Fig. 4 Effect of clinker replacement on carbonation coeffi-

cients for 28-day water cured concrete and mortar samples. The

notation 20/65/0.04 indicates T [�C]/RH [%]/CO2 [vol. %].

Data from [79, 87, 96]
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(a) estimating carbonation resistance based on the

clinker content and water to binder ratio (w/b)

[41, 97].

(b) k-value concept (EN 206), using the type of

SCM and water/(cement ? k�addition) (w/ceq)

[99].

(c) assessing buffering capacity based on the ratio

of mixing water to reactive calcium oxide (w/

CaOreactive), see Sect. 1 [44, 96, 100].

Figure 5 a, b, c illustrate the approaches (a), (b) and

(c), respectively.

The approach (a), which uses the clinker content

and w/b [41, 97], shows carbonation rates of concretes
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CEM I 95-100% clinker
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Carbonation rate [mm/year0.5]
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(c)

Carbonation rate [mm/year0.5]

Fig. 5 approach a carbonation resistance in dependency of w/b
and clinker content for 7-day water cured concretes (20 �C/

65% RH/ 0.04 vol%CO2) [41, 97]. Error bars indicate ± stan-

dard deviation; b) approach b carbonation resistance in

dependency of w/ceq of concretes [99] c) approach c carbonation

resistance in dependency of w/CaOreactive of samples tested

according to SIA262-1 [44] and samples cured for 91-day [100]

and 28-day [96] carbonated at 1% CO2 and related to 0.04% CO2
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water cured for 7-day and carbonated at 65% RH,

20 �C under natural CO2 concentration. The lines

show the potential regression curves to the mean

carbonation rates of groups of concretes summarized

in dependency of the ranges of clinker content

according to EN197-1, including CEM I (95-100%

clinker), CEM II/A (80–94% clinker), CEM II/B

(65–79% clinker), CEM III/A (35-64% clinker) and

CEM III/B (20–34% clinker). In addition the effect of

maximum grain size (4 - 32 mm), admixtures (re-

tarder, water reducers, air-entrainment agent), binder

content, cement strength grade and clinker replace-

ment level by specific types of SCM has been

evaluated for mixes with the same w/b ratio. No

systematic effect has been found for the maximum

grain size, binder content and the admixture except for

the air-entrainment admixture. With air-entrainment

admixture the carbonation rate increased at fresh

concrete air content[ 8%. A small decrease in

carbonation rate has been found with increasing

cement strength grade in this curing protocol. The

increase in carbonation rate with increasing replace-

ment level was higher for LS than for BFS.

The k-value concept, approach (b) according to

[99], shows carbonation rates of concretes water cured

for 7-day and carbonated at 65% RH, 20 �C under

natural CO2 concentration. Based on the equivalent

performance concept for type II additions in CEN/TR

16639 the efficiency factor kc has been determined for

the concrete property carbonation rate. The efficiency

factor is used to reduce the creditable amount of

mineral addition when calculating the w/ceq with

ceq = clinker ? kc � addition. Using the w/ceq the

same performance shall be reached as if pure Portland

cement would have been used with the same w/c = w/

ceq ratio. Hence, plain PC concrete has the efficiency

factor kc = 1.0, which is named category 0. For BFS

and FA blended cements 3 and 2 categories have been

built, respectively. Increasing category represents

increasing amount of type II addition. For example,

CEM III/B concretes are allocated to category 3 BFS.

Efficiency factors were in the range of 0.8-0.6 for BFS

blended cement concretes and 0.3–0.35 for FA

blended cement concretes. For BFS blends the

efficiency factors where in the range of those deter-

mined in [101] with 0.65–0.81 and higher than

determined in [98] with 0.2–0.4. For FA blends the

efficiency factor was similar with those determined in

[101] with 0.25–0.58 and [98] with 0.05–0.3.

Approach (c) [44, 96, 100] replaces the clinker

content in approach (a) by the amount of all CaO

available to react with CO2 -, i.e. w/CaOreactive (w/

CaOreactive). In order to determine the CaOreactive

Papadakis et al. [38] suggested a simplified mass

balance equation to calculate CaO: [Ca(OH)2]-

? 3[C–S–H] ? 3[C3S] ? 2[C2S], this expression

however, neglects CaO present in aluminate or ferrite

phases. For modern cements, which can contain

significant amounts of calcium carbonate as an SCM

or minor additional constituent, the fraction of CaO

already bound by CaCO3 has also to be considered as

well as the amount of SO3, as SO3 will be present as

CaSO4 in completely carbonated cements [14, 21].

Also, the amount of CaO present in unreacted cement

clinker and supplementary cementitious material must

be accounted for [14, 21, 44]. Thus, the CaO available

for carbonation can be calculated according to:

CaOreactive ¼ CaOtotal � CaOCaCO3 init � CaOCaSO4�
CaOunreactedclinker � CaOunreactedSCM where each term

can be determined using thermodynamic modelling

(see Fig. 1) or mass balance calculations.

The simplified approaches (a-c) used to describe the

carbonation resistance in dependency of parameters of

the mix design have their benefits and drawbacks.

Approach (a), clinker content and w/b, is simple to

apply, but it neglects the buffering capacity of the

specific type of SCM and their differences regarding

alteration in pore size distribution upon carbonation.

The K-value concept, approach (b) is less simple to

apply because it requires the allocation of the specific

concretes to efficiency factor required for each type of

SCM. Approach (c), is the most scientific approach. It

also accounts for the contribution of SCM on CO2

binding capacity. But for its application, the reactive

CaO content has to be known or assessed and the effect

of specific types of SCM on pore size distribution are

little accounted for. Approach (a) and (b) are restric-

tive regarding the implementation of new materials,

while in approach (c) new materials can be simply

included. All three approaches are highly dependent

on degree of hydration. In all three approaches, the

mixing water w accounts for the diffusivity i.e. the

volume of capillary pores. Alteration of porosity prior

and upon carbonation due to the use of alternative

materials and SCM‘s is little accounted for.

In addition to those three approaches, which

describe the carbonation resistance based on the mix

design, other approaches have been developed, which
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describe carbonation resistance based on compressive

strength [101, 102] or permeability [103]. For a 7 day

compressive strength between 20 and 25 MPa the

carbonation rate was found to be in the range between

4 to 7 mm/year0.5 in [102] for concrete samples water

cured for 7 day and carbonated at 65% RH, 20 �C and

natural CO2. The concretes where prepared with CEM

I, CEM III/A, CEM II/B-M and CEM IV as well as

CEM II/C-M cements and the carbonation rate was the

highest for concretes with high clinker replacement

levels within the same strength grade. Similar were the

results from [101] for samples carbonated in 2% CO2

converted to 0.04 vol%with k(0.04% CO2) = k(2%

CO2)�H(0.04/2). Imamoto et al. [103] used the corre-

lation between air permeability and carbonation rate

determined from existing structures, and thus under

variable environmental conditions (moisture, temper-

ature, CO2 concentration) in Japan, Switzerland and

Portugal to rate the quality of the placed concrete. For

example, for a coefficient of air permeability between

0.1 and 1 10-16 m2 the concrete was classified

moderate and the carbonation rate was found in the

broad range between[ 0 and 5 mm/year0.5. Com-

pressive strength as well as the air permeability are

indicators for the air tightness of a concrete and hence

also its resistance against CO2 diffusion; however

compressive strength does not account for the CO2

binding capacity of the specific type of binder and the

differences in alteration of pore size distribution upon

carbonation. This may explain to some extend the high

scatter observed for this correlation. The benefit of

both approaches is that the compressive strength is

usually available and the air permeability [103] may

be determined non-destructively.

