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This study explored the reactive processes of atmospheric carbonation and the consequences with respect to
cementitious materials. Two model pastes were used: hydrated C3S (including C-S-H and portlandite) and a paste
prepared by hydrating a blend of C3S and nanosilica (including C-S-H only). The two pastes were carbonated
under accelerated conditions in the laboratory. The resulting mineralogical assemblage was examined using X-
ray diffraction, thermogravimetric analysis and nuclear magnetic resonance. The microstructural changes were
studied by X-ray tomography and porosimetry, and their macroscopic impacts were evaluated through gas
diffusion and shrinkage measurements. The use of model pastes allowed for the evaluation of the change in solid
volume induced by the carbonation of C-S-H. C-S-H decalcification and subsequent silica chain polymerisation
were found responsible for carbonation shrinkage (and potentially cracking). Finally, the results highlight the
protective role of portlandite: portlandite helped in limiting C-S-H decalcification and then reducing carbonation

shrinkage and cracking.

1. Introduction

Atmospheric carbonation of cementitious materials refers to the re-
action between atmospheric carbon dioxide (CO5) and the calcium ions
(Ca2+) that are present in the pore solution [1]. This reaction leads to the
precipitation of calcium carbonate [2,3] at the expense of Ca-bearing
hydrates; among them, calcium hydroxide (portlandite, CH) and cal-
cium silicate hydrates (C-S-H). The main consequence of carbonation is
a strong pH reduction of the pore solution that can initiate active
corrosion of steel reinforcement [4,5]. Atmospheric carbonation has
long been studied, and its mechanisms are now well-known and
described. This has made it possible to propose models to describe the
carbonation of concretes [6-11].

Nonetheless, the available models and the subsequent descriptions of
carbonation are far from being fully satisfactory and some issues remain.
Although portlandite and calcium carbonate can be easily quantified
using thermogravimetric analysis (TGA), the other Ca-bearing hydrates
(C-S-H and sulfo-aluminates for instance) cannot. It is then difficult to
obtain comprehensive and reliable experimental results, such as

mineralogical profiles that are needed for validating geochemical sim-
ulations [12].

Similarly, the link between the changes in chemistry, microstructure
and macroscopic properties has not been clearly described until now.
For instance, the change in total porosity induced by carbonation re-
mains uncertain: it is trivial when considering portlandite carbonation,
but the case of C-S-H is more complex. This is mainly due to the fact that
the C-S-H molar volume is still uncertain and probably variable:
different values ranging from 68 to 126 cm®/mol have been used so far
for high C/S C-S-H (ca. 1.5-1.7) [13-25]. Furthermore, the molar vol-
ume of the end-product of C-S-H carbonation - silica gel — also remains
uncertain with values ranging from 12 to 30 em®/mol [26-28].

Another point of interest is carbonation shrinkage [29-33] and the
cracking that can result from it [34-37]. Carbonation-induced cracking
was shown to depend on, among other things, the mineralogical
composition (mainly portlandite and C-S-H contents) of the considered
material [35]: blended cement specimens (such as CEM III, CEM V and
low-alkalinity blends) cracked upon carbonation, which led to a strong
increase in their transport properties whereas, on the contrary, it
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decreased in Portland cement specimens because they remained almost
crack-free. Because of the cracking, carbonation blurs the link between
microstructure and transport as it is currently accepted: the finer the
pore-size distribution, the lower the transport properties [38-41].

In view of those considerations, it is the objective of this study to use
two model pastes [42], the mineralogical composition of which was
designed to be able to study the impact of carbonation on C-S-H alone,
independently of portlandite, and to obtain quantitative data. The
changes in mineralogy and microstructure were probed concurrently to
allow for investigation of the consequences of carbonation in terms of
mineralogical volume changes and macroscopic shrinkage. The results
also highlight the central role of portlandite: the presence of portlandite
did reduce the carbonation rate, but it also helped in mitigating the
consequences of carbonation (shrinkage and cracking).

2. Materials

Two model pastes were used in this study: a tricalcium silicate (C3S)
paste (C/S = 3.0), namely a matrix of C-S-H embedding portlandite
crystals and another one composed of C-S-H only with a target C/S ratio
of 1.4. Note that the latter is more or less the highest value that can be
obtained without precipitating portlandite [43-49]. The former is
hereafter referred to as the C3S paste and the latter as the C-S-H paste.
The C-S-H paste was prepared by mixing triclinic C3S with the stoi-
chiometric amount of nanosilica. The triclinic C3S was provided by
Mineral Research Processing (Meyzieu, France); and it had a specific
surface area of 4600 cm?/g. The nanosilica was provided by BASF
(Rheomac AS150) as a colloidal suspension in water (50% in weight);
the nanosilica had a median diameter equal to 100 nm. The main goal of
the design was to obtain pourable pastes. A water-to-binder ratio of 0.50
was enough to ensure workability of the C3S paste (Table 1). However,
due to the high water demand of the nanosilica, the w/b ratio of the C-S-
H paste had to be significantly increased in order to maintain work-
ability [50,51]. It was then decided to use a commercial superplasticizer
(Masterglenium Sky 537 from BASF) to limit the increase in w/b
resulting in the composition reported in Table 1. Further details on the
design, batching and main properties of the pastes are provided else-
where [42].

For each paste, two kinds of specimens were produced using PTFE
cylindrical moulds (@ = 14 mm, H = 90 mm; and @ = 30 mm, H = 120
mm). The latter were designed to measure length variations and, more
specifically, the carbonation shrinkage (see Section 3.5). After casting,
all the samples were kept for one month in their sealed moulds before
they were unmoulded and then kept for two additional months in
airtight containers immersed in a specific solution to prevent leaching
(deionised water and portlandite in excess for the C3S paste and
deionised water with crushed C-S-H samples for the C-S-H paste).

Some of the main properties of the two pastes are listed in Table 2,
and more information can be found in our preceding work [42]. The C3S
paste displayed portlandite and C-S-H contents comparable to those of a
fully hydrated OPC paste, despite a very small residual signal of anhy-
drous tricalcium silicate detected by X-ray diffraction (XRD) [42]. The
C-S-H paste showed a higher porosity and lower saturated density
compared with those of the CsS paste. This is the direct result of the

Table 1
Composition of the model pastes for 1 L of paste.

C3S paste (C/S = 3.0) C-S-H paste (C/S = 1.4) Unit

CsS () 1218.8 791.7 g
Nanosilica (g) 0.0 237.9 g
Water (g) 609.4 617.8 g
w/b ratio 0.50 0.63" -
Superplasticiser 0.0 31.1° g
Batching duration 5 8 min

# Includes the water introduced by the superplasticiser.
b Represents 3% of the binder weight (C3S + nanosilica).

Table 2
Composition and main properties of the two model pastes [42].
C3S paste (C/S = C-S-H paste (C/S = Unit
3.0) 1.4)
C/S of the C-S-H 1.7° 1.4° -
Porosity (drying at 38% 52% -
80 °C)°
Porosity (drying at 41% 56% -
105 °C)*
Saturated density 1.89 1.76 g/cm®
Amount of C-S-H’ 5.6 7.0 mol/L of
paste
Amount of CH® 7.3 0.0 mol/L of
paste
Young’s modulus E' 15+1 10+1 GPa

# Assumed value but not verified.

b Measured using SEM-EDX.

