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Abstract The RILEM TC 281-CCC ‘‘Carbona-
tion of concrete with supplementary cementitious
materials’” conducted a study on the effects of sup-
plementary cementitious materials (SCMs) on the
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carbonation rate of blended cement concretes and
mortars. In this context, a comprehensive database
has been established, consisting of 1044 concrete and
mortar mixes with their associated carbonation depth
data over time. The dataset comprises mix designs
with a large variety of binders with up to 94% SCMs,
collected from the literature as well as unpublished
testing reports. The data includes chemical compo-
sition and physical properties of the raw materials,
mix-designs, compressive strengths, curing and car-
bonation testing conditions. Natural carbonation was
recorded for several years in many cases with both
indoor and outdoor results. The database has been
analysed to investigate the effects of binder compo-
sition and mix design, curing and preconditioning,
and relative humidity on the carbonation rate. Fur-
thermore, the accuracy of accelerated carbonation
testing as well as possible correlations between com-
pressive strength and carbonation resistance were
evaluated. One approach to summerise the physical
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and chemical resistance in one parameter is the ratio
of water content to content of carbonatable CaO (w/
CaO ratio). The analysis revealed that the w/
CaO,,iive atio is a decisive factor for carbonation
resistance, while curing and exposure conditions also
influence carbonation. Under natural exposure condi-
tions, the carbonation data exhibit significant varia-
tions. Nevertheless, probabilistic inference suggests
that both accelerated and natural carbonation pro-
cesses follow a square-root-of-time behavior, though
accelerated and natural carbonation cannot be con-
verted into each other without corrections. Addition-
ally, a machine learning technique was employed to
assess the influence of parameters governing the car-
bonation progress in concretes.

reactive

Keywords Natural carbonation - Accelerated
carbonation - SCMs - Database

1 Introduction

In order to study the effects of concrete composi-
tion, curing, pre-storage and exposure conditions
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on carbonation kinetics the RILEM TC 281-CCC
““‘Carbonation of concrete with supplementary
cementitious materials’> has set up a database
with results of carbonation experiments. The data
were collected from literature as well as unpub-
lished research and material testing reports [1-54].
Throughout the whole database, the phenolphtha-
lein test was used to measure the carbonation depth
at different exposure times.

The database includes 1044 concrete and mor-
tar mixes, manufactured with single cements or
with binary and ternary combinations of SCM
with cements. The types of cements and SCM used
are listed in Table 1. The water/binder ratio of the

Y. Villagran Zaccardi
Materials and Chemistry Unit, Flemish Institute
for Technological Research (VITO), Mol, Belgium

C. Thiel
Construction Materials, Department of Civil Engineering,
OTH Regensburg, Regensburg, Germany

H. Vanoutrive - E. Gruyaert
Materials and Constructions, Department of Civil
Engineering, KU Leuven, Ghent, Belgium

J. M. Etcheverry - N. De Belie

Department of Structural Engineering and Building
Materials, Magnel-Vandepitte Laboratory, Ghent
University, Ghent, Belgium

S. Kamali-Bernard

Département de Génie Civil e Urbain, Institut National
des Sciences Appliquées (INSA-Rennes), Université de
Rennes, Rennes, France

A. Kanellopoulos

School of Physics, Engineering & Computer
Science, Centre for Engineering Research, University
of Hertfordshire, Hertfordshire, UK

Z. Zhao
Department of Structural Engineering, College of Civil
Engineering, Tongji University, Shanghai, China

1. M. Martins
Departamento de Materiais, Laboratério Nacional de
Engenharia Civil, Lisbon, Portugal

S. Rathnarajan
Department of Civil Engineering, Indian Institute
of Technology Madras, Chennai, India



Materials and Structures (2024) 57:206

Page 3 of 33 206

Table 1 Overview of the cements and supplementary cementitious materials (SCMs) of the concretes and mortars in the database,

including the abbreviations used throughout this document

Cements* SCMs

Type Number Type Number
CEM I 97 siliceous fly ash (sFA) 66
CEM II/A-D 1 calcareous fly ash (cFA) 2
CEM II/A-L or LL 14 siliceous bottom ash (sBA) 1
CEM II/A-M (S-LL) 1 ground granulated blast-furnace slag (GGBS) 31
CEM II/A-S 2 calcined clay (CC) (incl. metakaolin (MK)) 19
CEM II/A-V limestone (L) 3
CEM II/B-L or LL 11 natural pozzolan (nP) 3
CEM 1I/B-M (S-L or LL) 23 silica fume (SF) 4
CEM 1I/B-M (T-LL) 1 steel slag (SWS) 1
CEM II/B-M (V-LL) 3

CEM 1I/B-P

CEM 1I/B-S 18

CEM 1I/B-V 22

CEM IIIVA 64

CEM 1II/B 38

CEM 1II/C 2

CEM IV/A 1

CEM 1V/B 1

CEM V/A 1

“Notation of EN 197: CEM I: Portland cement, CEM II: Portland composite cement (A: clinker content 80-94 wt.% (exception:
CEM II/A-D contains 90-94 wt.% clinker), B: clinker content 65-79 wt.%), CEM III: blast-furnace slag cement (A: clinker con-
tent 35-64 wt.%, B: clinker content 20-34 wt.%, C: clinker content 5-19 wt.%), CEM IV: pozzolan cement (A: clinker content
65-89 wt.%, B: clinker content 45-64 wt.%), CEM V: composite cement (A: clinker content 40-64 wt.%), D: silica fume, L and LL:
limestone (with different TOC limits), S: GGBS, V: siliceous fly ash, T: burnt oil shale, P: natural pozzolan

concretes and mortars varies between 0.26 and 0.75.
In many cases, several concretes were prepared with
the same cement and/or SCM, but with different w/b
ratios or replacement levels. The database, which
is provided as an electronic supplement, contains
detailed information on the individual mix designs.
Since a high amount of data is available for
binary or ternary mixes with siliceous fly ashes and
GGBSs, Sects. 3 to 7 focus on those mixes and com-
pare their carbonation kinetics with those of plain
Portland cement mixes. In the first step the carbona-
tion rate is fitted (Sect. 2), and then, in Sects. 3 to
7, some of the influencing factors pointed out in
the literature review of TC 281-CCC [55] are fur-
ther investigated using the collected data. Finally, in
Sect. 8, the entire dataset is modelled collectively,
using probabilistic inference, attempting to account
for the different influencing factors in a mechanistic
way, and using machine learning, to explore how far

we can go in predicting carbonation depth given the
available data.

2 Determination of carbonation rate

Different approaches have been used in literature to
determine the carbonation rate of concrete and mor-
tar under natural conditions. Most authors determine
a best-fit line of carbonation depths d. versus square
root of time (\/ ). However, in some references, also
single measurements at an instantaneous time are
used, and the rate is calculated by assuming that the
carbonation depth is zero at the beginning of the test
(e. g. [16, 21]). In [21], a testing age of 140 d is sug-
gested. As another option, 365 d were considered in
this evaluation.

In this section, different methods to determine the
carbonation depth are compared with regard to their
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reliability in predicting long-term carbonation. The
following approaches are used:

1) Based on the measured carbonation depths d,
within the first year, the carbonation rate k, is cal-
culated as the slope of a best fit line of d, vs. \/ tas
shown in Fig. 1a. Often the calculated initial carbona-
tion depth is not zero (see Fig. 1b, full black line).
A positive intercept is accepted, and the carbona-
tion rate is taken as calculated (e.g., 0.37 mm/ \/ d for
the mix plotted with green triangles). Since a nega-
tive intercept is not possible from a physical point of
view, the intercept is fixed at zero in these cases (dot-
ted black line in Fig. 1b). For the prediction of long-
term carbonation usually only the carbonation rate is
considered. This means that the intercept is neglected
in the long-term and the carbonation depth at later
ages is calculated as:

dep() = ke /1 ©)

d., predicted carbonation depth at age t in mm, 7
duration of carbonation exposure in d, k. carbonation
rate in mm/ \/ t

2) The original best fit line from the first year’s
measurements including the intercept b is used to pre-
dict later age carbonation depth:

d., =k, Vi+b 2)

Results for positive and negative intercepts are
plotted separately.

3) Carbonation rates are calculated from sin-
gle measurements after alternatively 365+10 d
(approach 3a) or 140+10 d (approach 3b) and car-
bonation depths at later ages are predicted according
to Eq. (1)

carbonation depth in mm

Fig. 2 Time-dependent statistical evaluation of the accuracy »
of different methods to determine the carbonation rate (Boxes:
25-75% range, squares: average, horizontal lines: median,
whiskers: twofold standard deviation, diamonds: potential out-
liers, n: number of measurements)

The database contains long-term results up to an
age of 6559 d (18 a). In order to determine the accu-
racy of the estimation in the course of time, all data-
sets with at least two years duration were collected
and the results were grouped according to testing age.
The carbonation depths at the respective measuring
times were estimated according to the approaches 1)
to 3) as described above. The error is then calculated
according to Eq. (3).