To summarize, the carbonation resistance is

depending on more factors than just the clinker

replacement level, FA or BFS, the calcium oxide

content, compressive strength or air permeability. In

addition, the binder specific alteration of porosity, the

reaction products formed, the composition dependent

reaction kinetics, the degree of hydration, the water

retention and hence the testing conditions are impor-

tant parameters, which leads to a limited precision in

all the correlations discussed above.

3.2 Aggregate volume and grading: paste-mortar-

concrete

The carbonation coefficients reported in [38, 39] for

plain Portland cement concrete samples carbonated at

50 vol% CO2, 30 �C and 65% RH increased by a factor

of 1.1 and 1.5 when the aggregate to cement ratio (a/c)

increased by a factor of 1.7 and 2.3, respectively.

Similar results have been reported at 5 vol% CO2

[104]. If a coarser aggregate was used (unchanged

total volume of aggregate), the measured carbonation

depth was similar or slightly higher [38, 39]. In

contrast, Jung et al. [105] found no significant

differences in the effective CO2 diffusion coefficients

between concrete and mortar, but a significant increase

in diffusivity was observed for cement paste systems

upon carbonation (i.e. if the a/c ratio decreases). The

increase of gas diffusion coefficient for paste systems

was explained by the larger porosity per unit of

volume hydrated paste compared to hydrated concrete.

This is in line with investigations of plain Portland

cement pastes and mortars from [27, 105, 106].

Carbonation rates of cement paste, mortar and

concrete systems have been compared in [107].

Figure 6 plots the carbonation coefficients obtained

after 7 weeks in 2 and 10 vol%CO2 for cement paste,

mortar and concrete, manufactured with either 30 wt%

PC replacement by FA (70PC30FA), or 70 wt% PC

Fig. 6 Carbonation coefficient of cement pastes with w/b ratios

of 0.5 and 0.48 (based on the concrete equivalent mortar

principle [108]), and concrete equivalent mortar (w/b ratio of

0.5) versus carbonation coefficient of concrete (w/b ratio of 0.5),

according to [107]
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replacement by BFS (30PC70S). Carbonation coeffi-

cients of mortar and cement paste (w/b = 0.5) were

higher by a factor of 1.2–1.3 and 1.6–2.3, respectively

(depending on binder type and CO2 concentration),

compared to the carbonation coefficients of concrete.

The increase in carbonation coefficient for cement

paste compared to concrete is more pronounced for FA

than for slag systems, and more pronounced at higher

CO2 concentration. A better correlation has been

observed between mortar and concrete (R2 = 0.96)

than between cement paste and concrete (R2 = 0.82

for w/b ratio of 0.50).

The increase in carbonation coefficient with

increasing a/c for PC concretes reported in

[38, 39, 104] may be attributed to the increasing

fraction of more porous portlandite-rich interfacial

transition zone (ITZ) providing paths for fast CO2

diffusion [77]. In contrast, the faster carbonation in the

presence of less aggregate reported in [107] could be

related to more autogenous and drying shrinkage in

case of cement paste system and subsequent increase

of porosity [106–109].

The majority of studies evaluating carbonation

resistance when using SCMs are conducted in paste

and mortars, with the assumption that the observations

for these systems can be directly translated into

concrete. However, this is not the case for the data

shown here due to the differences in CO2 diffusivity,

consistent with variations in pore structure based on

the different paste contents and ITZ zones; differences

in the degree of water saturation in materials with

diverse permeability; and the different type and

amount of carbonation products expected to be

forming at a given time. The porosity of carbonated

and partly carbonated regions as well as the amount of

cement phases buffering the reactions involving CO2,

will modify the carbonation reaction kinetics. This has

important implications for the development of mod-

elling tools for prediction of the long-term perfor-

mance of concretes with SCMs, and for the

determination of the real carbonation resistance of

these materials.

3.3 Effect of recycled and lightweight aggregate

Independent of the SCM used, concretes produced

with recycled and lightweight aggregate show to some

extent different carbonation performance from those

produced with conventional dense aggregates.

Recycled aggregate (RA) may contain mortar,

unbound aggregate, ceramics, floating particles and

bituminous matter. Its different physical (e.g. water

absorption, porosity) and mechanical properties (e.g.

Los Angeles coefficient) compared with natural

aggregate may impact concrete performance. In recent

reviews on the durability of concretes with recycled

aggregates, Guo et al. [110] and Silva et al. [111]

reported that concrete carbonation resistance is

affected adversely by the aggregate replacement ratio,

w/c ratio, adhered mortar, aggregate size, and expo-

sure time, particularly in concretes with SCMs.

Carbonation resistance improves with addition of

superplasticisers, consistent with a reduced water

content in the concrete, and can also be improved by

RA pre-treatment.

Even in the absence of major RA contaminants, due

to the heterogeneity and wide variability in the

properties of recycled concrete aggregate (RCA),

which depend on its source and service history, it is

impossible to draw general conclusions about its

potential effect on carbonation performance of con-

cretes with SCMs. However, numerous authors

[112–124] studying the effect of the RCA replacement

ratio on carbonation resistance of concretes with and

without SCMs found that in the case of coarse

aggregate replacement the carbonation depth, relative

to normal concrete, increased 1.06 to 2.00-fold.

However, some studies report higher carbonation

resistance in RCA concrete [119, 125, 126], which

can be explained by two mutually opposing effects, as

the adverse effect of larger porosity counteracts the

benefits of greater amounts of (alkaline) carbonat-

able matter (uncarbonated mortar). Using recycled

aggregate as fine rather than as coarse aggregates

seems to increase the carbonation depth, so that

concrete with RCA showed carbonation depths up to

3.75 to 12.25 times greater than for concrete with

natural aggregate [127–130].

The use of porous and gas-permeable lightweight

aggregate (LWA) requires a concrete cover at least

5 mm thicker than the maximum particle size [131].