¢ Drying at 105 °C was used to enable comparison with the literature, but
drying at 80 °C was considered to be less aggressive and more realistic.

4 Using the approach of Olson & Jennings [13].

¢ Using TGA and the tangential method [52].

f Using the impulse excitation technique (GrindoSonic®).

higher w/b ratio required to maintain workability of the fresh paste. The
difference in water content resulted in a different microstructure for the
two pastes (see Section 4.2).

3. Methods
3.1. Accelerated carbonation

After curing and prior to carbonation, all the samples were intro-
duced into a COy-free glovebox and kept in a desiccator (equipped with
fans to avoid moisture gradients), in which the RH was maintained at
55% at ambient temperature using a saturated solution of Mg(NOs)s
[53]. After 170 days of drying (when the mass variation became con-
stant), the specimens were covered with adhesive aluminium foils to
ensure unidirectional carbonation. They were then introduced into the
carbonation chamber [54] where they were carbonated at 25 °C +
0.2 °C, 55% RH =+ 1% and 3.0% CO5 + 0.2%. This CO, content was
selected because it has been proven that accelerated carbonation at 3%
CO- gave results that were similar to those of natural carbonation in
terms of mineralogy, microstructure and cracking [55]. Accelerated
carbonation was monitored for nearly one year (326 and 316 days for
the C3S and C-S-H pastes, respectively).

3.2. Mineralogy

X-ray diffraction (XRD) was used to identify the change in miner-
alogy induced by carbonation. The cylinders were cut orthogonally to
the carbonation direction and the diffractograms were acquired on the
(polished) solid surface [56], using a PANalytical X’Pert diffractometer
equipped with a X’celerator detector using Cu-Ka radiation (. = 1.54 A).
The diffractograms were collected at ambient temperature from 5° to
60° in 20 with a step size of 0.017° and a dwell time of 40 s resulting in a
total test time of about 20 min. The diffractograms were compared to the
following ICDD reference files: portlandite (CH), 44-1481; vaterite, 01-
74-1487; calcite, 05-0586; aragonite, 70-9854; and triclinic tricalcium
silicate (C3S), 31-0301. Rietveld analyses were run for quantification
purposes; mainly to quantify the relative amounts of the three CaCO3
polymorphs (cf. Fig. 6). In hydrated cement pastes, quantitative XRD
analysis is known to be difficult due to the presence of poorly crystalline
C-S-H [57]. In the carbonated materials, the presence of amorphous
silica gel and amorphous calcium carbonate (that cannot be easily
accounted for) increased the difficulty and the corresponding uncer-
tainty. Rietveld analyses were thus not expected to give an accurate
quantification of the different phases in presence, rather a rough



estimate. Here we made use of the C-S-H models proposed by Richard-
son [58] to describe the C-S-H contribution to the experimental dif-
fractogram. Practically speaking, all the sixteen the C-S-H models
proposed by Richardson (in addition to portlandite, calcite, aragonite
and vaterite) were introduced into the Rietveld fitting tool of the Mal-
vern Panalytical Highscore Plus software that automatically adjusted the
mass fraction of each component to fit the experimental diffractogram.

Thermogravimetric analysis (TGA) was performed using a Netzsch
STA 409 PC Luxx apparatus. Analyses were run using 120 mg of
powdered sample under a constant Ny flowrate (80 mL/min). The
weight losses were recorded from 25 °C to 1150 °C with a heating rate of
10 °C/min [59]. The quantification of the amounts of portlandite and
calcium carbonate was performed using the tangential method [52],
considering the mass loss between 400 °C and 600 °C for portlandite and
between 600 °C and 900 °C for calcium carbonates.

A single pulse 2°Si magic angle spinning nuclear magnetic resonance
(*°Si MAS NMR) experiment was performed on a Bruker Avance III 500
spectrometer operating at the Larmor frequency resonance of 99.3 MHz.
The operational conditions were set to n/2 pulses of 3.5 ps recycle delays
of 20 s, spinning in a 7 mm zirconia rotor at 5.5 kHz, and a minimum of
4000 scans for each spectrum. Tetramethylsilane was used as an external
standard (0 ppm) to report the chemical shifts. The 2°Si NMR spectra
gave an insight into the C-S-H structure. The silicate environments are
specified as Q" with 0 < n < 4 where n stands for the number of silicates
connected to a tetrahedral silicate denoted by Q [60-62]. Similar to
tobermorite - the C-S-H natural crystalline analogous [58,63-65] — three
main environments can be found in C-S-H characterised by n values
between 0 and 2 [43,66]. The first corresponds to the silicate end chain
unit, namely Q!, with resonance of about —80 ppm. The other two are
Q? sites, which include Q2b and Q%P environment, that are associated to
the bridging (superscript b) tetrahedral silicate with resonance around
—83 ppm and the pairing (superscript p) silicates around —85 ppm,
respectively. Those environments are the three units of the tobermorite
dreierketten structure [64,67]. Silicate in C-S-H forms chains with var-
iable lengths, high calcium content in C-S-H leading to a higher pro-
portion of low coordination silicates Ql [58], i.e. C-S-Hs with shorter
silicate chains. The 2°Si MAS NMR results were processed using the
latest version of an in-house software developed previously [68]. The
spectra were fitted using Gaussian-Lorentzian line shapes with chemical
shifts and parameters included in the Appendix.

3.3. Microstructure

X-ray micro-Computed Tomographic (X-uCT) projections were ac-
quired using a Bruker SkyScan 1173 device equipped with a flat panel
detector (2240 x 2240 pixels) using the following tube operating con-
ditions: 115-130 kV and 61-69 pA. A full 360° set of projections was
obtained with a rotational step of 0.3°, exposure time of 1100 ms, a
frame averaging from 8 to 10, and images with a pixel size of 16.8 pm. A
grey level profile along the vertical axis was plotted and averaged over
“slices” of two voxels in thickness. The carbonation front was obtained
by applying a logistic function (E- 1) to the sigmoid part of the curve
obtained by plotting the grey level with respect to the position (the
slices). The carbonation front was delimited as follows: Its beginning
was defined as the position associated with 104% of the lower grey value
(Lmin) and its end by the position associated with 96% of the highest
value (Lpyqy). In other words, the carbonation front was located between
the position values associated with 0.96L;;q, and 1.04L,;, (see Fig. 1).