€= dc,p - dc,m 3)

where d_ ,, is the measured carbonation depth in mm.

Figure 2 shows the statistical evaluation of the
errors in carbonation depths for different carbona-
tion times (regardless of the mixture composition). In
this graph, only indoor data (room climate) for natu-
ral carbonation were considered. The number of data
points is quite different for the different testing times
and in some cases, it can be questioned whether the
data are representative, because of the limited amount
of results. Despite this problem some trends are vis-
ible: All three approaches used in this study tend to
overestimate carbonation depths at later ages. As
expected, the errors increase with time, as the rate
is calculated with an error and the rate gets magni-
fied by the multiplication with \/ t. The highest errors
can be found for the prediction based on a single
measurement after about 140 d (approach 3b), from

carbonation depth in mm

® | 7\

(=] D

6 6 4— do= 0.372t + 0.837
R? = 0.93
> =),
4 do = 0.383t + 0.011 R2 = 0.95
f R? = 0.97 )
2 9
>l d.= 0.311\t — 0.375

0 R? = 0.96

0 7 28 9 180 365 730 0 7 28 90 180 365 730

carbonation time ind

carbonation time ind

Fig. 1 Determination of carbonation rate: (a) ideal example of best fit; (b) best fit with intercept [56]
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error of prediction in mm
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error of 5 year prediction in mm
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Fig. 3 Influence of the number of measuring times on the
error of the prediction after five years of carbonation (Boxes:
25-75% range, squares: average, horizontal lines: median,
whiskers: twofold standard deviation, diamonds: potential out-
liers, n=113)

which it can be concluded that this testing period is
too short and not preferable for estimating later-age
carbonation depths. Approach 2 also results in quite
high errors, if the intercept is negative (right figure).
Hence it is reasonable to correct the fit to =0 mm in
these cases, as it was carried out in approach 1.

The first approach gives the smallest errors and
will be used for further analysis. It should be noted
that even with this method, the error variation is sig-
nificant. The prediction based on one year’s results is
on average quite good, but for specific datasets, the
discrepancies can be quite high (errors of prediction
up to+ 8 mm are observed after 5 years of exposure).

The specific testing regimes differ consider-
ably within the database. In some cases, only very
few measurements were performed, in other refer-
ences up to 10 carbonation times were tested within
the first year. To determine how many measurement
times are appropriate to predict the carbonation
rate in a reliable way, the available data until about
5 years (1825 + 180 d) of exposure were chosen as an
exemplary data set. From this data-set, only the tests
with at least 6 measurement times within the first
year were selected (n=113). For each of these tests,
the best fit line was calculated using 1 to 6 measure-
ment times, starting at about one year and gradually
including earlier test ages. The error of the prediction

was calculated as described above and the results are
shown in Fig. 3.

The best approximation of the measured values
is found for four testing times between 56 and 365
d. Including data for shorter carbonation times does
not lead to a better prognosis, but rather seems to
be counterproductive. A reason for this could be the
higher inaccuracy of the measurement at low carbon-
ation depths. Nevertheless, all measurements were
considered to be consistent with and comparable to
previous studies.

For accelerated carbonation, the testing times are
shorter; nevertheless, the carbonation rate was deter-
mined in the same way, i.e., according to approach 1.
Some authors only tested one point in time. In these
cases, the intercept was assumed to be zero. The cal-
culated carbonation rates are included in the elec-
tronic supplement.

3 Natural carbonation

3.1 Effect of w/CaO
climate

Leactive O11 carbonation in indoor

Leemann et al. established a correlation between the
ratio w/CaO,,y. and the carbonation rate of blended
cement mortars and concretes [31, 32]. In this ratio, w
is the mass of water in the mix, and CaO,,,. is the
mass of CaO in the binder that is able to react with
the water to form hydration products. The effect of
w on the carbonation rate derives from the fact that
the water/binder ratio determines the porosity and
thereby the diffusion coefficient of CO, in cementi-
tious materials. The inverse relationship between
CaO,.,ive and carbonation rate can be understood by
considering that a higher volume fraction of hydra-
tion products in a material causes a higher CO, bind-
ing capacity of the material and, thus, a slower pro-
gress of the carbonation front. In their first study [31],
Leemann and co-workers calculated CaO,., ;.. by
subtracting the CaO in the limestone powder (CaCOy3)
of the employed cements from the total CaO in the
binder, while no correction was made for CaO in
unreactive phases that might be present in the fly ash
in a CEM II/B-M (V-LL) and the GGBS in a CEM
III/B. In their subsequent work [32], in which sev-
eral GGBS-containing cements and two fly ash-con-
taining cement were studied, the same approach was
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followed, i.e., only the CaO in limestone was sub-
tracted from the total CaO to obtain CaO, ., ve-

For the present evaluation, the reactive CaO was
calculated according to Eq. (4),

CaO = €0, ~CaOcyc03 init=Ca0cus0s  (4)

reactive

where CaO,,, is the total amount of CaO in the
binder, CaO¢,c03 jni; 1S the CaO in the limestone pow-
der (CaCO;) of the binder, and CaOg,g, is the CaO
in the sulfate carrier (gypsum, hemihydrate, anhy-
drite) of the binder.

Equation (4) assumes that CaO contained in lime-
stone as well as CaO contained in the sulfate carrier
of the cements do not participate in CO, binding in
the hydrated cements. CaO in the limestone of the
cements can be assumed to react to form monocar-
boaluminate and/or hemicarboaluminate (and to
remain partly unreacted at high substitution rates)
during hydration [57, 58]. On carbonation, mono-
carboaluminate and hemicarboaluminate eventually
yield calcite [59] and thus do not contribute to addi-
tional binding of atmospheric CO,. The sulfate car-
rier is mainly consumed by formation of ettringite
and/or monosulfoaluminate during cement hydration
[60]; when monosulfoaluminate is carbonated, more
ettringite is formed [59]. At advanced stages of car-
bonation, the ettringite decomposes, with the released
sulfate anions eventually precipitating as calcium
sulfate (gypsum or hemihydrate) [59, 61]. Thus, the
above assumption that CaO in limestone and the sul-
fate carrier does not contribute to CO, binding, and
thus is not included in the calculation of CaO
is justified.

An additional assumption, implicitly contained in
Eq. (4), is that all CaO contained in the SCMs (i.e.,
not in limestone or the sulfate carrier) in the cements
is available to form hydration products. This assump-
tion may not be fully accurate, as inert Ca-bearing
phases can be present in SCMs. For example, GGBS
may contain merwinite and/or gehlenite, and fly ashes
may contain anorthite. However, the fraction of inert
Ca-phases in GGBS and siliceous fly ashes is gener-
ally low, while virtually all of the CaO in these mate-
rials is in their reactive glassy phase [60]; thus, the
error introduced by not excluding the CaO in inert
phases from CaO,,,... 1S likely very minor for most
GGBS- and hard coal fly ash-blended cements. For
cements with other SCMs, such as calcined clays,

reactive’

natural pozzolans or lignite fly ashes, which may con-
tain considerable amounts of inert Ca-bearing phases
such as feldspars, augite or gehlenite, respectively,
the error may be more significant in some cases, i.e.,
the ratio w/CaOy,ve calculated with Eq. (4), may
be significantly lower than the value that would be
obtained with a more accurate estimate of CaO,., e
The calculation of the latter value would require
knowledge of the abundances of the inert phases in
all SCMs of a cement; however, in the majority of
published studies, these were not reported.

Figure 4 shows the results for the different binder
types tested under laboratory conditions at 20 °C and
60-65% RH. For most binders the carbonation rates
after 2 d of curing are higher than the average line
for 7 d curing, indicating that the hydration degree
at the beginning of the carbonation test was too low
and negatively impacted the carbonation resistance.
Most results for 3 and 4 d of curing fall in the range
of the 7 d curing results. All binder types show the
expected trend towards increasing carbonation rates
with increasing w/CaO,.,.ve> though the scatter of the
data is quite high. Figure 5 shows the overall trend
for all binders combined. The difference between the
binder types is relatively small.

The correlation could possibly be improved by
considering unreacted CaO in the SCMs and the
cement clinker (degree of hydration). However, this
information is not available in most cases. It has to
be considered that repeatability and reproducibility of
the test itself contribute to the scatter (see [51] and
Sect. 2).

3.2 Correlation between carbonation and binder
content

Previous studies have indicated that the binder con-
tent of concretes (or mortars) has no systematic effect
on the carbonation resistance of the materials, or
that carbonation rate may even slightly increase with
increasing binder content [55, 62, 63]. Nevertheless,
the binder content was investigated as an influenc-
ing factor, since mixes with higher binder contents
may offer a higher CO, buffer capacity. It is impor-
tant to remark that the present analysis predominantly
involves concrete mixes, with only a limited focus on
mortar mixes.