LWA nonetheless lowers concrete gas permeability,

as it absorbs the water in fresh concrete which can

form an adhesive water layer on a ‘dense‘ aggregate

surface. The water adsorption may reduce the water/

binder ratio around the LWA in the aggregate-matrix

interface, and thus eliminates the interfacial transition

zone (ITZ) typically identified when using natural
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aggregates (Fig. 7). As cement hydration reactions

proceed, the absorbed water migrates from the LWA

to the hydrating cement paste, favouring internal

curing. The outcome is a larger high-quality paste-

aggregate transition zone (larger grey zone in Fig. 7

bottom left), less permeable in lightweight than in

normal concrete [132, 133]. Research on existing

structures confirms the beneficial impact of LWA on

the carbonation coefficient [134–136].

4 Effect of curing on carbonation resistance

Curing has an important effect on the carbonation

resistance of concrete as it influences the pore

structure and the degree of hydration of the cement,

and consequently the amount of carbonatable material.

The effect is less pronounced for plain PC concrete

than for concrete with SCMs due to their slower

reaction. Nevertheless, if adequate precautions are

taken, e.g. sufficiently long curing and reduced w/c

ratio, the depth of carbonation of concrete with binders

containing SCMs may be the same as for concrete with

PC [138]. Thus, the type of curing, its duration and

temperature as well as other environmental and

geometrical conditions like wind speed, size of

structural element, and type of formwork need to be

considered when estimating the impact on the carbon-

ation resistance.

Typical curing methods in practice are in air, moist,

sealed, heat or steam curing, or the use of a chemical

curing compound. The type of curing drastically

affects the carbonation rate as shown by [139], who

reported that the carbonation rate of water-cured

samples was only 17% of the carbonation rate of air-

cured samples (28 days), in a chamber filled

Fig. 7 Interface between lightweight aggregate (expanded clay) and matrix. Reproduced from [133, 137]
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continuously with 100% CO2 (carbonation measure-

ments between 1 and 28 days).

In the laboratory, curing at[ 95% RH is common

practice but is not representative for on-site hydration

circumstances. The duration of curing on construction

sites is typically a few days. For varying replacement

levels by FA and BFS, researchers have reported that

the carbonation coefficient increases dramatically

when shortening the curing periods from 7 to 1 day

[140–142]. In [143], it is shown for concretes (grades

C16/20 to C30/37) with blended cements (CEM II

A-M and CEM IV A-M) based on natural carbonation

tests for 1 year, how the period of wet curing, and the

type of curing (wet curing vs. use of a membrane),

affect the carbonation rate and therefore the service

life of reinforced concrete structures. In that study, an

extension of the wet curing period from 1 to 3 days

increased the predicted service life by a factor of more

than 2, and a factor of 4 improvement is gained by

increasing from 1 to 7 days of wet curing. It was found

that 3 days of curing should be enough for replace-

ment levels of less than 30 wt% for FA or 50 wt% for

BFS [141, 142]. For higher replacement levels, longer

curing periods are desirable.

For accelerated carbonation testing in the labora-

tory, longer curing periods are in most cases recom-

mended to obtain a more realistic and representative

microstructure before subjecting the concrete to high

CO2 levels. Continuous curing over periods longer

than 1 month can significantly increase the durability

of BFS concrete (50–85 wt% cement replacement),

but periods longer than 3 months were found not to

considerably affect the resistance to carbonation

anymore [52]. In contrast, Sailio [144] showed that

the carbonation depth of systems containing slag

cement, or 30 wt% FA, seems to decrease progres-

sively and continuously also with curing times

exceeding 3 months. However, no significant effect

of wet curing beyond 3 months was observed for

Portland cement systems containing 10 wt% or

25 wt% MK [143–145]. Atis [146] reported for

concrete with FA (50 wt% and 70 wt% cement

replacement) the importance of a longer initial curing

before testing at 5 vol% CO2 (testing from 3 days up

to 3 months of moist curing), which resulted in lower

carbonation depths. Burdon [87] found that the

carbonation rate significantly increases with increas-

ing FA replacement between 30 and 50 wt% for the

same w/b ratio, but that the relative difference to PC

concrete decreases with moist curing time. Parrott [79]

examined the effect of 15–25 wt% LS replacement (at

the samew/b = 0.59) on carbonation rate on samples

water cured for 1, 3 and 28 days prior to natural

carbonation exposure. Compared to plain cement, the

carbonation rate increased with increasing LS replace-

ment; the difference was smallest for 1-day curing for

both exposure times under temporal variable outdoor

conditions, see Fig. 8. With increasing exposure time

and therefore decreasing moisture and temperature

variations at the carbonation front, the differences

decrease compared to plain PC after 1.5 years of

exposure.

Also, the temperature during curing has an impact

on the carbonation resistance. Borges et al. [75]

concluded that, for a curing period of 90 days, raising

temperature from 20 �C to 60 �C reduced the carbon-

ation rate by 10–30% for cement pastes with high

replacement levels by BFS. Li et al. [148] investigated

the effect of high temperature curing (water curing at

20 �C, 40 �C, 60 �C, 80 �C until equal strength grade)

of concrete made of PC and with FA, FA and BFS, and

SF. The minimal carbonation depth was found for

samples cured at 60 �C, pronounced for blended

cements and less pronounced for PC.

In different models e.g. fib MC 2006 bulletin 34

[149] an execution transfer parameter is introduced to

take into account the influence of curing on the

effective carbonation resistance. It should be noted

that all actions preventing premature desiccation of the

concrete close to the surface are here considered as

curing measures, and that no distinction is made for

the type of curing and type of binder. However, Van

den Heede et al. [85] emphasise the importance of a

binder-dependent curing parameter. The effect of

curing on carbonation rate as obtained from

[42, 79, 91, 147, 150–152] has been evaluated in

Fig. 9. It can be seen that for slag and LS blended

cements, increasing curing time from 7 to 28 days is

less effective with regard to improving carbonation

resistance, despite the expected further reaction pro-

cesses involving LS and slag with time [66]. In

contrast, the FA blended samples showed a pro-

nounced reduction of carbonation rate when increas-

ing curing from 7 to 28 days, especially for the

samples exposed outside under sheltered conditions

with variable RH and temperature (exposed samples).

It should be mentioned that moisture conditions in

sheltered small samples differ from large structural
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elements; i.e., more homogeneous micro- and macro-

climates in small samples than in structural elements

may lead to different moisture transport processes.