(Linax = Linin)

L) = Lo+ 1 o = 3]

@

where L(2) is the grey level for the position z in the sample; Ly, and Lygy
minimal and maximal grey levels in the profile respectively; A positive
constant and 2, position of the sigmoid midpoint.

The position of the carbonation front was also characterised using

Carbonation front Linax
1 k-
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Position z (mm)

Fig. 1. Illustration of the evaluation of the carbonation front position using
equation equation (1) (Lpin = 1000; Lyq = 5000; A = 1; 2o = 25 mm).

phenolphthalein: samples were cut along their vertical axis and the fresh
surfaces were sprayed with phenolphthalein. The carbonated parts (with
pH value lower than 9.0) remained colourless, whereas non-carbonated
parts (with higher pH values) turned purple.

Density and total porosity of the pastes were measured using the
buoyancy method using disks (@ = 30.0 mm, H = 8 mm) that were cut
from the central part of larger cylinders (@ = 30 mm, H = 120 mm).
Prior to the tests, the samples were re-saturated under vacuum [69]. The
mass loss associated with an oven drying at 80 °C and 105 °C enabled the
total (accessible) porosity of the samples to be estimated.

Some samples were crushed in centimetric pieces, immersed in liquid
nitrogen and then freeze-dried for 24 h before they were tested using
mercury intrusion porosimetry (MIP). Four samples were used for each
analysis. A Micromeritics Autopore IV device was used at a maximal
pressure of 414 MPa (corresponding to pores of 3 nm in diameter).

3.4. Gas diffusion

The gas diffusion coefficient of the carbonated pastes was measured
using the through-diffusion method [70,71]. The tests were conducted
using three disks (@ = 30.0 mm, H = 8 mm) each time. The samples to be
tested were placed between two chambers; the first filled with synthetic
air — 20% of oxygen (O2) and 80% of nitrogen (N2) — and the second one
filled with nitrogen (N2) (Fig. 2). Note that the conditions in the two
chambers were the same (ambient temperature at atmospheric pressure
and 55% RH). Also note that, due to the presence of water vapour, the
gas concentration within the two chambers was slightly lower than
100%, but this was not accounted for in the assessment of the gas
diffusion coefficients.

Prior to the tests, the carbonated disks (@ 30 x 8 mm) were first
saturated in a desiccator under water with a vacuum [69] and then

Upstream Downstream
(20% 0,,80% N,) (100%N,)
Cement paste

Fig. 2. Principle of the gas diffusion test.



equilibrated at 55% RH and ambient temperature (20 °C + 2 °C). They
were then sealed in position using epoxy adhesive and O-rings to avoid
gas leakage during the diffusion test. The respective diffusion of oxygen
and nitrogen through the disks was monitored using gas micro-
chromatography, and the resulting diffusion coefficients were evalu-
ated using Fick’s 2nd law [72].

In parallel to the direct measurements, the simple model proposed by
Papadakis et al. [73,74] was used to assess the diffusion coefficient of
CO5, of the two carbonated pastes. This proved to be necessary in some
cases because of cracking. The model by Papadakis creates a link be-
tween the carbonation depth x, and the square root of time t:

ZDE()z [COZ]

X(t) = kv/t withk = Ca

@

carbo

where k is the carbonation rate; DCOZC is the diffusion coefficient value
for CO, through the carbonated material; [CO-] is the concentration of
CO5 and [Ca]lcarpo is the concentration of Ca that can be involved in the
carbonation process. Consequently, the value of the CO, diffusion co-
efficient DCOZC can be estimated if the carbonation rate k is measured
experimentally:

. Cal

D¢ — k2 [ carbo 3

co. =% (555 ©
More details are provided in the Results section.

3.5. Shrinkage measurement

Two of the smaller cylinders (3 = 14 mm and H = 80 mm) were first
re-saturated under vacuum [69] before they were introduced in a cli-
matic chamber where they were subjected to drying at 25 °C and 55%
RH (note that the specimens were not protected against the CO, present
in the atmosphere during that phase). After 195 days of drying, they
were introduced into the accelerated carbonation chamber where they
were subjected to 3% CO; at 25 °C and 55% RH for a further 70 days.
The change in length was monitored throughout the test using LVDT

sensors (Solartron Metrology).

4. Results
4.1. Mineralogy

Fig. 3 presents some of the diffractograms that were collected in the
non-carbonated zone; in the carbonation front and in the carbonated
zone of the two pastes. It is evident that the carbonation of the C-S-H
paste (C/S = 1.4) led to the dissolution of the C-S-H and precipitation of
calcium carbonate: mainly vaterite and to some extent calcite. This was
consistent with the conclusion of Sauman [75] and Auroy et al. [55],
which stated that the presence of vaterite was indicative of C-S-H
carbonation. In the carbonation front (40.8 mm from the surface
exposed to COy), the coexistence of calcium carbonate and C-S-H (broad
peak at 29° [44,76,77]) could be clearly observed. In the carbonated
zone (15.0 mm), the signal related to C-S-H could no longer be observed,
and a very large diffraction band could be observed between 18° and
27°, which is characteristic of amorphous silica gel (Fig. 4) [78].

The carbonation of the C3S paste was somewhat different: por-
tlandite was never completely dissolved (even in the carbonated zone)
and calcite was the main calcium carbonate that was detected. The C-S-
H was also not believed to have completely dissolved (even though it
was virtually impossible to detect them due to the presence of calcite)
because of the absence of the large diffraction band discussed above.
This was confirmed using 295i NMR (Fig. 7).

Fig. 5 presents the mineralogical assemblage obtained using XRD.
Note that these results should only be interpreted in a qualitative
manner. In the carbonated zone of the C-S-H paste, the C-S-H signal was
below the detection limit; the C-S-H were then assumed to be completely
and evenly depleted (this was confirmed using 2°Si NMR results, Fig. 7).
Conversely, portlandite and C-S-H remained in significant amounts in
the carbonated zone of the C3S paste. The latter also appeared not to be
homogeneous: the first four millimetres were more carbonated than the
rest of the carbonated zone in which the amount of calcium carbonate
was reduced and the amounts of remaining portlandite and C-S-H

—_
d‘: )

=
4 «
1 g
wn 2 Carbonated zone
~ =
= z vV v
Q 3 v v c vV v .
2 = ¢ Carbonation front
(3] - -S-
. C-S-H
= C-S-H cdH
%) A Non-carbonated zone
\
&) T S S S S S S O S A A S

5 10 15 20 25 30 35 40 45 50 55 60
26 Ko.-Cu (°)
=) = p
™ E [~~—— A A Carbonated zone
-S-H
I : SOt
S 2 X top
s 8 v c ¢ c c p Carbonation front
3 =
& _
3]
Q. p P
el P
3 A A A Non-carbonated zone
A

Fig. 3. Diffractograms of the pastes at the end of accelerated carbonation (316 and 326 days for the C-S-H and Cs3S pastes, respectively).