A first analysis of mixes exposed to a natu-
ral indoor (controlled) environment showed no
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carbonation rate in mm/\d
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Fig. 4 Carbonation rate vs. w/CaO,,.ive
times. The best fit line and 95% range apply for 7 d curing

significant relation between the binder content (in the
range of 232-600 kg/m?) and the corresponding natu-
ral carbonation rates (see Fig. S1 in the Supplemen-
tary Material). This is not surprising, since multiple
influential factors such as binder type, w/b ratio and
curing conditions are not considered in this analysis.
Consequently, the data were grouped in clusters
based on the types of SCMs incorporated into the
binder system (Fig. S2). This considered both the
type of SCM blended into the cement and those added
directly to the concrete mix. For example, mixes were
assigned to the cluster “GGBS” when they were pro-
duced with concrete contained blast furnace slag
cement (e.g., CEM III/B) or when GGBS was added

carbonation rate in mm/Vd
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for natural carbonation at 20 °C and 60-65% RH for different binder types and curing

to the concrete separately from the cement. The clus-
ters can be classified in four main groups, namely
those involving (i) GGBS, (ii) sFA, (iii) metakaolin
and calcined clays of different kinds (MK and CC),
and (iv) limestone powder (L). Several mixes con-
tained more than one type of SCM, making them
part of two of these main groups. The analysis only
addresses SCMs with data availability across multiple
binder content ranges and at least two independent
data sources. Minor comments are made for the other
SCMs, which are silica fume, natural pozzolan, cal-
careous fly ash, Linz-Donawitz (LD) slag and burnt
oil shale, but no conclusive analyses for those cases
are possible because lack of data. Section 8 explores
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Fig. 5 Carbonation rate vs. w/CaO .. ive
best fit line and 95% range apply for 7 d curing

the effects of the SCM type and a method to address
these in the global parameter CaO,,,. content.

Due to the different nature of the SCMs, the ranges
of the replacement ratios of the SCMs incorporated in
the mixes are different, but for each of them relatively
independent from the total binder content of the con-
crete mixes. In general terms, binder systems contain-
ing GGBS have replacement ratios in the majority of
the cases ranging from 30-75%. In contrast, the most
observed replacement levels for L, sFA, and MK &
CC are 15-30%, 20-50%, and 10-35%, respectively.
When combinations of SCMs are used, the result-
ing ranges fall intermediate to those of the individual
composing SCMs. This variance in SCM content has
an obvious impact on the alkaline reserve of concrete
and affects the carbonation resistance of concrete.

Figure 6 shows the carbonation rates of concretes
versus binder content for the different SCM types,
and Fig. 7 presents a similar analysis with the more
limited data for the mortar mixes. No clear trends can
be observed in the figures, due to the effects of multi-
ple factors which add up to the effects of the content
and type of binder on the carbonation rate. The pre-
sent data thus confirms that for the cement and SCM
types under consideration, the binder content is, on
its own, a poor predictor of the carbonation rate of
concrete.

for natural carbonation at 20 °C and 60—-65% RH for all binder types and curing times. The

The binder content of concrete or mortar can also
be expressed as aggregate to binder (a/b) volume
ratio. To calculate this ratio, an air content of 2%
(e.g., as indicated in ACI 211 for conventional con-
crete when maximum aggregate size is 20 mm) was
assumed for all mixes and the volume of admixtures
neglected in the present analysis. When only consid-
ering the natural (controlled) indoor exposure, a/b
ratios ranged from 2.54 to 9.45. The SCM clusters
described above were again considered to distinguish
potential trends for the natural carbonation coefficient
as a function of the a/b ratio (Fig. 8). For CEM I and
sFA, an increase of carbonation rate with a/b might
be discerned; however, the scatter of the data is large,
and thus no significant correlation can be deduced
from the data. For all other clusters, the data does not
indicate a relationship between carbonation rate and
a/b. Thus, the present analysis, which used natural
indoor carbonation data, confirms and extends the
previous studies [62, 63], which were based on accel-
erated carbonation testing.

3.3 Correlation between carbonation and
compressive strength

Figure 9 shows the distribution of the replacement
levels of Portland cement (SCM content) versus
compressive strength, categorized according to the
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Fig. 6 Natural carbonation rate as a function of the binder content range for the various clusters including: (a) GGBS; (b) sFA; (¢)

MK and CC; (d) L in concrete mixes

different SCMs as in Sect. 3.2. Interestingly, com-
paratively high SCM contents were reported not only
for the lowest compressive strength but for compres-
sive strengths of 50-60 MPa and higher values too.
This group comprises almost exclusively mixes from
GGBS clusters, and a few cases from sFA clusters.
From a sustainability and material efficiency stand-
point, this suggests that concrete mixes with com-
pressive strength levels below 40 MPa are not fully
utilizing the hydraulic activity of CEM I. Sometimes,
performance requirements in terms of workability or

durability may limit the maximum content of some
particularly challenging SCMs. However, for many
other cases, opting for higher SCM content ratios
than those mostly reported in the literature could be
beneficial. This approach could leverage the proper-
ties of SCMs more effectively, contributing to the
development of more sustainable and efficient con-
crete mixes.

The effects of the investigated SCMs on the natural
carbonation rate reveal several insights when exam-
ined in function of the corresponding compressive
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strength (Fig. 10). For GGBS, sFA and L, there is a
trend of decreasing carbonation rates with increasing
compressive strength. The same trend may be dis-
cerned for MK and CC, although in this case the rela-
tionship is less clear. The general correlation between
carbonation rate and compressive strength can be
easily rationalized by considering that higher SCM
contents lead to a higher w/CaO,.,;,. and, thus, to a
higher carbonation rate (Sect. 3.1), while at the same
time higher SCM contents can also be expected to
cause lower compressive strength. However, the latter
relation is not universally true (Fig. 9), which partly
explains the considerable scatter of the data and the
fact that the correlation between carbonation rate and
compressive strength is not significant. On the other
hand, it is clear that a higher water content leads to
a higher w/CaO,.,;,. and thus to a higher carbona-
tion rate, while it also results in a lower compressive
strength.

As mentioned above, the plot for MK and CC
(Fig. 10c) does not exhibit a clear correlation between
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Fig. 8 Natural carbonation rate (indoor, controlled) versus a/b ratio
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Fig. 9 SCM content versus compressive strength level (28 d strength, 150 mm cubes) Note: For better clarity, the clusters with less

than 7 mixes were neglected

carbonation rate and compressive strength. This can be
partly assigned to the fact that less data are available
in the present database for concretes and mortars with
MK and CC. In addition, it is well-known that MK and
different CCs differ widely regarding their contribu-
tion to compressive strength as well as their influence
on the durability parameters of the resulting materials
(see, e.g., [37]), which likely also contributes to the
considerable scatter and the absence of a clear trend.
When we think of w/CaO,,,.v. as the parameter
that controls the carbonation resistance, then the
analyses from Sects. 3.1 and 3.2 can be conveniently
combined with clustering based on the w/CaO, ;e
parameter. Unfortunately, the dataset is not balanced,
and the MK and CC are not well represented. There-
fore, the joint analyses of w/CaO,,,;,. along with
the total binder content or strength class excludes
data for MK and CC, i.e., all clusters mentioned in
Figs. 6 and (Fig. 10(c)). along with the other clus-
ters with limited data (i.e. silica fume, natural poz-
zolan, calcareous fly ash, Linz-Donawitz (LD) slag
and calcined burnt oil shale). Figure 11 shows cor-
responding plots to those presented earlier: natural
carbonation rate versus (a) total binder content or (b)
compressive strength, but with the clustering based
on the w/CaO,.,. . (value intervals of 0.1 within
the range [0.6-2.0]), instead of the type of SCM.
Since the binder provides the buffering capacity in

concrete and the water is the main driver for poros-
ity, w/CaO,,.ive 15 Telated to the total binder content
and the compressive strength correspondingly. Nev-
ertheless, it is interesting to see to what extent the
total binder content and strength class can be fully
encompassed by the w/CaO,,. value.

In the ranges for which most data are available,
201-300 and 301-400 kg/m? for the total binder con-
tent (Fig. 11a), the natural carbonation rate increases
as the w/CaO,,,.v. increases. In addition, for a given
w/CaO,,ive Value data suggests that carbonation rate
does not change significantly when the total binder
content increases from the range 201-300 kg/m’ to
the range 301-400 kg/m>. It could be assumed that
the trend maintains for higher total binder contents,
but the data are not sufficient to support this state-
ment. Therefore, at least for the case of GGBS, sFA,
L, and CEM I, the dominant influence of the total
binder content on carbonation rate seems to be lim-
ited to the provision of CaO,,,. in concrete.