5 Effect of relative humidity, temperature

and CO2 concentration on carbonation

5.1 Relative humidity and temperature

Carbonation of cementitious materials occurs when

CO2 diffuses through the material and dissolves in the

pore solution where it reacts with the solid phases. At

very low RH, there is not enough water in the pores to

dissolve CO2 for the chemical reaction to happen. At

very high RH, the pores become saturated and

consequently the diffusion of CO2 is slowed down

significantly. For Portland cement-based materials, the

carbonation rate at 20 �C reaches maximum values at

RH between 40% and 80% [38, 39, 153–155]. This RH

range is quite large because the literature results relate

to different CO2 concentrations with various precon-

ditioning conditions (temperature and relative humid-

ity, duration) and different curing times, as well as

different material compositions (paste vs. mortar,

water-to-cement ratio). In recent studies, the fastest

carbonation has been observed at approximately

50–55% RH for plain cementitious materials; the

carbonation coefficient of plain cementitious material

is reduced by a factor of 0.6 ± 0.4, 0.5 ± 0.4 and

0.4 ± 0.4 if the relative humidity increases to 70%,

80% and 90% respectively [43, 44, 72]. The carbon-

ation coefficient has been observed to be reduced to

zero in the range 10 to 30% RH [72]. These broad

ranges and various conditions involve varying degrees

of saturation of the test specimens. For example, in the

accelerated carbonation tests for both French standard

XP P 18-458 [156] and European standard EN

12390-12 [157], the RH during carbonation is fixed

at 57 ± 3%, while conditions specified for sample

preconditioning are different.

For materials containing SCMs, the RH range at

which carbonation proceeds the fastest may differ

from the values determined for Portland cement

systems (Fig. 10). Drouet et al. [72] found the most

rapid carbonation RH around 33% for CEM V/A paste

(containing slag and fly ash) carbonated at a CO2

concentration of 50% at 20 �C, which is a much lower

RH value than was obtained for plain Portland cement

paste (CEM I) in the same study, which was around

50%. Leemann and Moro [44] studied mixtures with

different SCMs: BFS, SF, FA and LS. They found that

increasing RH from 57 to 70% or 80%, at a CO2

concentration of 4% not only decreases the carbona-

tion coefficient but also changes the ranking of the

different concrete mixtures. The authors explained
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Fig. 8 Effect of sealed curing duration on carbonation rate for different limestone replacement levels, compared to PC [79] concretes

for the same w/b ratio
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these differences via the effect of pore size effect on

capillary condensation. For cementitious materials

with a higher amount of fine pores, such as those

containing blast furnace slag and pozzolans, the pore

volume filled with water due to condensation is higher

at a fixed value of RH [72, 158, 159]. De Ceukelaire

et al. [160] found a maximum carbonation progress at

50% RH for concretes containing BFS, at different

CO2 concentrations. A decrease of carbonation coef-

ficient with increasing RH (40% to 60% to 80%) for

different binders containing SCMs was also reported

in [25].

It should be noted that apart from the externally

imposed humidity conditions, the applied CO2 con-

centration during carbonation testing could also affect

the internal humidity and saturation degree of cemen-

titious binders. According to [161], excessive water

production during carbonation at high CO2 levels

could have a pore blocking effect. Hence, the humidity

range at which carbonation is most rapid is most
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probably dependent on CO2 concentration for any

concentrations above the natural atmospheric levels.

In addition to RH, temperature is a main external

parameter that affects carbonation of cementitious

materials. Higher temperature accelerates carbonation

as chemical reactions and diffusion are faster. How-

ever, higher temperature also decreases the solubility

of portlandite and CO2 in water [2, 162, 163].

The carbonation coefficient increases by a factor of

approximately 1.1 from 20 to 30 �C and from 30 to

40 �C for plain and for blended cements (e.g. lime-

stone and low calcium FA). For calcined clay blended

cements, a higher increase of the carbonation coeffi-

cient was determined (by approximately a factor of

1.3) [25]. The decrease in carbonation coefficient

when the temperature decreases from 20 to 10 �C is

less pronounced (multiplicative factor of 0.95)

[25, 38, 164].

Temperature also affects the stability of the calcium

carbonate polymorphs that precipitate during carbon-

ation. Tai and Chen [165] have shown that the

formation of these polymorphs by precipitation from

a CaCl2/Na2CO3 solution is a function of pH and

temperature (Fig. 11). At high pH, calcite is the main

polymorph regardless of temperature (24 �C and

58 �C). At lower pH, the dominant polymorph

changes as a function of temperature; for high

temperature (58 �C), aragonite will be the main

polymorph to precipitate while for ambient tempera-

ture (24 �C) vaterite has been observed. Drouet et al.

[72] have studied the effect of both temperature and

RH on the stability of calcium carbonate polymorphs.

They found that the two metastable forms of calcium

carbonate (aragonite and vaterite) were observed in

varying amounts for both Portland cement and CEM V

pastes. The amount of aragonite and vaterite increased

when the RH decreased. This increase is more

significant at higher temperature.

One key aspect is that if the temperature increases

without maintaining a fixed RH, a part of the water

from the specimen evaporates and the carbonation

could be lower in spite of the increased temperature.

The literature results reflect these contradictory

effects. Drouet et al. [72] observed that the carbona-

tion depth of Portland cement paste increased contin-

uously with temperature at a fixed RH, whereas the

carbonation depth of CEM V/A reached a maximum at

around 50 �C.

These findings are particularly important consider-

ing that when evaluating carbonation resistance of

concretes according to accelerated carbonation stan-

dardised testing methodologies, the exposure temper-

ature is generally set to be between 20 and 25 �C,

which is not representative of all climates, and can

yield carbonation results that can be far from being a

realistic representation of what can be expected of

concretes with SCMs under natural carbonation con-

ditions in the field.

Fig. 10 7-day carbonation depth as a function of RH, for CEM I and CEM V/A pastes with w/b = 0.40, at a CO2 concentration of 50%

[72]
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5.2 CO2 concentration

Increasing the CO2 concentration is a common

approach to accelerate carbonation for testing pur-

poses, and the results of accelerated tests are often

used as performance criteria for validation of new

concrete mixes and service life prediction models.

Different factors and equations have been proposed to

transform the results from accelerated carbonation

testing to predict natural carbonation [151, 166, 167].

However, there is still need for research to define

relations applicable for different concrete composi-

tions [142].

From a thermodynamic viewpoint, increasing the

CO2 concentration should not change the expected

phase formation in plain Portland cement [28, 168].

Nonetheless, experiments have shown that:

• The C–S–H carbonation rate increases with the

applied CO2 concentration [32]. The proportion of

CaCO3 originating from portlandite and C–S–H

carbonation changes significantly from 1% CO2

onwards, in favor of C–S–H carbonation [169].

• A CO2 concentration above 3% favours formation

of aragonite and vaterite [26, 170] due to pH

reduction because of increased amounts of dis-

solved CO2, [171], (Fig. 11).

• A CO2 concentration above 10% leads to incom-

plete reaction of portlandite, e.g. due to a fast

surface reaction causing an overgrowth of port-

landite with calcite, which permanently prevents

further portlandite carbonation [28, 170, 172]. A

high CO2 concentration also lowers the pH and

thus the solubility of CO2 in water or in solutions

containing alkali hydroxides (such as cement pore

fluids), leading to the formation of more HCO3
- and

less CO3
2- [2, 171].