5 10 15 20 25 30 35 40 45 50 55 60

20 Ko-Cu (%)



~
=
<
N/
g7 Silica gel
=
Q
)
=
Backgroung-

5 10 15 20 25 30 35 40 45
20 Ka-Cu (°)

Fig. 4. Evidence of the silica gel presence in the C-S-H paste carbonated zone
(C/S =1.4).

increased.

Rietveld refinements were conducted to estimate the relative pro-
portions of the three CaCO3 polymorphs (vaterite, aragonite and calcite)
in the carbonated zones of the two pastes (Fig. 6). The results confirmed
the observations of Fig. 3. Vaterite was the main polymorph that was
precipitated in the carbonated zone of the C-S-H paste (around 90% by
weight). It must be noted though that some calcite (less than 10%) was
detected throughout the carbonated zone as well as aragonite close to
the surface exposed to CO,. Conversely, calcite was, by far, the main

polymorph that was precipitated in the carbonated zone of the C3S
paste. Aragonite and vaterite were only detected close to the surface
exposed to COs. There is no clear explanation for the absence of vaterite
in the depth of the carbonated zone of the CgS paste, despite the
carbonation of its C-S-H. Nonetheless, phenomena that might explain
the observed behaviour include: discrepancies in Ca-supersaturation
[79-81] in pH values [82] (since formation of calcite is reported at
saturation index (SI) higher than that of vaterite), the presence of
foreign ions (sulfate, silica or magnesium) [83-85], or the effect of the
nucleation surface [86] as disturbance of the solvated surface, which can
decrease the energy growth barrier to the order of thermal energy.

In the carbonated zone of the C-S-H paste (Fig. 7-a), and between
0 and 40 mm from the exposed surface, no signal related to C-S-H was
detected using 2°Si NMR. Rather, large resonances (Q%gel and Q*gel ca.
100 and 110 ppm, respectively) could be observed. This indicated that
the C-S-H was completely degraded/dissolved and that silica chains
polymerised to form an amorphous silica product (silica gel) [87]. This
confirmed the observations made using XRD (Figs. 3 and 5). In the
carbonation front (around 43.8-44.6 mm), there was decreased evi-
dence of silica gel but the C-S-H was obviously affected by carbonation,
because the relative intensities of the Q' and Q? environments were
different from those of the non-carbonated C-S-H (beyond 47.6 mm) and
typical of a more polymerised environment. This indicated that the C/S
ratio of the C-S-H had decreased [88-91] and that Ca was taken from the
C-S-H structure.

Once again, the results from the C3S paste were somewhat different
from those of the C-S-H paste (Fig. 7-b). The C-S-H was almost
completely degraded very close to the surface exposed to CO3 (0-2 mm),
but a significant amount remained in the carbonated zone (between 2
and 19 mm), with a C/S ratio decrease that was evidenced by the
decrease of the relative intensities of the Q' and Q? compared to the
non-carbonated part.
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The quantitative mineralogical profile of calcium carbonate (CC)
that was obtained using TGA is presented in Fig. 8(a) for the C-S-H paste
(C/S = 1.4). For the purposes of comparison, the calcium carbonate
profile is presented together with that of C-S-H that was assessed from
the 2°Si NMR results using:

Q' +Q® Q¥

%Si(C—S—H) = ;
ot

4

where %Si(C — S — H) stands for the atomic fraction (at.%) of total
silicon present in the C-S-H.

The carbonation depth was about 40-45 mm and the carbonation
front was quite sharp (Fig. 8-a). This was confirmed by both TGA (for
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calcium carbonate CC) and 2°Si NMR (for C-S-H). The Ca content in
CaCOj3 in the carbonated zone appeared to be lower than 100% (by
about 10% on average). This did not mean that some C-S-H remained in
the carbonated zone, as its absence was unambiguously proven using
295i NMR (Figs. 7 & 8-a). Rather, this could to be due to some discrep-
ancy in the TGA quantification, because CaCOs has been shown to
sometimes decompose at temperatures lower than 600 °C [3,6,92,93],
or this could indicate that some Ca was present in the silica gel instead of
precipitating as CaCOs. In this latter case, considering that all the silica
was present under the form of silica gel and that 10% of the Ca remained
in the silica gel (Fig. 8-a), it was easy to estimate the C/S ratio of the
silica gel: 10% of the C/S of the paste = 0.1 x 1.4 = 0.14.

The situation was not so clear for the C3S paste (Fig. 8-b): the
carbonation front was not well defined and the carbonation depth was
lower than that of the C-S-H paste by two times: about 17-22 mm. As
already shown by XRD (Figs. 3 & 5), portlandite remained in the
carbonated zone, and its residual content was estimated to be 25% of the
initial content (Table 3). Comparing the amounts of Ca in portlandite %

Ca(CH) and calcium carbonate %Ca (CC) obtained using TGA, it was

possible to estimate the amount of Ca that remained in the C-S-H %Ca(C
— S — H) as follows:

Table 3
Amount of calcium involved in the carbonation reaction.

Paste Amount of Ca carbonated Value (mol/L of paste)
C3S paste 75 % of [CH] + 40 % of [C—S— 0.75x 7.3+ 0.4 x 1.7 x 5.6 =
H] 9.3
C-S-H 100 % of [C — S — H] 1.4 x7.0=9.8
paste

%Ca(C — S —H) = 100% — %Ca(CH) — %Ca (cé) (5)

The results indicate that, in the carbonated zone, the C-S-H retained
almost 60% of its Ca. This was more or less consistent with the results of
295i NMR even though both of them strongly differed near the cylinder
surface (Fig. 8-b). This result made it possible to evaluate the amount of
Ca that was involved in the carbonation of each paste (Table 3). For the
C3S paste, not all the Ca of CH or C-S-H was involved in carbonation: it
corresponded only to 75% of CH and 40% of the C-S-H, whereas it
corresponded to all the C-S-H for the C-S-H paste. Furthermore, despite a
strong difference in their initial Ca content, the carbonation of the two
pastes appeared to have yielded similar amounts of CaCO3 (9.3 versus
9.8 mol/L).

4.2. Microstructure/cracking

Carbonation led to a decrease in total porosity (from 10% to 20%)
and an increase in density (from 0.32 to 0.39 g/cm3) (Table 4) as has
been commonly observed [39,73,94-97]. It is noteworthy that the
change in dry density induced by carbonation (i.e. induced by the fix-
ation of COy) was quite similar for the two pastes. This is surely
consistent with the fact that the amounts of carbonated Ca were similar
for the two pastes (9.8 and 9.3 mol/L of paste for the C-S-H and C3S
pastes, respectively, see Table 3). The reduction in porosity was twice
higher for the C-S-H than for the C3S paste, but this was explained simply
by considering the phases that were present in the carbonated pastes and
the corresponding volumes (see Section 5.1).