In Fig. 11b the lack of data for higher strength val-
ues is logical since only low mixing water contents are
possible for such strength classes (i.e., high w/CaO-
reactive are incompatible with high strength classes). For
a given compressive strength class, the carbonation
rate increases as W/CaO,.,. . Increases (Fig. 11b).
However, for a given w/CaO,,,... value the carbona-
tion rate consistently decreases as the compressive



Materials and Structures (2024) 57:206

Page 13 0of 33 206

natural carbonation rate in mm/Vd

natural carbonation rate in mm/Vd

.| a) GGBS Cluster b) sFA | Cluster
0.64 ° mm CEMI 0.6 B CEMI
R ° Il GGBS-sFA I GGBS-sFA
B GGBS 3 sFA
0.5 . . BN GGBS-1P 051% SFA-SF
. @ GGBS-cFA o 3 sFA-L
0.4 1 I GGBS-sFA-SF| 0.4t I GGBS-sFA-SF
Em GGBS-L [ sFA-cFA
0.3 1 . 0.34 . -
° o
)
0.2 . 0.24 )
. Lt X : ! é ) )
041 N i 0,1 -3 1 @ ?:
° L]
0.0 ‘ l 0.0 ® i ‘
T T T T T T T T T T T T T T T T
20- 30- 40- 50- 60- 70- 80- 90- 20- 30- 40- 50- 60- 70- 80- 90-
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100

compressive strength in MPa

natural carbonation rate in mm/Vd

compressive strengthin MPa

natural carbonation rate in mm/Vd

c)MKandCC | Cluster | dL | Cluster
06 BN CEM | 0.6 B CEMI|
=3 MK o < 3 sFA-L
=3 L-MK L
0.5 . == CC (K) 0.5 . . B GGBS-L
B CC () =3 L-MK
044 é [ CC(I)-L 0.4 v é E= CC ()L
= cC-L . = T-L
0.3 . 0.3 I Em ccL
0.24 0.2
0.1 § ) 0.1 . é
o °
0.0 i ! 0.0 i '
T T T T T T T T T T T T T T T T
20- 30- 40- 50- 60- 70- 80- 90- 20- 30- 40- 50- 60- 70- 80- 90-
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100

compressive strengthin MPa

compressive strengthin MPa

Fig. 10 Natural carbonation rate versus range of compressive strength (28 d, 150 mm cubes) for the various clusters: (a) GGBS; (b)

sFA; (¢) MK and CC; (d) L

strength increases from 20 to 60 MPa. It is unclear
whether this is due to the non-linear correspondence
between porosity and compressive strength or to some
other factors affecting the natural carbonation rate that
are not fully captured by the w/CaO,

reactive*

4 Correlation between natural and accelerated
carbonation

In accelerated carbonation testing, concrete or mor-
tar specimens are exposed to an atmosphere with a
CO, concentration that is higher than the natural CO,
concentration in air (~0.04%). This serves to acceler-
ate the carbonation of the cement matrix and obtain
carbonation coefficients in a shorter time period than
what is possible with natural carbonation testing.
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for clusters based on w/CaO,,ive

Because of the increased CO, concentration in
accelerated testing, the measured carbonation rates
differ from the rates that would be determined for
the same material under natural conditions. Thus, the
rates need to be converted to obtain an estimate of the
natural carbonation rates. This is often done with the
square-root-of-time law, which is based on Fick’s first
law of diffusion [55, 64-66]:

¢,nat cCOZ,nat

&)

c,acc CCOZ,acc

where k_ ., is the carbonation rate at the natural CO,
concentration Ceoy y» and ke . is the carbonation rate
measured at the increased CO, concentration ceop yec-

For example, inserting 0.04% for ccop,, and
1% for coopace YiElds ke palkeace=V/(0.04/1)=0.
2. Strictly, the equation is only applicable when a
similar microstructure and water saturation degree is
achieved before exposure (referring to similar curing
and preconditioning conditions) and when exposure
conditions such as relative humidity and temperature
are the same in both accelerated and natural carbona-

tion testing. Some previous studies obtained data
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supporting at least an approximate validity of Eq. (5)
for blended cement concretes and mortars [33, 66],
while significant deviations between predicted and
measured natural carbonation rates have been noted
in other studies of such materials [31, 55, 67, 68] as
well as low-Ca alkali-activated concretes [69], gen-
erally indicating lower predicted natural carbonation
rates based on accelerated carbonation testing than
rates measured at natural CO, concentration.

For the present analysis, carbonation rates
obtained under accelerated conditions were con-
verted to a predicted natural carbonation rate
through Eq. (5), assuming a natural CO, concen-
tration of 0.04%. The values thus obtained were
then compared to carbonation rates obtained under
natural conditions for the same materials (Fig. 12).
The natural carbonation rates of Durin-Herrera
et al. [17] were determined in an “industrial envi-
ronment” with the CO, concentration given as
“0.02-0.09%”. The present analysis indicates that
the CO, concentrations in that study were, on aver-
age, significantly higher than 0.04%, and thus the
application of Eq. (5) with ¢¢gy o =0.04% to trans-
form their accelerated (4% CO,) carbonation rates
yields predicted natural carbonation rates that are
considerably lower than the rates determined under
natural conditions. Using ccoppy=0.09% to cal-
culate predicted natural carbonation rates from
the accelerated carbonation data of Duran-Her-
rera et al. [17] yields predicted rates in the range
0.10-0.15 mm/\/d; i.e., the data would plot close
to the lower boundary of the other data in Fig. 12.
Nevertheless, as it is not known what the actual CO,
concentration during the experiments of Duridn-Her-
rera et al. was, it cannot be decided whether the lat-
ter plot corresponds better to the actual experimen-
tal conditions, and thus the data by Duran-Herrera
et al. will be excluded from the following analyses.

However, also when ignoring the data by Duréan-
Herrera et al., it is apparent from Fig. 12 that the car-
bonation rates predicted from testing under acceler-
ated conditions tended to be lower than the measured
natural carbonation rates for k,.>0.2 mm/ \/ d, and
this trend became more pronounced with increasing
kc,nat'

The example of Duridn-Herrera et al. demonstrates
that carbonation testing under outdoor natural con-
ditions is subject to more significant uncertainties
than indoor testing under more strictly controlled

conditions. To exclude extreme cases, Fig. 13 shows
plots of the predicted natural carbonation rates versus
measured natural carbonation rates only for the cases
in which natural carbonation was conducted indoors.
It was also checked whether the curing regime was
similar for accelerated and natural indoor carbona-
tion, which was not the case in 7 out of the 121 data-
points. This different curing seemed not to result in
a significantly deviating relation between accelerated
and natural carbonation, compared to equal curing
prior to exposure (Fig. 13b). The plots in Fig. 13 are
in accordance with the trend observed in Fig. 12 i e,
the predicted natural carbonation rates were lower
than the measured natural carbonation rates, and the
absolute difference between these values increased
with increasing k... For accelerated carbonation
testing at 1% CO,, which is widely used and stipu-
lated in standards for carbonation resistance testing
(e.g., EN 13925), the number of available datapoints
in the present database is comparatively low, and
thus the trend was not as clearly apparent in the data
(Fig. S3). Nevertheless, taken together, the results of
the present analysis indicate that carbonation rates
obtained under accelerated conditions are generally
too low to accurately predict natural carbonation rates
through application of the square-root-of-time law
(Eq. (5)).

This observation is consistent with other prac-
tices and literature data. In the French national pro-
ject PerfDuB [70], a good linear correlation was
found between the experimental carbonation rates
obtained under accelerated conditions (3% CO,)
and those obtained under natural conditions for a
number of different concretes. A correlation fac-
tor of k. /k..cc=0.16 was obtained. Thus, com-
pared to the theoretical factor according to Eq. (5),
ke nadkeacc=0.12, the experimental correlation fac-
tor was considerably higher. The difference between
the two values was partly explained by the difference
between the relative humidities applied under the dif-
ferent testing conditions (50 + 5% for natural carbona-
tion, and 65% for accelerated carbonation). In order
to take this discrepancy into account, an empirical
model relating the carbonation rate to the relative
humidity was used (see details in [70]), and a new
theoretical factor was estimated at k. /k. ,..=0.13,
which remains lower than the experimental corre-
lation factor. Similarly, Swiss standard SIA 262-1
proposes a factor of 2.6 to convert accelerated
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Fig. 13 Comparison of carbonation rates predicted using
Eq. (5) and ¢y =0.04% from accelerated carbonation test-
ing (CO, concentrations in the range 0.3—4%, as indicated in
the legend), and measured carbonation rates determined under

stipulated in SIA 262-1 appears to be based on meas-
urements at natural CO, concentration and at 4% CO,
respectively. The yielded carbonation rates obtained
at natural CO, concentration were on average 1.36
times higher than carbonation rates computed from
measurements at 4% CO, [71]. Finally, also the round
robin on natural and accelerated carbonation testing,
performed in the framework of RILEM TC 281-CCC
[51, 52], revealed a similar behaviour, showing that
the natural carbonation rate was underestimated by
the accelerated carbonation rate (Table 2).