• However, in cementitious materials with limestone

fillers only calcite is formed [168, 172, 173]. In

high-volume fly ash binder systems, the preferred

precipitation of aragonite and vaterite over calcite

could not be confirmed for 1% and 10% CO2, but

was evident at 0.03–0.04% CO2 [169].

• For a high CO2 level, the amount of water

produced during carbonation could be more than

the porous matrix is capable of expelling in the

same time interval. The time needed to establish a

condition of equilibrium again is believed to slow

down further carbonation [161, 174].

• The correlation between accelerated and natural

carbonation coefficients decreased from laboratory

to sheltered (R2 = 0.69) and finally to unsheltered

exposure (R2 = 0.15). Key parameters to consider

for natural carbonation are temperature, relative

humidity and amount of precipitation [44, 96]. The

correlation strongly depends on the microclimatic

conditions (i.e. RH, orientation, wind,

precipitation).

Rozière et al. [175] found correlation coefficients of

only 0.45-0.67 when correlating natural to accelerated

carbonation at 50% CO2, although the ranking of the

Fig. 11 Polymorphs of calcium carbonate observed to precipitate from a 1:1 molar mix of CaCl2 and Na2CO3 at a supersaturation of

5.5, according to pH (controlled by NaOH or HCl addition) and temperature [165]

Materials and Structures (2020) 53:136 Page 19 of 34 136



concrete types considered remained similar. This is in

line with other studies [38, 39, 176]. On the other hand,

several researchers [175–177] noticed small changes

in ranking between mixes when carbonated at 1%, 4%

or 10% CO2. Increasing the RH at 4% CO2 from 57%

to 70-80% RH also affected the ranking for carbon-

ation resistance, probably as the result of a different

w/c and pore size distributions of the concrete types

tested [44].

As the pore structure and the ratio w/CaOreactive are

cement-specific, the correlation between accelerated

and natural carbonation depends strongly on the

binder [150, 179]. Hainer 150 points out that clinker-

reduced concrete shows relatively higher carbonation

rates under field than under accelerated conditions. In

contrast, Leemann et al. [96] and Bernal et al. [171]

noted that accelerated carbonation is more aggressive

than natural carbonation for concrete with SCMs. A

detailed comparison of literature data is challenging

due to the many different storage and exposure

conditions assessed by different authors, and is beyond

the scope of this review.

The increase in carbonation coefficient with

increasing CO2 concentration (CO2acc) compared to

natural CO2 concentration (CO2nat) is in most exper-

imental investigations lower than what is expected

from the theoretical relationship H(CO2acc/CO2nat)

[38, 96, 151]. According to these investigations, the

deviation from the theoretical relationship is more

pronounced for plain cements and cements with LS

than for slag blended cementitious materials. It has

been indicated [42] that a formula in which the

carbonation depth relies on the square-root of the CO2

concentration in play should be reliable up to 3% CO2.

Yet, even from 1% CO2, the relationship does not

seem to hold [169]. Given that this is the case, the

assumption of pure diffusion control of carbonation

kinetics appears to break down at higher CO2

concentrations, and this needs more detailed investi-

gation to determine what is the true rate-controlling

step if accelerated test results are to be used to predict

natural carbonation rates in standards and codes.

6 Effect of carbonation on porosity and transport

properties

6.1 Porosity and pore size distribution

Porosity of cementitious mixtures plays an important

role in relation to the carbonation resistance, as it is

directly linked to the ingress of CO2. When investi-

gating porosity, different aspects need to be consid-

ered, for instance pore volume, pore size distribution,

tortuosity and interconnectivity. Castellote et al. [31]

reported pore clogging and formation of dense,

carbonated areas as the main cause for limited

accelerated carbonation rates in plain PC pastes.

Hyvert et al. [32] and Anstice et al. [180] confirmed

a decreasing total porosity with an increasing CO2 -

concentration, and Knöfel et al. [173] recorded a

refinement in pore size distributions using mercury

intrusion porosimetry. Mortars with plain PC showed

increased amounts of gel pores, while the fraction of

capillary pores decreased to around 10%. The decrease

in total porosity, and pore clogging, are attributed to

the formation of calcium carbonate which takes up a

larger volume than the initial hydration product

Ca(OH)2. Several studies [24, 25, 181] also identified

a decrease in the total porosity of plain cement pastes

due to carbonation in combination with a coarsening

of the capillary pores. For BFS-containing binders a

decrease in gel porosity but an increase in capillary

pores (coarsening of the pore structure) has been

reported in [26, 83, 182]. Similar are the findings at

high FA or SF replacement levels [26, 27, 182, 183].

This coarsening is usually associated with C–S–H/C-

A-S–H carbonation. The higher the amount of reactive

alumina provided by the SCM, the larger the increase

in porosity on carbonation, due to the decomposition

of AFm and AFt phases [75].

According to [106] the decrease in micro-pores is

attributed to clogging by CaCO3 from C–S–H car-

bonation, while the reduction of macro-pores is mainly

attributed to pore clogging by CaCO3 from portlandite

carbonation. However, the increase in meso-pores has

been interpreted differently by various authors, and the

potential causes are listed in [106] as follows:

(i) porous structure of silica gel formed during

carbonation.
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(ii) micro-cracks in the CaCO3 layer surrounding

portlandite crystals due to the hydric gradient,

and.

(iii) micro-cracks induced by carbonation

shrinkage.

The more pronounced increase in meso- and macro-

pore volumes for FA, SF and slag blended cements

upon carbonation can also be attributed to the lower

Ca/Si ratio of C–S–H/C-A-S–H formed in these

blended cements, by enabling the entrapment of

alkalis reducing the amount of hydroxyl ions and also

the increased carbonation shrinkage for Ca/Si less than

1.3 [34].

Also Shah et al. [25] reported that because the

replacement of PC with Si-rich SCMs results in less

portlandite, the decalcification of the C–S–H present

leads to an increase of the total porosity in combina-

tion with a coarsening of the pore structure. Conse-

quently, the extent of pore coarsening and the increase

of total porosity during carbonation depend on both

the amount and the type of SCMs.

Prior to carbonation, SCMs can increase the

porosity of cementitious materials at early ages but

contribute to the development of a more refined pore

structure over the time [184]. These two opposing

effects will affect the resistance to carbonation of

concretes depending on the type of SCM used and its

ability to cause pore refinement, the amount of cement

replacement, and the reaction degree as a function of

time. Upon carbonation it is observed that the total

porosity increases with increasing SCM replacement

ratios [75, 82]. For example, when SF is used in

concrete, Kulakowski et al. [185] found a ‘critical

threshold’ related to the amount of replacement and w/

b ratio: cement replacement up to 10 wt% by SF will

result in an increased carbonation resistance. How-

ever, if SF replacement is higher than 10%, this will

lead to more carbonation.