The pore size distribution was also significantly modified by
carbonation (Fig. 9). In both cases, the bimodal distribution was shifted
to an almost unimodal distribution located near 10 nm [35,55], the



Table 4
Porosity and density of the carbonated pastes.

C-S-H paste (C/S C3S paste (C/S= Unit

=1.4) 3.0)
Density (saturated) 1.98 2.11 g/
cm?®
Total porosity (drying at 80 °C)  35% 28% -
Total porosity (drying at 36% 29% -
105 °C)
Dry density (drying at 80 °C) 1.63 1.83 g/
cm®
Dry density (drying at 105 °C) 1.62 1.82 g/
cm?®
Change in porosity (drying at —20% —10% -
80 °C)*
Change in dry density (drying +0.39 +0.32 g/
at 80 °C)" em®

@ See Table 2 for the porosity and density values of the non-carbonated pastes.

intensity of which seemed to depend on the degree of carbonation (close
to 100% for the C-S-H paste and limited for the CsS paste). In the
carbonated C-S-H paste, the amount of the C-S-H pores (3 nm in diam-
eter) was almost nil. This was consistent with the 2°Si NMR results that
showed that the C-S-H was depleted after carbonation. This was not the
case for the carbonated C3S paste for which 60% of the C-S-H remained
after carbonation (Table 3). Another point of interest was the change in
critical pore diameter (the diameter corresponding to the major peak
encountered when moving from big to small pores) [98,99]: the pore
structure after carbonation was coarsened for the C-S-H paste (the
critical pore diameter was shifted from 20 nm to 150 nm by carbonation)
whereas the critical pore diameter was reduced from 35 nm to 20 nm by
carbonation (for the C3S paste). On this basis, carbonation would then be
expected to increase the transport properties (and then gas diffusion) of
the C-S-H paste and to reduce those of the C3S paste. Note that this
divergent behaviour has already been observed for OPC and substituted
binders [34,35,100].

Fig. 10 presents two scans that were obtained using X-pCT after
carbonation. The carbonated zones are clearly visible in light grey. It can
be observed that the carbonation front appeared tortuous in both cases
and that the carbonation depth values were consistent with those ob-
tained using XRD (Fig. 5) and TGA (Fig. 8). The carbonated zone of the
C-S-H paste appeared to be severely cracked, especially for the first 10
mm. Conversely, the carbonated zone of the C3S paste only shows a few
thinner cracks.

Thorough examination of the C-S-H paste scan revealed the presence
of four different zones in the cylinder (Fig. 11). The first (I) corre-
sponded to the first 10 mm of the carbonated zone. It was severely
cracked (crazing) and the grey level was almost uniform due to complete
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carbonation and C-S-H decalcification. The second (II, between 10 and
40 mm) was somewhat different. The cracks were thinner than those of
the first zone and almost parallel. In addition, strong heterogeneities in
grey levels could be observed (Fig. 12). Here, it was assumed that cracks
were generated by restrained carbonation shrinkage and that CO, was
able to quickly diffuse into these open cracks, helping in carbonating the
matrix close to the cracks. This was believed to have induced the
observed heterogeneities. It must be noted, though, that no significant
differences were obtained between zones I and II using XRD and NMR.

The third zone (III) corresponded to what appeared as the carbon-
ation front (between 40 and 45 mm) using TGA (Fig. 8-a) and XRD
(Fig. 5-a), where C-S-H were progressively decalcified. Similar to zoneII,
zone III presented strong heterogeneities in grey level. This zone was
thought to be cracked (but with openings smaller than the XCT resolu-
tion, assumed to be less than 1 pm) which led to the coexistence of
carbonated and non-carbonated paste within the same region. The last
zone (IV) corresponded to the non-carbonated zone (almost uniform
dark grey level).

Examination of the C3S paste showed three main zones (Fig. 13). The
first (I, the first five millimetres from the surface) appeared in light grey
(denser than the rest) and was then expected to be the most carbonated
part of the cylinder. This corresponded quite well with the mineralogical
results that showed that the CaCO3 content was maximal. The grey level
of the second zone (II, from 5 to 20 mm) was darker than that of zone I,
indicating that it was less dense and then less carbonated. This was
verified by the mineralogical results that showed that C-S-H and CH
remained in significant amounts. The last zone (III) corresponded to the
non-carbonated part (darker grey). The carbonation front appeared to
be tortuous due to the presence of few cracks that locally provided
pathways for CO5 and increased the carbonation depth close to the
cracks.

4.3. Carbonation rate/gas diffusion

Fig. 14 shows the progress of carbonation depth with the square root
of time. All the techniques used (X-pCT, phenolphthalein and XRD) were
in good agreement. As expected, the carbonation rate of the C-S-H paste
was higher than that of the C3S paste (2.1 mm/d°%5 versus 1.1 mm/d’>).
Here, the reduced quantity of calcium in the C-S-H paste may have
played a role in increasing the carbonation rate [101-105].

The results of the gas diffusion tests also provided valuable infor-
mation. The value of the diffusion coefficient of the carbonated C3S
paste was 2.7 x 1078 m?/s. This value is in good agreement with results
usually observed in carbonated OPC pastes [39,100]. Because it was
severely cracked (Fig. 10), it was impossible to measure the gas diffusion
coefficient of the C-S-H paste. Instead, the gas diffusion coefficient was
assessed using Papadakis’ model (Eq. (3)). In doing so, the experimental
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Fig. 9. Pore-entry size distribution obtained using MIP after accelerated carbonation.
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Fig. 10. Cracking pattern observed using X-jCT after accelerated carbonation (316 and 326 days for the C-S-H and C3S pastes, respectively).

carbonation rate k was used as input data. Firstly, and for validation
purposes, the model by Papadakis was also used to evaluate the diffusion
coefficient of the carbonated C3S paste. Thus, the quantity of carbo-
natable calcium [Calcarbo Was estimated using the TGA results (Fig. 8):

[Cal yp, = 75%o0f [CH] 4 1.7 x 40%o0f [C — S —H] = 9.3 mol /L of paste

carbo

(6)

The diffusion coefficient of the carbonated C3S paste was evaluated
as 5.2 x 108 m?%/s. This was twice the measured value (2.7 x 108 m2/
s), but the order of magnitude of the diffusion coefficient estimated
using Papadakis’ model was correct. For the C-S-H paste, all the C-S-H
were assumed to be available for carbonation, which was supported by
the NMR results (Fig. 7). Consequently, E- 3 simply became:

c (€Al o \ ;2 _ ,[C— S —H]
Dy, = <72[C02] k= 1.4k 7[6'02] )

where

[Calcarbo = 1.4 x [C — S — H]= 9.8 mol/L of paste

[CO2] = 1.25 x 10~3 mol/L (3% COy).