In addition to differentiating the data by CO, con-
centration or curing conditions (Fig. 13), also the
binder type (Fig. 14) and w/b ratio (Fig. 15) was con-
sidered. Analogous to the previous figures, Figs. 14
and 16 only show the data related to indoor exposure.
The majority of the different binder types available in
the database approximately behave according to the
expected relation based on Fick’s first law (Fig. 14a).
For GGBS, with k,, extending to~0.5 mm//d, a
larger deviation of the relation between accelerated
and natural carbonation from the line of equality can
be observed (Fig. 14b). With respect to the w/b ratio,
plotted in Fig. 15, no clear trend can be observed,
except for the carbonation rates of materials with
w/b=0.45-0.50 and those with the highest w/b ratio
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Table 2 Ratio between natural and accelerated carbonation rates determined according to different international standards, com-
pared to the theoretical ratio expected from Eq. 5 (data from [52])

Standard EN 13295 fib EN 12390-12 BSI 1881-210 SIA 262/1 LNEC E391 GB/T50082
CO, concentration 1% 2% 3% 4% 4% 5% 20%
theoretical k_ /K. yec- 0.20 0.14 0.12 0.10 0.10 0.09 0.04
Mortar, indoor 0.26 0.17 0.16 0.28 0.10 0.11 0.11
exposure
Mortar, sheltered 0.31 0.20 0.19 0.34 0.12 0.13 0.13
outdoor exposure
Concrete, indoor 0.27 0.22 0.15 n.d 0.13 0.10 n.d
exposure
Concrete, sheltered 0.33 0.27 0.19 n.d 0.17 0.13 n.d

outdoor exposure
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Fig. 14 Comparison of carbonation rates predicted using
Eq. (5) and ccqp g =0.04% from accelerated carbonation test-
ing (CO, concentrations in the range 0.3-4%), and measured

of 0.65, which deviate most from the expected theo-
retical relation. However, as these datapoints origi-
nate from only a few different studies, the plot and the
former deviation might be biased.

Another way to examine whether there is a ten-
dency of accelerated carbonation testing to yield pre-
dictions of natural carbonation rates that deviate from
the carbonation rates obtained under natural condi-
tions is to plot these rates together versus w/CaO .. ive
(Fig. 16a). The available data are in accordance with
the above conclusion; namely, for all w/CaO .,
ratios higher than~ 1.1 (corresponding approximately

natural carbonation rate precicted from k. ... in mm/vd
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carbonation rates determined under indoor natural conditions
for different binder types: a): CEM I and binders with sFA, L,
T, CC, MK and SWS; b): binders with GGBS

to k.>0.2 mm/ \/ d), the carbonation rates pre-
dicted from accelerated testing, using Eq. (5) and
Ccozna=0.04%, tended to be lower than the meas-
ured natural carbonation rates. Notably, this trend is
also clearly visible when plotting only the carbona-
tion rates predicted from testing at 1% CO, together
with the natural carbonation rates (Fig. 16b).

Possible reasons for deviations between the behav-
iour of concrete and mortar during natural and accel-
erated carbonation, particularly for high w/CaO-
reactives 1-€-» for high water/binder ratios and/or high
fractions of SCMs in the binder, have been reviewed



206 Page 18 of 33

Materials and Structures (2024) 57:206

natural carbonation rate predicted from k accin mm/Nd

equality
& w/hb<040
0519 a 040<whb<045
o 0.45<wlb <050
04 4| © 080swhb<055
' - 055<w/b <060 .
X 0.60 <w/b <0.65 X °
o
034 v whb=065 —= 5 oy
o9 v
o X 3%_35 ° ® ¥
X X o " w
° A ® .
0.2 Dgggﬁ* =7 4o
b =) °
gw%é"
d [
0.1 +—F% =% £
%
ao -
o o9
0 0.1 02 03 04 05 06

Ke,natin mm/Vd

Fig. 15 Comparison of carbonation rates predicted using
Eq. (5) and ¢y =0.04% from accelerated carbonation test-
ing (CO, concentrations in the range 0.3-4%), and measured
carbonation rates determined under indoor natural conditions
for different w/b ratios
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Fig. 16 Predicted and measured natural carbonation rates
vs. w/CaO,,iv.. Grey empty circles represent data obtained
under indoor natural conditions, and filled circles represent
carbonation rates predicted from accelerated testing (left:
CO, concentrations in the range 0.3—-10%, right: data for 1%
CO,) and application of Eq. (5) with ccg 4, =0.04%. Note:
The datapoint at (1.036; 0.667 mm/\/d) has been obtained

and discussed in a previous report by the present
TC [55]. This review has highlighted that the phase
assemblages and the chemical compositions of the
pore solutions of OPC-based concretes and concretes
with SCMs differ considerably, and that this has an
influence on their carbonation rates. For example,
aluminium provided by SCMs and incorporated into
the C-A-S-H gel appears to alter the carbonation
behaviour of that phase, compared to (virtually) Al-
free C-S—H. It may be assumed that the magnitude of
this effect may vary depending on CO, concentration,
and thus may lead to different carbonation behaviour
of concretes produced with and without SCMs at
different CO, concentrations. In addition, while car-
bonation of OPC-based materials generally leads to
densification of their microstructure, the carbonation
of concretes with SCMs often leads to pore coarsen-
ing. Again, it might be conjectured that the strength
of this effect could vary with CO, concentration,
which would possibly provide an explanation for the
observed deviations between the behaviour of con-
cretes with low and high w/CaO at different CO,

reactive

natural carbonation rate k. in mm/Vd
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for a concrete produced from an OPC which was apparently
highly pre-hydrated and a GGBS with an untypical mineralogi-
cal composition, with a comparatively low 28-day strength of
16.3 MPa and massive strength deterioration during acceler-
ated carbonation [1]; it is thus not representative of concretes
as usually applied in civil engineering
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concentrations. Additional peculiarities of materials
with SCMs that may be connected to the observed
deviations concern the rate of carbonation of
C—(A-)S-H, the relative amounts of CaCO; formed
from C-(A-)S-H and portlandite, respectively, and
precipitation of the different polymorphs of CaCO;
[55] as well as possible effects of the water produced
by carbonation of portlandite and C—(A—)S-H [67].

5 Effect of curing on carbonation under natural
and accelerated conditions

It is well known that curing affects carbonation
[55], and its effect is widely discussed in the litera-
ture. Saillio, [72] as well as Gruyaert et al. [22] and
Bertin [73] showed that increasing the curing time
slows down the subsequent kinetics of carbonation.
The intensity of this effect depends on the type of
the SCM used in the binder. This decrease in car-
bonation kinetics can be explained by the increase
in the degree of hydration which increases the quan-
tity of phases that are amenable to carbonation and
decreases the diffusion coefficient of CO, in the
material. Roziere [74] showed that curing through
storage in water for 28 days led to significantly
higher carbonation resistances than leaving the
samples in formwork for the same period of time.
Buenfeld et al. [75] showed in their investigations
of concretes aged for 120 days that the effect of
the types of curing regime on the durability prop-
erties is significantly lower compared to the dura-
tion of curing. The present database was therefore
used to analyse the effect of the curing duration on
carbonation. Of the 1044 data sets in which system-
atic information on curing was available, the curing
duration of 7 d was the most frequently represented
with 727 data sets. In addition, dataon 1d, 2d, 3 d,
4 d as well as longer curing times of up to 112 d are
available. Since 7 d curing was the most frequent,
it was chosen as the reference curing period. In
Sect. 3.1, Figs. 4 and 5 already confirm that curing
for less than 7 days leads to significantly higher car-
bonation rates probably due to higher porosity in a
less mature structure.

Figure 17 shows the relative carbonation coef-
ficient versus the curing duration for mixes with
different compositions under natural carbonation.
Here, the effect of curing on natural carbonation

seems to present some dependency on the type of
binder: the effect of curing on mixes having higher
SCM and lower clinker content results in faster car-
bonation rates.

The effect of curing duration is shown in Fig. 18
for the concrete compositions with CEM III car-
bonated under natural and accelerated conditions.
Note that the effect of increased curing duration is
significantly more pronounced under accelerated
conditions compared to the natural ones. Figure 19
displays the effect of curing for concrete mixes with
CEM I under natural outdoor conditions. Both best
fit up to one year and best fit for longterm (here
13 years) were compared. Longer exposure times
obviously led to an increased influence of curing
time (doted lines in Fig. 19).

Thus, the curing duration, particularly for cur-
ing times up to 7 days, has a decisive effect on the
progress of carbonation over time. The data ana-
lyis showed that the the effect of curing strongly
depends on the carbonation conditions and is less
pronounced for natural carbonation. A very long
curing time could therefore even compensate for a
strong reduction in the clinker content, but current
construction practices and standards leave few pos-
sibilities to exploit this potential.

6 Effect of relative humidity
during pre-conditioning on carbonation

The pore structure and in particular its degree of satu-
ration influences the progress of carbonation [76]. It
is therefore expected that the outer relative humidity
during pre-conditioning and its duration also affect
the carbonation rate as it affects the evolution of the
microstructure. However, since only a few studies are
available in the database, a systematic evaluation is
difficult.