The data collected in Table 1, from [82], show an

increasing total porosity prior to carbonation when the

replacement level by FA is increased from 0 to

30 wt% and 60 wt% substitution. Upon carbonation,

the total pore volume decreases in all cases. The

decrease of the pore volume in the MIP-accessible

range (3 nm to 500 lm) during carbonation seems to

be lower at higher replacement levels for the MIP

measurements, and similar in the case of GRAM

(gamma ray attenuation method) measurements (ac-

cessing coarse pores size 200 lm to 1000 lm [186]).

For ternary systems with 50% clinker, 31% cal-

cined clay, 15% limestone and 4% gypsum, a clear

increase of the total porosity was observed in Fig. 12a

[24], under both natural and accelerated (3%) carbon-

ation conditions. An experimental study on the use of

slag in pastes [24] showed that an increase in total

porosity is detected when the clinker replacement is

70 wt%. The increase in capillary porosity due to

carbonation further accelerates diffusion of detrimen-

tal substances and will therefore make concrete with

SCMs more vulnerable to deterioration by coupled

mechanisms.

Table 1 Total porosity of cement paste (CN stands for w/c

ratio of 0.45 and CP for w/c = 0.60) as a function of the

replacement level by fly ash before and after carbonation

measured with mercury intrusion porosimetry (MIP;pore size

* 3 nm to 500 lm) and gamma ray attenuation method

(GRAM; pore size * 200 lm to 1000 lm [186]); samples

were cured for ‘‘at least’’ 6–11 months (minimum 6 for PC, 11

for blends), then preconditioned for 56 days at 45 �C in an

oven, plus 56 days at 20 �C, 62 ± 5% RH and carbonated at

3% CO2. Data from [82]

Characteristics Units CN CN30 CN60 CP CP30

Fly ash vol.% 0 30 60 0 30

Fly ash wt% 0 23 51 0 23

w/(c ? fly ash) – 0.45 0.45 0.45 0.6 0.6

w/c – 0.45 0.64 1.13 0.6 0.86

Non-carbo-nated Porosity (MIP) % 19.2 ± 0.7 29.2 ± 1.1 37.8 ± 1.0 31.0 ± 2.1 42.7

Porosity (GRAM) % 37.9 ± 0.7 47.4 ± 1.2 52.9 ± 1.7 47.1 ± 0.6 54.9 ± 1.0

Carbo-nated Porosity (MIP) % 12.3 ± 1.1 23.4 ± 2.7 36.4 ± 1.2 23.1 ± 3.1 34.2 ± 2.1

Porosity (GRAM) % 30.2 ± 1.1 36.0 ± 0.8 46.5 ± 0.9 36.5 ± 1.3 48.8 ± 0.8
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6.2 Transport properties

The alteration of the pore structure upon carbonation

of plain and blended cementitious materials affects the

vapour sorption/desorption isotherms, gas and mois-

ture transport. The transport of CO2 through cemen-

titious materials is one of the governing parameters

affecting carbonation rate and is strongly affected by

moisture conditions as was discussed above. The

degree of water saturation under steady-state and

isothermal conditions has been determined by means

of water vapour sorption/desorption tests

[38, 74, 187]. Figure 13 shows sorption isotherms

for plain and blended cement pastes. A benefit of

adsorption/desorption isotherms is the provision of

information about changes in micropores\ 10 nm,

which are less well reflected by MIP (molecule radius

of H2O is 0.1 nm, of nitrogen N2 is 0.215 nm and both

are smaller than that of mercury; it avoids also the risk

of microcracking in MIP [106]).

Papadakis et al. [38] and Houst et al. [187] observed

no alteration in water saturation degree at[ 50

vol%CO2 for plain cementitious materials. Borges

et al. [75] found a small alteration at low RH when

applying 3 vol%CO2 to plain PC, indicating an

increase in micro-porosity, compared to a pronounced

alteration of pore saturation in FA and BFS blended

cementitious materials upon carbonation, indicating

an increase in micro-, meso- and macro porosity.

Hyvert [188] determined a notable alteration of the

water sorption isotherm for plain PC, and an even

more evident alteration for blended cementitious

Fig. 12 Mercury intrusion curve of uncarbonated cylindrical

paste samples (solid line) compared with cylindrical paste

samples carbonated in natural (dotted line) and accelerated

conditions at 3% CO2 (dashed line) cured in lime water for

120 day and preconditioned for 15 day at 60% RH and 27 �C; a)

Cumulative intrusion curve of PC, b) Cumulative intrusion

curve of 70% PC ? 30% FA, c) Cumulative intrusion curve of

limestone calcined clay cement (50% clinker, 31% calcined

clay, 15% LS, 4% gypsum) from [24]
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materials. The reduced degree of saturation in car-

bonated samples at 50% B RH B 85% affects effec-

tive CO2 diffusion coefficients in two ways: (i) the

coarsened pore structure opens the path for CO2

diffusion, as the capillary pores are the decisive pores

for high diffusion rates; and (ii) the degree of

saturation is reduced in the relative humidity ranges

expected under common site conditions.

Effective CO2 diffusion coefficients in non- and

fully carbonated pastes, mortars and concretes have

been determined experimentally under different con-

ditions [21, 38, 39, 44, 78, 105, 182, 187, 189–191].

Prior to carbonation it was found that the effective

CO2 diffusion coefficient decreases with:

• Decreasing w/b (decreasing capillary porosity)

[21, 39, 78, 105].

• Increasing relative humidity above 40% RH,

which increases the degree of water saturation

[38, 105, 182, 187, 189].

• Increasing PC replacement level by FA, SF or BFS,

respectively increasing the fraction of the binder

that is C(-A)-S–H [21, 78, 182, 189].

• Increasing degree of hydration [182].

Upon carbonation the effective diffusion coeffi-

cient was found to:

• Decrease in the case of plain cementitious mate-

rials and blends with portlandite or LS, with

increasing ratio of portlandite carbonation

[21, 38, 39, 44, 78, 105, 182, 187, 189–191] for

RH[ 30% [182].

• Increase with increasing cement replacement level

by SF, FA, calcined clay, or mostly for BFS, due to

increasing C(-A)-S–H carbonation [21, 78, 182,

190, 191]. The difference becomes more pro-

nounced with increasing degree of water saturation.

• Increase with carbonation degree at constant high

RH (93%) for all mix design unless the water to

cement ratio is very low (\ 0.4) [191].