The value of the diffusion coefficient of CO5 in the carbonated C-S-H
paste (C/S = 1.4) was evaluated to be 20.0 x 10~® m?/s; one order of
magnitude greater than the value measured in the carbonated C3S paste.
This strong difference was explained by two concomitant phenomena:
(1) the critical pore diameter of the carbonated C-S-H paste was higher
than that of the carbonated C3S paste (150 nm versus 20 nm, see Fig. 9)
and (2) the significant cracking induced by carbonation in the C-S-H

paste (Fig. 10). Because the amount of pores of entry diameter 150 nm
remained limited in the carbonated C-S-H paste, cracking was believed
to be the major cause for the high gas diffusion coefficient in line with
the conclusions of Auroy et al. [35] and Dutzer et al. [100].

4.4. Carbonation shrinkage

Fig. 15 presents the length variation of the smallest cylinders (314
mm) that were submitted for drying and then accelerated carbonation.
The drying shrinkage of the C3S paste quickly reached a stable value
(0.3% = 3 mm/m) that was consistent with the results of Mindess et al.
[106], whereas the C-S-H paste kept slowly shrinking and was not sta-
bilised even at 195 days. This could be due to (1) the refined pore
structure of the C-S-H paste (Fig. 9) that induced very low water
transport properties and (2) to the atmospheric carbonation (0.04%
CO2) of the C-S-H paste during drying that could have induced some
carbonation shrinkage during the preliminary drying phase. After 195
days of drying, the specimens were subjected to 3% CO,, which imme-
diately generated additional shrinkage. Assuming that there was no
interaction between the drying and carbonation, and that drying ended
at 195 days, the carbonation shrinkage was simply estimated by sub-
tracting the contribution of drying: €€ = ¢ — ¢?. The shrinkage of the C-
S-H paste appeared to be much higher than that of the C3S paste
(Table 5).
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Fig. 11. View of the four observed zones using X-pCT in the C-S-H paste after carbonation (316 days). For comparison, the corresponding mineralogical profile of

Fig. 8(a) is reproduced to scale.

Fig. 12. Close-up of zone II of the C-S-H paste and view of the cracks and
scatter in grey level.

5. Discussion: linking mineralogy with structural changes
5.1. Volume change

All the above-mentioned results were used to evaluate the change in
solid volume and weight induced by carbonation. The C/S = 1.4 paste

10

was examined first because it was the simplest system. The non-carbo-
nated paste was considered to be a porous medium made of only C-S-H
(with C/S = 1.4, cf. Fig. 16). The C-S-H carbonation reaction was
assumed to be the following:

Ci4—S—H,4+1.4C—1.4CC(Vaterite) +S — H, + (1.4 — )H (8

As observed using XRD, the CaCOs resulting from the carbonation of
the C-S-H was assumed to be vaterite (Fig. 6). Without further infor-
mation, the H/S ratio of the C-S-H was assumed to be 1.4 so that the C-S-
H specific gravity was close to 2.604 [25], and the end product of the
decalcification of the C-S-H was assumed to be a hydrated silica-gel
(S—H, Fig. 7).

Table 6 and Table 7 detail the volume and mass calculations for the
different phases present in the non-carbonated and fully carbonated C-S-
H paste (C/S = 1.4).

If we first consider the non-carbonated C-S-H paste (C/S = 1.4), the
C-S-H molar volume can be easily calculated (please note that here we
used the porosity obtained by drying at 80 °C, Table 2):

~ 69 cm® / mol

The obtained value is close to that measured by Allen et al. [24] (72
cm?®/mol) and further used by Jennings [25] (72 cm?/mol for C/S = 1.7)
and the value computed using molecular dynamics by Pellenq et al. [23]
(70.8 cm®/mol for C/S = 1.65).

After complete carbonation of the C-S-H paste (C/S = 1.4), the same
kind of calculation was performed to estimate the properties of the silica
gel (S—H), namely molar volume V(S — H) and molar mass M;,(S — H):

1 — Qe 1-0.35

Vu(C—S—H) = T s H- 7

)]
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8(b) is reproduced to scale.

_(1-@.)—14[C—S—H]V,(Var) _ N
V(S —H) = TaC 5 _H] ~ 40 cm /mol 10)
05 — 1.4[C — S — H|M,,(Var)
M,(S—H)="4 TaC S H] ~93g/mol an

The case of the C3S paste (C/S = 3.0) was more complicated than the
C-S-H paste (C/S = 1.4), because the non-carbonated paste included
portlandite (CH) in addition to C-S-H (Fig. 17). Moreover, carbonation
was incomplete and then the remaining hydrates (CH and C-S-H)
coexisted with the end-products of carbonation (silica gel and calcium
carbonate) in the carbonated paste (Fig. 17). It must be noted that we
have implicitly assumed that a C-S-H with C/S lower than 1.7 could be
described by an ad-hoc combination of silica gel and C-S-H of C/S = 1.7.
Alternatively, it would have been necessary to describe the link between
C/S and molar volume just like in the work of Wu & Ye [28], but this
would have been much more difficult and uncertain.

Following the mineralogical observations (XRD and 2°Si NMR, see
Section 4.1), the carbonation of CH and C-S-H was assumed to precipi-
tate calcite (neither aragonite nor vaterite) and silica gel (S—H); note
that the C-S-H was considered to be in the form C; 7-S-H; g [25]:

(1.8 —tH

Table 8 and Table 9 detail the volume and mass calculations of all the
different phases present in the non-carbonated and (partially) carbon-
ated Cs3S paste (C/S = 3.0).

As for the C-S-H paste (C/S = 1.4), the results of the non-carbonated
C3S paste were used to evaluate the molar volume of the C-S-H, ac-
cording to:

CH + C—CC(Calcite) + H

- - 12
Ci7—S —H; g + 1.7C—1.7CC(Calcite) + S — H, + 12)
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Table 5 Table 7
Results of the carbonation shrinkage tests. Volume and mass of the different phases in the fully carbonated C-S-H paste (C/
Paste Total shrinkage Drying Carbonation $=14.
et shrinkage ¢ shrinkage ¢° Phase Volume Mass
C-S-H paste (C/S 1.4% (14 mm/ 0.7% (7 mm/m) 0.7% (7 mm/m) Voids B 0
=1.4) m) Vaterite 1.4[C-S-H] V;,(vat) 1.4[C-S-H]M,,(vat)
C3S paste (C/S = 0.5% (5 mm/m)  0.3% (3mm/m)  0.2% (2 mm/m) S-H (1-0)-1.4[C-S-H] V,(vat) p5-1.4[C-S-H]Mp,(vat)
3.0) Total 1 P4
@, porosity of the carbonated paste.
pq dry density of the carbonated paste.
[C-S-H] concentration of C-S-H in the non-carbonated paste.
Vn(vat) molar volume of vaterite (38 cm®/mol)
Porosity M,,(vat) molar mass of vaterite (100.1 g/mol).
Porosity
Carbonation _
Vaterite (CC) Table 6
C-S-H Volume and mass of the different phases of the non-carbonated C-S-H paste
(C/S=1.4) S-H (C/S =1.4).
Phase Volume Mass
Voids Dne 0
Non carbonated paste Carbonated paste C-S-H (1-Bn) P&
Total 1 Pt

Fig. 16. Assumed effect of carbonation on the C-S-H paste; the C-S-H are fully

D porosity of the non-carbonated paste.
carbonated and replaced by silica gel and calcium carbonate (vaterite).