In several accelerated carbonation standards like
EN 12390-12, no criteria are specified for relative
humidity during pre-conditioning. The new French
standard for accelerated carbonation XP P18-458
requires preconditioning in two stages. The first stage
consists of drying the samples at 45 °C for at least
14 days in order to reduce the saturation degree of the
studied mortar or concrete, thus increasing the car-
bonation kinetics. Then, there is a second step which
consists of storing at 20 °C and 65% RH for 7 days in
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Fig. 17 Relative carbona-
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order to cool the samples. More details on the devel-
opment of this preconditioning can be found in [70].
Forsdyke and Lees [77] evaluated the effect of pre-
conditioning on the rate of carbonation. Four different
curing regimes were applied. Specimens were either
cured under water or held in laboratory conditions
(an environment of 20+2 °C and 60+5% RH) for
14 days. Additionally, speciments were cured under
water or in laboratory conditions for 11 days and then
oven-dried (105 °C and low RH) for 3 days. Oven-
drying before carbonation led to slightly increased
carbonation rates for the water cured samples (less
than 1 mm difference). However, oven-drying on air-
cured samples led to lower carbonation rates. The

10 100
curing time ind

authors do not give a reason for this beaviour but refer
to further literature which shows the effect of oven-
drying on the alteration of the micro-structure of con-
crete. The high temperatures during oven precondi-
tioning, such as 105 °C used in this case, can remove
both free and physically bound water from concrete
(dehydration of gypsum begins around 80 °C and
decomposition of ettringite begins around 60 °C,
leading to chemical changes). Furthermore, since car-
bonation reactions take place in concrete pores and
rely on the presence of an optimal amount of pore
water, the RH during preconditioning may also alter
the carbonation behaviour of concrete.

To conclude, the relative humidity during precon-
ditioning also affects the carbonation rates and needs
to be further studied; there are not yet enough data in
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Fig. 19 Relative carbonation coefficient k. 4/k.74 versus
number of curing days for mixes with the same composition
exposed to natural carbonation (data from [35])

the database to systematically investigate the effect.
Here, systematic studies under an inert gas atmos-
phere to separate the effect of drying from carbona-
tion would be interesting, see also [78, 79].

natural carbonation rate k¢ in mm/Vd

0.7
0.6
05 afalate:
0.4 o Q
03— - ®Eg
t ﬂ-
A AK s .
02 Bkt :! S | Indoor 20 °C /65 % RH
g n u &m‘“! ©Indoor 20 °C / 60-65 % RH
01 L, 50 < Indoor20 °C /57 % RH
' A ﬁ w Alndoor20 °C /50 % RH
e ®indoor9.3°C /75 % RH
0
0.5 1.0 1.5 2. o

w/ caoreactlve

Fig. 20 Carbonation rate vs. w/CaO,,,. for indoor natural
carbonation at different temperatures and relative humidities
(RH)

7 Effect of relative humidity during carbonation
under natural and accelerated conditions

The relative humidity of the atmosphere during car-
bonation affects the degree of saturation of the pore
system of concretes and mortars with water (pore
solution). This, in turn, has an influence on the diffu-
sion of CO, into the concrete and the kinetics of the
reaction of CO, with the cement paste, and thus on
the rate of carbonation. Early work found that the pes-
simum RH, i.e., the RH at which the carbonation rate
is at its maximum, is~60% (e.g. [80]). A RH close to
this value has been stipulated in several standards on
carbonation resistance testing of cementitious materi-
als. However, it has been noted that the pore size dis-
tributions, and how these are altered during carbona-
tion, differ between Portland cement-based materials
and materials based on blended cements. Materi-
als with blended cements tend to have a finer pore
structure than those with CEM I and therefore have
a higher degree of saturation at the same RH [31,
79]. In addition, the various cement hydrates exhibit
different carbonation behaviour, and this behaviour
clearly depends on RH (for example, whether port-
landite is completely consumed during carbonation)
[61], while materials based on CEM I and blended
cements generally exhibit different relative abun-
dances of the major cement hydrates. Therefore, the
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relationship between RH and carbonation rate may be
different for the two classes of materials.

For natural carbonation testing performed indoors,
i.e., under controlled temperature and RH, most of
the measurements in the present database relate to
testing at 20 °C and 65% RH, while fewer data are
available for other conditions. A plot of the cor-
responding carbonation rates versus w/CaO.,qive
(Fig. 20) does not indicate a significant deviation of
the data obtained at 20 °C and RHs of 50%, 57%, and
60-65% (i.e., less strictly controlled) from the data
determined at 20 °C / 65% RH. Measurements per-
formed at 9.3 °C / 75% RH for concretes produced
with GGBS-containing cements [19] yielded consid-
erably lower carbonation rates than measurements at
20 °C / 50-65% RH (Fig. 20, Figs. S4 and S5). How-
ever, since in the latter dataset both the temperature
and the RH were significantly different from those in
the other measurements, and the effects of these two

parameters are difficult to disentangle without addi-
tional information 1 this dataset will be excluded from the further
)

analysis.

For the following comparison of the indoor car-
bonation rates with the outdoor carbonation rates,
an additional dataset, for which the report notes that
outdoor carbonation was conducted in an “industrial
environment” with CO, concentrations in the range
0.02-0.09% [17], was also excluded, as these condi-
tions gave unusually high carbonation rates, com-
pared to the rates that were obtained presumably at

! The carbonation rates obtained at 9.3 °C / 75% RH were
smaller than the rates determined at 20 °C / 50-65% RH by
a factor of approx. 0.5 (Supplementary Fig. S4). The diffusion
coefficients for the inter-diffusion of gases can be derived to be
proportional to 7", with 7 being the absolute temperature and n
in the range approx. 1.5-2.3, depending on the diffusing gases
and the assumptions made to derive the relationship [81, 82].
Taking the highest exponent, n=2.3, and ignoring any influ-
ence of RH for the sake of argument, the ratio of diffusivities
in the two sets of experiments is calculated to be (282.45 K)>3/
(293.15 K)**=0.92, which is considerably higher than the
observed ratio of the carbonation rates of ~0.5. This indicates
that the influence of temperature on the diffusion coefficients
in the two testing conditions cannot fully account for the dif-
ferences between the measured carbonation rates, and thus an
influence of RH exists. However, the above calculation is only
an estimate, and a quantitative evaluation of the relative impor-
tance of temperature and RH for the carbonation rates would
require a more detailed analysis.
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Fig. 21 Carbonation rate vs. w/CaO,,,. for natural carbona-
tion rates of concretes obtained indoor at 20 °C/50-65% RH,
outdoor sheltered (s.), and outdoor unsheltered (u.)

CO, concentrations of about 0.03-0.04% (Fig. S6; cf.
Section 4).

A plot of the remaining data (Fig. 21) shows that
the scatter of the outdoor data was higher than that of
the indoor data, and it indicates that outdoor testing,
particularly under unsheltered conditions, yielded
lower carbonation rates than indoor testing. This
observation holds true even when suspicious carbona-
tion rate data, i.e., carbonation experiments with an
intercept of the carbonation depth-versus-time data
(d, at t=0 d) larger than 2 mm or lower than —2 mm,
are removed from the analysis (Fig. S7). These find-
ings can be explained by the aforementioned obser-
vation that a pessimum RH around 60% exists [80],
which is close to the RH applied in indoor testing,
while the RH under outdoor conditions is often sig-
nificantly higher, and under unsheltered outdoor con-
ditions rainwater can contribute to the saturation of
the concrete pores [83—-86], leading to lower carbona-
tion rates.

For carbonation rates determined under acceler-
ated conditions, the present database contains only
data obtained at RH in the range of 55-70 %, dis-
tributed among several groups of measurements at
different CO, concentration. Thus, for each CO, con-
centration, only carbonation rates determined at one
or a few similar RH are available, and accordingly no
clear correlation between carbonation rate and RH in
accelerated carbonation testing could be identified in



Materials and Structures (2024) 57:206

Page 23 of 33 206

the present data (Fig. S8). The observed scatter of the
data for each of the CO, concentrations and RH used
in testing is likely caused, in part, by the differences
between the methods of curing and preconditioning,
as discussed in sections 5 and 6.

In summary, data that allow a systematic compar-
ison of the influence of RH on the carbonation rate
of a significant number of cementitious materials
under otherwise equivalent conditions appear not to
be available. Namely, in all examined studies, natu-
ral indoor testing was either performed at 20 °C and
a RH in the range 50-65% RH (mostly 65%), or at
a temperature that deviated significantly from stand-
ard conditions, while for accelerated testing only
a few data are available for each CO, concentration
and RH. Thus, the hypothesis that different pessimum
RHs exist for different binders cannot be examined
with the existing data. However, the present database
shows that testing under conditions as specified in
many standards (constantly~20 °C and~65% RH)
leads to more conservative (i.e., higher) carbonation
coefficients than testing under natural conditions with
varying temperature and RH, i.e., outdoor testing.