In water CO2 diffusion coefficients have been found

to be\ 10-9 m2/s [192]. Water vapour diffusion

coefficients are up to two orders of magnitude higher

and increase with the difference in relative humidity,

increasing w/b ratio and decrease with increasing

replacement by SF or BFS [193]. As CO2 is consumed

by the carbonation reaction, CO2 diffusion coefficients

are often derived from O2, N2 or He diffusion

coefficients [182, 187, 189]. The value of the corre-

sponding CO2 diffusion coefficient depends on

whether the process is limited by the molecular mass

(molecular diffusion dominating in larger pores) or by

the Knudsen diffusion (i.e. diffusion in small pores,

where the diffusion resistance is dominated by colli-

sions with the pore walls). Furthermore, transport may

also occur as surface diffusion, if the gas interacts by a
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succession of adsorption–desorption reactions with

the surfaces [187, 194]. According to [187, 189] the

CO2 diffusion through non-carbonated cementitious

materials is both a Knudsen and molecular diffusion

process over the entire range of water saturation

degree. However, upon carbonation this only holds for

plain cements. For slag (approximately 80% replace-

ment level) or FA and SF blended cements (replace-

ment level[ 44%) the pores can coarsen sufficiently

that Knudsen processes involving pore walls are less

important, and so transport instead becomes molecular

diffusion controlled [182, 192].

Figure 14 shows effective O2 diffusion coefficients

(DCO2/DO2 & 1.4) determined by Leemann et al.

[21, 78] after oven drying. The determined effective

diffusion coefficients are smaller or similar after

carbonation for plain PC, portlandite-blended and

limestone-blended cements, but higher for silica fume

and slag blends, consistent with the preceding discus-

sion for the rates of carbonation of cements containing

these SCMs.

In some carbonation exposure conditions involving

high pressure differences, both diffusive and convec-

tive transport coexist, and permeability may become

dominant [195]. Gas permeability of carbonated and

non-carbonated cementitious materials has been

reported e.g. in [75, 104, 196–202] under the assump-

tion of laminar flow. Gas permeability was in the range

of 0.1 9 10- 9 m/s\ ke\ 10 9 10-9 m/s. The gas

permeability decreased with decreasing w/b ratio and

increasing relative humidity or increasing cement

replacement by SF, FA or BFS. Upon carbonation, gas

permeability was increased or at least similar as prior

to carbonation. But the increase was more pronounced

for BFS blended cement systems with replacement

levels of 75 wt% to 90 wt% [75, 198].

Water transport properties of cementitious materi-

als have been reported e.g. in [55, 177, 178]. The

coefficient of water permeability is usually up to four

orders of magnitude lower than the coefficient of gas

permeability and may be related to gas permeability in

dependency of the applied pressure head according to

Klinkenberg explained in [203]. Upon carbonation the

water permeability decreased in the case of plain and

LS blended cementitious materials but increased for

slag, FA and SF blended cementitious materials with

moderate to high replacement levels [55, 177, 178].

Similarly, capillary sorption describes permeability of

concrete where the pressure head is replaced by the

capillary forces including water and water vapour

transport [204, 205].

Figure 15 shows coefficients of water sorptivity

determined by Jansson et al. [101] for non- and partly-

carbonated cementitious materials. He observed for

non-carbonated samples a decrease in sorptivity from

plain PC over blends with 20 or 35 wt% FA, or 35, 50,

or 65 wt% BFS. After carbonation, the sorptivity was

significantly reduced for PC samples, slightly reduced

for samples containing 20 wt% or 35 wt% FA, or 35

wt% or 50 wt% BFS and increased for samples

containing 65 wt% BFS where a pronounced C-A-S–

H carbonation can be expected. Similarly, a decrease

0.01

0.1

1

10

100

P
C

 0
.4

8

P
C

 0
.6

P
C

+1
5%

 C
a(

O
H

)2
0.

48

P
C

+1
5%

 L
S

 0
.4

8

P
C

+1
5%

 S
F 

0.
48

P
C

+6
6%

 B
FS

 0
.4

8

C
E

M
 II

I/B
 0

.6

D
e,

O
2 

[1
0-

8
m

²/s
]

non-carbonated
carbonated

Fig. 14 O2 effective diffusion coefficients determined for non-

carbonated and carbonated samples (age 28 days, oven dried)

with plain and blended cements [21, 78] given with cement type,

type and amount of addition as well as w/b e.g. PC 0.48

represents plain cement with w/b 0.48

0
1
2
3
4
5
6
7
8
9
10

0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
E

M
 I 

52
.5

N
 0

.6
5

20
%

 F
A

 0
.5

2

35
%

 F
A

 0
.4

3

35
%

 B
FS

 0
.5

8

50
%

 B
FS

 0
.5

4

65
%

 B
FS

 0
.5

0 C
ar

bo
na

tio
n 

de
pt

h 
[m

m
]

So
rp

tiv
ity

 [m
m

/h
0.

5 ] non-carbonated
partly-carbonated
carbonation depth

Fig. 15 Coefficients of sorptivity reported in [101] for non-

carbonated and partly carbonated concretes along with the

carbonation depth (small squares), the notation shows the

cement type respectively the amount and type of addition and

the w/b ratio

136 Page 24 of 34 Materials and Structures (2020) 53:136



in capillary sorptivity with carbonation has been

observed for plain cement materials [204].

Gas permeability data shows an increase upon

carbonation for most binder types, while both the

effective diffusion coefficients and the sorptivity

coefficients show a decrease upon carbonation except

for SF or BFS blended cementitious materials. Hence

it can be assumed, that the induced pressure in gas

permeability experiments alters the pore structure and

mirrors mainly the transport in larger pores. Moisture

transport (sorption, capillary suction and water per-

meability) strongly depends on the initial moisture

conditions. Additionally, moisture transport may be

altered by chemical interaction of water with the

cement, such as re-hydration of unreacted cement and

dehydrated cement pastes, changes of microstructure

of C–A–S–H and secondary reaction products (de-

pending on the type of SCM used) during moisture

transport, drying shrinkage induced by the micro-

scopic damage to pores due to capillary forces, and

swelling associated with the water uptake [204–209].

7 General remarks and conclusions

It is clear that the carbonation mechanism in cemen-

titious systems containing SCMs differs from that of

plain Portland cement systems, due to the differences

in the phase assemblage evolution, pore structure, and

pore solution chemistry. The main difference between

these systems is the role of portlandite carbonation, as

it is expected that the amount of portlandite decreases

at higher SCM replacement levels. This is a conse-

quence of the lower amount of Portland clinker in the

cement (which produces portlandite during its hydra-

tion) and the consumption of portlandite during the

pozzolanic reaction. Portlandite carbonation is the

main contributor of released water during carbonation,

and usually leads to a reduction in pore size and total

volume of meso- and macro- pores due to CaCO3

precipitation. However, the literature results are to

some extent contradictory, which may be due to the

different measurement methods along with the differ-

ent pore sizes investigated. Portlandite carbonation

may furthermore be incomplete due to the covering of

portlandite crystals by calcium carbonate.

With the reduced content of portlandite in SCM

containing systems, carbonation will happen more

rapidly in the main CO2-binding phases, C–S–H in the

case of using SF, and C–A–S–H phases in the case of

using BFS, FA, MK and other Al-containing SCMs.