P dry density of the non-carbonated paste.

Va(C—S - H) = (1= @) — [CH],Va(CH) _ (1-038) —73 x 0.033

[C—-S—H] 5.6
~ 68 cm3/mol
13)

The obtained value (68 cm®/mol) was very close to that of the C-S-H

The molar volume of silica gel was similar to that obtained for the C-
S-H paste (37 versus 40 cmg/mol). The molar mass was however
somewhat different (71 versus 93 g/mol). It should be noted that the
values obtained using the results from the CsS paste were much more
paste (69 cm®/mol). In a second step, the results of the (partially) uncertain than those of the C-S-H paste (C/S = 1.4), mainly because of
carbonated C3S paste were used to evaluate the properties of the silica the remaining CH and C-S-H, which made it difficult to accurately es-
gel. timate the volume and mass of the silica gel.

(1 - @.) — [CH),V,,(CH) — [Cal}V,,(Cal) — [C — S — H],V,,(C = S—H) _ \
V(S —H) = (C—S—H),—[C—5—H] ~ 37 cm /mol (14)
95— [CH],M,,(CH) — [Cal]M,.(Cal) — [C — § — H|,M,(C— S — H) _
M,(S—H)= [C—S—H],—[C-S_H], ~71g/mol

12
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Table 8
Volume and mass of the different phases in the non-carbonated C3S paste (C/S =
3.0).

Phase Volume Mass

Voids Dne 0

CH [CH]oVim(CH) [CH]oMn(CH)
C-S-H (1-Pne)-[CH]oVin(CH) pi-[CH]oMm(CH)
Total 1 i

[CH]o concentration of portlandite in the non-carbonated paste.
Vn(CH) molar volume of portlandite (33 cm®/mol).
M,,(CH) molar mass of portlandite (74.1 g/mol).

Table 9
Volume and mass of the different phases in the carbonated C3S paste (C/S = 3.0).
Phase Volume Mass
Voids (48 0
CH [CH],V,,(CH) [CH];M,,(CH)
C-S-H [C-S-H],V,;»(C-S-H) [C-S-H]:M,,(C-S-H)
Calcite [Cal]V,,(Cal) [Cal]lM,,(Cal)
S-H (1-8.)-V,»(CH)-V,, (Cal)-V,, (C-S-H) P4-My, (CH)-M,, (Cal)-M,, (C-S-H)
Total 1 Pa

[CH], concentration of the remaining portlandite in the carbonated paste.
[C-S-H], concentration of the remaining C-S-H in the carbonated paste.
[Cal] concentration of calcite in the carbonated paste

Vn(Cal) molar volume of calcite (35 cm®/mol)

M,,(Cal) molar mass of calcite (100.1 g/mol).

Using the values computed above, it is easy to evaluate the change in
volume induced by the decalcification of the C-S-H, AV4(C — S — H):

AVy(C—S—H) =V, (S—H)—V,(C—S—H) ~ 40— 69 = —29 cm’ /mol
(15)

Because one mole of S—H is less voluminous than one mole of C-S-H,
the decalcification of the C-S-H leads to a significant reduction in the
solid volume (about 29 cm®/mol). This is consistent with the conclusions
of Chen et al. [107] and with the results of Morandeau et al. [97,108]
who found that AV4(C — S — H) was between 20 and 40 cm®/mol.
Nonetheless, the precipitation of calcium carbonate also plays a signif-
icant role in changes in volume during carbonation of C-S-H (E- 12). It is
evident that the reduction of solid volume generated by the decalcifi-
cation of C-S-H is compensated by the precipitation of calcium carbonate

Table 10
Change in solid volume (cm®/mol) induced by the carbonation of C-S-H, ac-
cording to Eq. (16).

AV(C-S—-H) Aragonite Calcite Vaterite Unit
C/S=1.4 +18.6 +20.0 +24.4 em®/mol
C/S=17 +28.8 +30.5 +35.4 cm®/mol
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(Table 10), resulting in the reduction of total porosity. Indeed, the
change in volume depends on the calcium carbonate polymorph that is
precipitated and on the C/S ratio of the C-S-H. However, the increase in
solid volume induced by the carbonation of C-S-H is expected to lie
between 19 and 35 cm®/mol. This means that the carbonation of high C/
S C-S-H (between 1.4 and 1.7) cannot be expected to generate an in-
crease in porosity as was observed by Wu and Ye [28] and Shah et al.
[109].
C o

AV.(C—S—H) = Vo(S—H) + (§> Vi (cc) —V,(C—S—H) (16)

The change in solid volume induced by the carbonation of C-S-H is
one order of magnitude greater than that of portlandite (which ranges
between 1 and 5 cm®/mol). C-S-H is then likely to contribute more to
porosity reduction than portlandite. This was confirmed in the case of
the C3S paste for which the change in solid volume induced by the
carbonation of both CH and C-S-H was evaluated (calcite was assumed
to be the only calcium carbonate polymorph precipitated):

AVe_s_y =40%[C — S — H|,AV.(C— S —H) =0.4 x 5.6 x 30.5
~ +68 cm’ / L of paste

AVey = 15%[CH]y(V,(Cal) — V,,(CH) ) = 0.75 x 7.3 x 2

~ + 11 cm3/L of paste a7)

The change in porosity in the C3S paste was mostly due to C-S-H,
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Fig. 18. Comparison of the carbonation shrinkage results obtained in this study
with the NH4NO3; degradation data of Chen et al. [107].



even though the proportion of CH that was carbonated was greater than
that of C-S-H. This was consistent with the conclusions of other studies
[97,108,110]. These data might prove useful in evaluating the impact of
carbonation on transport properties [111-113]. It should be noted,
however, that this is only relevant in the presence of portlandite. Indeed,
in the absence of portlandite, cracking is expected to prevail and make
porosity reduction negligible in terms of transport [35,100] (cf. Section
5.3).