Finally, Sect. 7 highlights the need for systematic
studies on the effect of RH on the carbonation per-
formance of different blended cementitious systems
(having different degrees of saturation due to their
varying pore structure). Furthermore, it is noted that
the scatter of the measured carbonation rates was
higher for outdoor testing than for indoor testing.
Regular recording of the climatic parameters under
outdoor conditions is therefore essential to interpret
the measured carbonation rates correctly. In this con-
text, it is noted that Huy Vu et al. [86] already showed
that average climatic parameters do not fully explain
the differences between the carbonation rates of con-
cretes under real climate conditions in five different
countries. In addition, the authors found that the num-
ber of rainy days per year, rather than cumulative rain
(or average RH), is a suitable proxy for the effects of
saturation of concrete pores on the reduction of the
carbonation rate due to the alternate wetting and dry-
ing of the concrete surfaces. Furthermore, efforts
should be made to evaluate the effects of the hetero-
geneous distribution of the internal relative humid-
ity in concrete, governed by the presence of residual
water and water vapour diffusion in cementitious
materials, as highlighted by Steiner et al. [61].

8 Multiple variable analysis using probabilistic
inference and machine learning

In the preceding sections, we individually analysed
the primary factors impacting carbonation rates. In
this section, we aim to undertake a collective analy-
sis of all variables within the compiled dataset in two
distinct ways. Firstly, from a physics-based perspec-
tive, addressing critical inference questions (Sect. 8.1)
previously discussed separately; and secondly, from a
machine learning standpoint, exploring the efficacy
of estimating carbonation depth from these variables
(Sect. 8.2). The data underwent preprocessing using
state-of-the-art tools [87, 88] before any modelling
exercises. This process culminated in a tidy data table
[89] comprising 9359 rows and 39 columns, encom-
passing sample IDs, variables, and their measured
properties.

8.1 Probabilistic inference

The model we consider here involves two equations:
(i) Calculation of CaO,,,. contents through the
various binder components; (ii) Calculation of car-
bonation depth utilizing the outcomes of the former
equation. A Bayesian approach, employing Markov
chain Monte Carlo (MCMC) sampling via Stan, is
employed to fit the parameters in both equations at
once [90, 91]. The diagnostic potential scale reduc-
tion factor, R, consistently approached one, indicating
convergence of the MCMC chains.

In Sect. 3.1 the CaO,,,, content was estimated on
a sample basis, using the measured total CaO content
of the binder and excluding phases that do not con-
tribute to CO, binding (limestone and calcium sulfate
phases, see Eq. 4). In this section, the average and
standard deviation of the total CaO contents are cal-
culated for each of the different binder components,
the average is multiplied by 0.95 to account for the
fact that not all CaO is reactive, based on the calcula-
tions in Sect. 3.1, and the resulting numbers are used
to define normal prior distributions for the CaO,.,ive
weight percentages. An exception is made for SCM
type L, for which we assume that all CaO is non-
reactive. This enables us to estimate the CaO,.,ve
content when information on chemical composition is
missing. For this purpose, Eq. 6 is used:
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Caoreactive =C-W (6)

where C represents the predictor matrix contain-
ing the quantities of different binder components,
except SCM L, in kg/m?, while W denotes the vector
of weight percentages, serving as parameters in our
model, delineating the relative amounts of CaO
in each binder component.

Next, we estimate the carbonation depth d, through
Eq. 7 which relates the carbonation depth to the main
influencing parameters identified in previous sections:

reactive

- RH \° d

2. CaO ~f.1079778/T %)

where a, b, c,d, e, f, and g are inferred parameters, f,
is the compressive strength, RH is the relative humid-
ity during carbonation, [C02]0 the CO, is concentra-
tion at the surface, ¢ is the time, and T is the tempera-
ture (in Kelvin) during carbonation.

Most factors in this product represent expressions
that are often encountered in literature, for estimating
carbonation depth [92-94], while the exponential of
/. 1s representing an estimate of the diffusivity of CO,
(from CEB-FIP Model Code 1990, see e.g. [94, 95].),
and the exponential of the inverse of T is based on
the Arrhenius law, with 977 the ratio of the average
apparent activation energy of the range mentioned by
Li et al. [96] for concrete carbonation, to the universal
gas constant, converted to base 10.

While the square root of time law is often
assumed, deviations are observed (e.g. [94, 97]). To
account for this, a deviation from square root behav-
iour is allowed by employing a double exponential
prior distribution for parameters d, e, f, and g. This is
a regularizing probability distribution, as most of the
probability mass is concentrated around the square
root behaviour, while if there is clear evidence in the
data for deviations from square root behaviour, the
posterior can move towards the tails of the double
exponential prior. Gaussian priors centred at literature
values are used for b [94] and ¢ [93]. Additionally, a
Gaussian likelihood is used for the carbonation depth,
where the measurement error is modelled as a combi-
nation of two parts: an absolute and a relative error.
For the former, we use a normal prior with a mean of
zero and a standard deviation of 0.05, while for the
latter, both the mean and standard deviation are set to

reactive

0.5. Both prior distributions are truncated at zero, to
ensure that they remain positive.

This model aligns with the approach for predicting
the carbonation rate mentioned in Sect. 2 but allows
for deviations from the square root of time through
parameter e. It accounts for the impact of CaO, ;e
quantity studied in Sect. 3.1, estimated from the indi-
vidual binder components, and utilizes the CO, dif-
fusivity estimate derived from measured compressive
strength instead of water-related factors explored in
Sect. 3.3. Merging of natural and accelerated experi-
ments while considering CO, concentration at the
surface ([CO,],) is discussed in Sect. 4. However,
certain factors such as curing (Sect. 5) and relative
humidity during preconditioning (Sect. 6) are not
included in this model, while they do account for rel-
ative humidity during carbonation, albeit not includ-
ing a pessimum around 60% as suggested in Sect. 7.

The results of the model fitting are depicted in
Figs. 22 and 23, illustrating varying levels of cer-
tainty in identifying weight percentages for the dif-
ferent binder components as well as the factor and
different powers in the carbonation depth equation.
Figure 23 additionally provides a posterior predictive
check (subplot (d)) that aligns well with the data. The
model demonstrates an adequate description of data
with an observed mean absolute error of 1.33 and
an R? of 0.82 for the maximum a posteriori (MAP)
estimate, although it does seem that adding a positive
intercept, potentially per sample, may help in fitting
the small depths, as mentioned in Sect. 2. Notably,
certain exponents deviate from square root behaviour;
this is discussed in more detail in Sect. 8.3. Finally,
the reactive CaO weight percentage for SCM GGBS
seems rather low compared to the prior mean of about
40%. This seems to suggest that about one fourth of
the CaO contents of GGBS may not contribute to
CO, binding, presumably because the GGBS has not
fully reacted prior to carbonation.

Finally, to gauge the variables’ impact on carbona-
tion depth, values of different factors in the equa-
tion were calculated using the MAP parameter set,
as shown in Fig. 24. These distributions suggest that
time of exposure, CO, concentration, compressive
strength, CaO,.,.iv> relative humidity, and tempera-
ture, in that order, influence carbonation depth. Given
the log scale, the width of these distributions provides
an idea on the importance of the factors in determin-
ing the carbonation depth. It is noted, however, that
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component name
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Fig. 22 Posterior distributions of the CaO
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Fig. 23 Posterior distributions of the carbonation depth model
parameters (a, b and ¢) and the posterior predictive check (d),
with the MAP estimates (points) and the 90% credibility inter-

the results are influenced by the width of the the dis-
tribution of the parameters that were used to develop
the model. For example, temperature affects chemical
kinetics as well as diffusion coefficients considerably
(cf. footnote 1), but its influence on carbonation rates
appears to be small. This is likely related to the fact
that most of the available data relates only to temper-
atures around 20 °C.

measured carbonation depth in mm

val (error bars). The CaO,,.;,. Weight percentage posteriors
are very similar to those from the CaO model and are not
shown here

reactive

8.2 Machine learning

The assessment of feature contributions to the change
in carbonation depth involved employing the SHAP
(SHapley Additive exPlanations) values. The SHAP
summary and mean absolute values were extracted
from the SHAP explainer of the model. The SHAP
mean absolute value measures the global fea-
ture importance based on the magnitude of feature
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Fig. 24 Values of the different factors in the carbonation depth model product
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attributions, while the SHAP summary value repre-
sents the average marginal contribution of a feature
value across all possible combinations of features
[98].

To derive SHAP summary and mean absolute
values, a machine learning model was trained. The
eXtreme Gradient Boosting (XGBoost) algorithm
[99] was chosen for model training and testing via a
Python script. Subsequently, SHAP explainers were
extracted. Additionally, a random forest model [100]
underwent training, and model generalization was
tested on 35% (randomly partitioned) of the dataset
using both the developed random forest and XGBoost

. high
time | --
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-
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models. Evaluation of generalization performance
was performed using R-squared and mean absolute
error (MAE) metrics.