Carbonation of these hydrates seems to be the main

contributor to carbonation shrinkage (polymerisation

shrinkage), especially for low Ca/Si C(-A)-S–H and

induces coarsening of pore structure upon carbonation

and reduction of mechanical strength. This is partic-

ularly critical when evaluating carbonation of con-

cretes with SCMs, as carbonation not only reduces the

overall pH, but can also lead to a coarsening in pore

structure, consequently reducing the ability of these

materials to withstand other forms of degradation by

chemical or physical attack.

Carbonation of C(-A)-S–H does not seem to

contribute to the release of water prior to complete

polymerisation, but there is little investigation regard-

ing structural changes and water released in these

hydrates upon carbonation, despite their role as the

dominant binding phase present in modern cements.

There is an urgent need to determine the carbonation

mechanism of Al substituted C–S–H phases, and those

containing alkalis (C-(N)-A-S–H), as a function of

exposure conditions (e.g. temperature, RH and CO2

concentration), as these are the main CO2-binding

phases identified in SCM-containing cements, partic-

ularly those produced with BFS. The degree of

crosslinking in these gels and the reduced Ca/Si ratio

compared with the C–S–H formed in plain PC systems

will strongly influence how carbonation proceeds.

There is little understanding in the role of sec-

ondary hydration products in the carbonation resis-

tance of systems with SCMs. In the case of using BFS,

there is a consensus that Mg–Al layered double

hydroxides (LDHs) (e.g. hydrotalcite), whose forma-

tion is favoured when using BFS with[ 5 wt% MgO,

seem to play a key role in improving carbonation

resistance in systems where higher quantities of these

phases are formed. Understanding of the roles of other

phases such as AFm and/or AFt phases, as well as

zeolites present in some natural SCMs, in the carbon-

ation process is imperative if next-generation binders

are to be designed to favour formation of specific

microstructural features to maximise their carbonation

resistance.

There is no direct correlation between the carbon-

ation rates identified in pastes, mortars and concretes

with a given binder type, independent of the SCM

used, which is consistent with the differences in the

pore structure induced by the addition of aggregates
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and reduction of paste, and variation in degrees of

saturations that can be achieved in these materials. All

these factors will influence gas diffusivity and disso-

lution, and consequently the mechanism and kinetics

of carbonation. Many studies centred on evaluating

carbonation of SCM containing materials, particularly

for new SCMs, are limited to the assessment of

mortars. The carbonation coefficients obtained in

those studies cannot directly be used to predict

performance of concrete made with similar materials.

It is important to understand the limitations of the tests

conducted, which in the case of mortars can only give

an indication of concrete performance but not a full

description of the behaviour of the material.

It is well known that the carbonation exposure

conditions (e.g. CO2 concentration, RH and temper-

ature) will strongly influence the kinetics of carbon-

ation and the type and amount of carbonation products

forming in different cementitious systems. In the case

of plain PC systems this is well understood, and it has

been suggested that the carbonation products forming

when using[ 3% CO2 are not identical to those

observed in naturally carbonated materials. This is of

particular importance as several national accelerated

carbonation standards prescribe the use of CO2

concentration beyond this value, which can lead to

misleading results.

Table 2 Influences on the carbonation resistance based on literature data

Parameter Carbonation coefficient

Name Range Increase :
decrease ;
similar ?

By a factor

w/ba 0.4 ? 0.65 : [ 2.0b–[ 3.5c

w/CaOreactive 0.4 ? 0.9 : & 5

type of SCM (similar replacement level 25%),

which affects the CaO content (FA,SF\BFS)

FA,

SF ? LS ? BFS ? PC

; & 2.3 (FA, SF), 1.9 (LS), 1.3 (BFS)

a/cd change with factor

1.7 ? 2.3

: 1.1b–1.5c

Concrete changed to mortar ? : 1.2–1.3

changed to paste : 1.6–2.3

Coarse aggregate replaced by recycled aggregate :; \ 1.0-2.0

Fine aggregate replaced by recycled aggregate : 3.75b-12.25c

Lightweight aggregate ; –

Curing time 1 ? 28 day ; 1.1–2.5; ratio depends on SCM,

degree of hydration, curing type

Curing temperature 20 �C ? 60 �C ; Ratio depends e.g. on type of SCM

resp. on calcium carbonate

polymorph formed
60 �C ? 80 �C :

Constant RH at 20 �C 50–55% RH ? 90%RH ; 0.4 ± 0.4b

50–55% RH ? 10%RH ; 0.0b

Temperature 20 �C ? 40 �C : 1.13 ± 0.04b

1.17 ± 0.07c

CO2-concentration when related to natural CO2

by the square root relationship

[ 1–100 vol%CO2 ;6) Dependent on type and replacement

level of SCM

O2-, N2- and CO2-diffusion, H2O- permeability Upon carbonation :c ;b Dependent on the moisture state

O2-, CO2- permeability Upon carbonation :b, c

Capillary suction Upon carbonation ;b, c, e 0.3–0.9

aWater/cement ? SCM bplain PC cblended cementitious material containing pozzolan or slag daggregate/cement eexcept increase at

high BFS replacement level
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The effect of temperature on carbonation is usually

overlooked, particularly when evaluating carbonation

under accelerated testing methods, as the majority of

standard test methods have similar ranges of exposure

temperatures. It is evident that temperature will play a

key role in reaction kinetics and gas transport, which

means that the results of accelerated carbonation tests

using temperature conditions with no relevance to a

specific region may not provide meaningful results to

predict how these concretes will perform under real

exposure conditions at a temperature very different

from the testing temperature.

An overview of the effect of various parameters on

the carbonation coefficient, as found in current

literature as summarised in this review, is given in

Table 2. It should be noted that these factors are

strongly dependent on the composition of the material

(type and replacement level of SCM) as well as on the

carbonation conditions (i.e. CO2 concentration and

RH) and the preconditioning of the material prior to

testing.

The preparation of this literature review enabled the

members of RILEM TC 281-CCC to elucidate that

there is a large number of open questions regarding

carbonation of concretes with SCMs, although these

materials are extensively, if not exclusively, used in

modern infrastructure development. There is great

scope for future research in this area, as questions at all

scales need to be resolved to determine the best

strategies to be implemented to increase the longevity

of modern and future infrastructure concretes.

In an effort to answer some of these questions, the

RILEM TC 281-CCC (WG1&2) is currently perform-

ing a round robin test to assess the effects on

carbonation resistance in pastes, mortars and concretes

produced with commercial SCM containing cements,

when adopting different carbonation exposure condi-

tions outlined in currently applied standards and test

specifications.
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173. Knöfel D, Eßer G (1993) Einfluss unterschiedlicher

Kohlendioxidkonzentrationen auf Zementmörtel (in Ger-
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