5.2. Carbonation shrinkage

The carbonation shrinkage of the C-S-H paste (which was devoid of
portlandite) was more pronounced intense than that of the C3S paste
including portlandite (Fig. 18 & Table 5). This strongly suggested that
the dissolution of portlandite was not responsible for carbonation
shrinkage, which contradicts Powers’ hypothesis [114]. Rather,
carbonation shrinkage was related to C-S-H alteration as it was inferred
by Sereda et al. [30,31]. With that in mind, the carbonation shrinkage
values (Table 5) were compared to those obtained by Chen et al. [107]
who studied the shrinkage of C3S samples exposed to accelerated
degradation (using NH4NOs). Chen et al. [107] concluded that
shrinkage was related to the decalcification of C-S-H and subsequent
polymerisation of silica chains. It is obvious from Fig. 18 that the
carbonation shrinkage values obtained here are consistent with those
obtained by Chen et al. [107].

However, because of the presence of portlandite, the C/S ratio of the
C3S paste could not be compared directly to that of the C-S-H paste (free
of portlandite). This shortcoming was easily overcome by computing the
change in C-S-H C/S ratio. Here we made the choice to characterise the
decalcification level of the C-S-H using:

(C/S)(1) = (C/S)q

AET9 ===cTs),

(18)

where (C/S)(t) is the C/S ratio of the C-S-H at time t and (C/S)q the C/S
ratio of the unaltered C-S-H. The expression A(C/S) = 0% means that the
C-S-H are unaltered, whereas A(C/S) = 100% means that the C-S-H are
completely degraded. The values of A(C/S) could be easily computed for
the tests of Chen et al. [107] because portlandite was completely dis-
solved when the C/S ratio of the solid (CH + C-S-H) reached 1.4 (see
Section 4.1 of [107]). The shrinkage values were then plotted against the
decalcification level A(C/S) in Fig. 19. Despite some inevitable
discrepancy, the results from Chen et al. and those from this study
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Fig. 19. Carbonation shrinkage versus decalcification level A(C/S) of high C/S
C-S-H.
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describe a common trend: the shrinkage increases with the decalcifica-
tion level of the C-S-H. This unambiguously confirms that the shrinkage
generated by carbonation is due to the decalcification of C-S-H and
polymerisation of the silica chains as it is the case for decalcification
[107]. At a first glance, it may be surprising that carbonation and
decalcification generate similar shrinkage because they are both quite
different. Carbonation induces CaCO3 precipitation, densification of the
matrix and an increase in mechanical properties [115-118], whereas
decalcification is responsible for Ca leaching, porosity increase and a
significant decrease in mechanical properties [119-123]. What really
actually matters is that carbonation and degradation both induce sig-
nificant decalcification and shrinkage of the C-S-H matrix that embeds
all the other minerals. It is the shrinkage of the matrix that induces the
shrinkage of the cementitious material.
The following 2nd order polynomial was proposed to fit the data:

& = 0.264A*(C/S) +0.513A(C/S) 19

This simple approach allows for estimation of the shrinkage gener-
ated by the decalcification of high C/S C-S-H (between 1.4 and 1.7).
Please note that this function is not expected to be valid for lower C/S
values. More results would be greatly appreciated to verify this.

5.3. The role of portandite

The results presented here stress the influence of the mineralogical
composition on atmospheric carbonation. The C-S-H paste appeared to
be completely carbonated (no remaining C-S-H after carbonation), and
the porosity was strongly reduced due to CaCOg precipitation, but the C-
S-H decalcification and the silica chain polymerisation generated sig-
nificant shrinkage and cracking that resulted in the increase in diffusion
coefficient. Conversely, the C3S paste carbonation gave quite different
results: carbonation was not complete (portlandite and C-S-H remained
in significant amounts in the carbonated zone), the porosity was reduced
but less so than for the C-S-H paste. Furthermore, only a few cracks could
be observed in the carbonated zone and the diffusion coefficient was
reduced by carbonation.

The only reason why the C3S paste suffered less from carbonation
compared to the C-S-H paste was due to the presence of portlandite. It
must be recalled that the reaction between Ca?* ions and (dissolved)
COz, in the pore solution tends to decrease Ca®* concentration, and thus
portlandite dissolves to maintain equilibrium. In the C-S-H paste in
which portlandite was absent, Ca was withdrawn from the C-S-H,
leading to their complete decalcification. This generated significant
decalcification shrinkage and cracking and the gas diffusion coefficient
was increased, despite the strong reduction in porosity. In the C3S paste,
portlandite contributed to protecting the C-S-H from decalcification and
reducing the shrinkage induced by carbonation. As a consequence,
portlandite did provide some kind of mechanical protection to the C3S
paste because carbonation-induced cracking remained limited and the
reduction in porosity led to a reduction in the gas diffusion coefficient.

By protecting the C-S-H, portlandite also contributed to protecting
the C3S paste from carbonation. Because carbonation is (partly) driven
by CO;, diffusion through the carbonated layer (see Eq. (2)), the reduc-
tion in diffusion coefficient induced by carbonation enabled low values
(2.7-5.2 x 10~8 m?%/s) to be obtained that helped limit the carbonation
rate of the C3S paste. Conversely, the strong increase in diffusion coef-
ficient of the C-S-H paste (which was induced by carbonation shrinkage
and cracking) yielded a higher value of the diffusion coefficient (~20.0
x 108 m?/s) and finally a higher carbonation rate. It should be noted
that despite a strong difference in their initial Ca content, the carbon-
ation of the two pastes appeared to yield similar amounts of CaCO3 (9.8
and 9.3 mol/L of paste for the C-S-H and C3S pastes respectively, see
Table 3). Thus, the difference in carbonation rates was expected to be
mainly due to the difference in diffusion coefficient. This was consistent
with the conclusions of Dutzer et al. [100].



6. Conclusion

The use of two different model pastes (a C3S paste and a C-S-H paste
with C/S = 1.4 devoid of portlandite) made it possible to investigate the
mechanisms and consequences of atmospheric carbonation. Firstly, and
owing to the simplicity of the pastes’ mineralogical assemblage, the
molar volumes of C-S-H and silica gel (the end-product of C-S-H decal-
cification) could be estimated. This allowed for evaluation of the change
in solid volume induced by the decalcification and the carbonation of C-
S-H. A comparison between the change in volume induced by the
carbonation of portlandite indicates that C-S-H is more than likely to be
the main contributor in change in porosity.

Secondly, the shrinkage induced by carbonation was measured and
compared with the NH4NO3 leaching results of Chen et al. [107]. The
comparison was satisfactory, which confirmed that carbonation
shrinkage was associated with the decalcification of C-S-H and poly-
merisation of the silica chains.

Thirdly, all the results highlight the protective role of portlandite.
From a chemical point of view, portlandite has long been known to act as
a Ca-buffer that dissolves in the first instance to maintain the Ca-
concentration in the pore solution. This helps in limiting the carbon-
ation rate, protecting the C-S-H from decalcification and then limiting
subsequent cracking. In conclusion, the presence of portlandite does
indeed provide indirect protection from cracking induced by
carbonation.
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