In Fig. 25a, the distinct importance of each fea-
ture is evident. As expected, time exhibits the highest
importance, a trend also observed in Fig. 25b, which
presents the SHAP summary and indicates the feature
importance and the effects. The values (x-axis) indi-
cate the average contribution of a feature to the pre-
diction of carbonation depth in different combinations
of the input features and the corresponding distribu-
tion of the values for each instance. A SHAP value
to the right of the center (positive) suggests that the
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predicted carbonation depth in mm
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v

Fig. 26 Scatterplot of the measured versus predicted carbona-
tion depth using two different machine learning approaches,
for the test data subset with 0.05 prediction limits for each
approach

feature pushes the model’s prediction higher, while a
value to the left (negative) indicates a lower predic-
tion. The color indicates the feature’s value for that
particular point. The blue represent lower feature
values, and red represent higher feature values. If
higher values of a feature consistently lead to higher
SHAP values (and thus higher predictions), this
would suggest a positive correlation. If higher fea-
ture values are shown on the negative side of the plot
(negative SHAP values), it implies that as the feature
value increases, the effect on the model’s prediction

decreases. The wider distribution of CO, in Fig. 25b
suggests less pronounced negative effects, potentially
due to the constrained range of input values in the
natural dataset. Moreover, strength, CEM I, humid-
ity and CaO,,,,. contents display negative influence
on the model’s prediction. Other input features closer
to zero in distribution may reflect their representa-
tion in the model training data. The SCMs (nP, L, SF,
SWS) in the current database appear to exert minimal
effects on the model’s prediction. As has been briefly
discussed for the temperature in Sect. 8.1, a likely
reason for this is that features with a low proportion
in the dataset might have a weaker influence on the
model’s overall prediction.

Figure 26 depicts the model generalization perfor-
mance of both the random forest and XGBoost mod-
els. The random forest model trained with 21 inputs
achieved an R? value of 0.89 and a mean absolute
error of 0.934 mm, while for XGBoost, these values
were 0.91 and 0.861 mm, respectively.

8.3 Discussion

Based on the above analysis, the primary factor sig-
nificantly impacting carbonation depth is time. The
posterior distribution of the time exponent closely
aligns with square root behaviour, indicating no
definitive deviation from the square root law. Even
if the deviation would be real, its magnitude remains
rather limited, as indicated in Fig. 27, where the MAP
suggests an excess carbonation depth slightly above
10%, for a period of 100 years (exceeding the design
service life of most concrete structures).

However, the exponent d associated with CO,
concentration distinctly deviates from this behaviour
(MAP value of 0.431; see also Fig. 23). This suggests

excess carbonation depth compared to square root of time behaviour

20% 1
15%

10% 4
o] fﬁ
0% -

0 25

50 75 100

time in years

Fig. 27 Excess carbonation depth using the maximum a posteriori time exponent, compared to square root of time behaviour, in
function of time. The shaded area represents the 90% credible interval
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that under accelerated test conditions, carbonation
might be less efficient than commonly assumed.
These findings align with those in Sect. 4, wherein
the prediction of natural carbonation rate from accel-
erated carbonation was underestimated.

Equation 8 and 9 represent the estimation of
CaO,,ive content and subsequently, the carbonation
depth, utilizing the MAP parameter set. Note that the
amount of SF is not included, because of rounding, as

its CaO,.,.ive Percentage then drops to zero.

CaO

reactive

deviation would be real, only minor underestimation
of carbonation depth could occur in practice. This
seems contradictory to the usual assumption of pore
structure clogging upon precipitation of carbonation
products. This can be due to the particular phase
assemblage of carbonated low clinker concrete or
have some other origin more related with the experi-
mental arrangements or other particularities of the
analysed dataset. More research is needed to delve
deeper into these aspects.

= 0.66 - [CEMI] +0.53 - [CEMII] + 0.41 - [CEMIII] + 0.35 - [CEMIV]+

0.5-[CEMV]+0.08 - [sFA] + 0.06 - [nP] + 0.14 - [cFA] + 0.03 - [CC]+ ®)
0.27 - [GGBS] 4+ 0.01 - [MK] 4+ 0.46 - [SWS] + 0.01 - [sBA]

RH 0395
= 2630 - 107000821, . (1 - —>
e 100
0431 0511 —0.722 —374/T
: [C02]0 -t : [Cao]reactive -10

®

Upon comparing the results from probabilistic
inference with those derived from machine learn-
ing, the mean absolute errors and R? values imply
the potential for further enhancements in our estima-
tions. It’s worth noting that the probabilistic infer-
ence performance metrics lack a test set, suggest-
ing a possible larger real difference, albeit there is
considerable regularization through the prior distri-
butions. The feature importance results point to the
potential utility of curing time (cf. Section 5) and
the water-to-binder ratio in refining our estimates.
These parameters could contribute to estimating
the hydration degree and porosity, thereby influenc-
ing the effective diffusivity. This information could
potentially replace or complement the current reli-
ance on compressive strength within our estimation
functions. Compressive strength of concrete incor-
porating SCMs remains a simple and relatively reli-
able indicator of porosity (and therefore of its CO,
diffusivity as suggested by the analysis in Sect. 3).
Potential advantages may result from a higher degree
of complexity that incorporates multiple parameters
to represent the role of pore structure. The value of
0.511 for the time exponent is higher than the value
resulting from the diffusion theory (0.5), but the
full posterior distribution does include 0.5. Hence,
we cannot conclude the square root behaviour is not
valid. The data only seem to suggest that the expo-
nent may be slightly larger than expected, and if the

9 Conclusions

The implemented carbonation database offers the
possibility to study the influence of binder composi-
tion, concrete (or mortar) mix design, curing, precon-
ditioning, and exposure conditions on the carbonation
resistance of concrete containing SCMs. The database
is provided as Supplementary Information to this arti-
cle and can be used for further analyses. Carbonation
performance of concretes with novel binder composi-
tions can be evaluated based on the existing data, and
different test methods can be compared.

The present analysis of the database strongly sup-
ports the importance of w/CaO,.,. ;. as an efficient
universal parameter to describe the combined effects
of transport properties and buffer capacity of con-
crete with different types of binders. The w/CaO,.,ive
ratio reflects the impact of varying binder composi-
tions and contents on the carbonation resistance of
concrete. Nevertheless, while the w/CaO,. ., ratio
captures most of the effects related to porosity on
carbonation resistance, it was observed that, at the
same W/CaO,,,.ive» concrete with higher compressive
strength tends to exhibit a higher carbonation resist-
ance. This might be related to effects of particle size
distribution (of the aggregate and the binder) as well
as the important effects of the curing type and period.
Thus, additional parameters that are related to com-
pressive strength, and thus also the effective diffusiv-
ity of CO,, may further refine and improve estimates
of concrete carbonation resistance.

In line with previous laboratory studies, the pre-
sent analysis indicated that carbonation resistance
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is not dependent on the binder content of concrete
alone, i.e., it is only related to binder content via the
w/CaOy,ive atio.

An important effect on the carbonation resistance
of concretes with SCMs is exerted by the curing
time before carbonation. Though present construc-
tion practices and standards leave few possibilities to
exploit this potential, it appears to be worthwhile to
study this effect in more detail to develop viable on-
site curing regimes that yield the optimum compro-
mise between SCM content and carbonation resist-
ance on the one hand, and construction operation
requirements on the other hand.

It has been suggested in earlier work that the
relationship between the RH during carbonation
and carbonation rate may be different for concretes
(and mortars) based on OPC and materials based on
blended cements with significant fractions of SCMs.
However, since carbonation testing has so far almost
always been done at a RH close to the pessimum RH
for OPC concrete carbonation (60—65%), the present
database did not enable the elucidation of the influ-
ence of RH on the carbonation rate of concretes with
SCMs. Thus, this issue needs to be further studied in
future experimental work.

Importantly, the present analysis indicated that
accelerated carbonation testing (i.e., testing at CO,
concentrations higher than 0.04%) and application of
the square-root-of-time law yield predicted natural
carbonation rates that tend to be lower than the cor-
responding measured natural carbonation rates. This
effect was particularly noticeable for carbonation
rates higher than~0.2 mm/\/d. For the materials in
the present database, this value translates to w/CaO-
reactive Tatios higher than~1.1; i.e., the effect is espe-
cially significant for concretes with a significant SCM
fraction in the binder, which is possibly the reason
that it went unnoticed in several previous studies. The
causes for this effect are not known in detail; thus, it
is necessary to study the related phenomena in depth
to be able to suggest reliable improvements of present
testing standards and conversion instructions.

The predictive tool explored in the present study
included many of the most relevant factors for car-
bonation resistance: compressive strength, RH, CO,
concentration, CaO,,,.,. content, and temperature.
Unexpectedly, the probabilistic inference suggested
that in the equation to predict carbonation depth,

CaO,,ive Needs an exponent, which is considerably

less than one. The amount of CaO,,,.;,. can be esti-
mated based on the cement and SCM contents. The
discrepancies between accelerated and natural car-
bonation tests have been quantified here, in the form
of an exponent for the CO, concentration that is less
than 0.5 (square-root behaviour), whereas only mini-
mal deviation from progression with the square root
of time was obtained. Finally, the machine learning
exercise as well as the conventional analysis indicates
that the curing time could be used as a parameter to
further refine estimates of carbonation depth.
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