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Carbonation of cement-based materials is one area of concern for the durability of concrete structures.
The calcium carbonate caused by carbonation is an important indicator of carbonation degrees. The pres-
ent paper, using 3D tomography data, proposes a nondestructive method to characterize the 3D spatial
distributions of calcium carbonate. It allows monitoring of 3D carbonation evolutions. The evolution of
the calcium carbonate distributions in a specimen of cement paste with different carbonation degrees
is given using the current method. The results are compared with the average quantity of calcium carbon-
ate determined by thermal analysis. From the sharp edge of the calcium carbonate distribution, we con-
clude that the accelerated carbonation in this experimental condition is a diffusion controlling process.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Cement-based materials are widely used in construction struc-
tures. Carbonation is one of the key factors influencing the dura-
bility of cement-based materials, as it can reduce the quality of
the concrete that protects steel reinforcements from corrosion
[1–4]. The carbonation process advances through several stages.
Gaseous CO2 first penetrates into the cement matrix, then it dis-
solves in the pore solution to produce CO2�

3 ions. Once CO2�
3 is in

the pore solution, it is free to react with Ca2+ from calcium
hydroxide (CH) to precipitate carbonate phases [1]. Calcite is re-
garded as the main reaction product of carbonation, although ara-
gonite and valerite forms of calcium carbonate (CaCO3) have also
been reported [4,5]. The reactions cause a drop in pH of the pore
solution, which leads to a dissolution of CH. Besides the CH car-
bonation, the interlayer calcium from calcium silicate hydrates
(C–S–H) also reacts with CO2 to form CaCO3 [6]. The formation
of CaCO3 in replacement of CH is one of the main outcome of
carbonation, and results in the carbonation depth. Experimental
evidence of CH reduction upon CaCO3 formation has been
reported [7–9]. Accordingly, experimental quantification of the
CaCO3 or carbonation degree is important for research on carbon-
ation of cement-based materials.
Different techniques have been used to quantify the CaCO3 and
the carbonation depth over the years [4,7,10–16]. Carbonation
depth is typically measured using a phenolphthalein solution (such
as in [4,7,10]), which is an indirect measure since the colorless
indicator shows where the pH has dropped below approximately
9. In fact, this test method does not indicate the depth of maximum
ingress of CO2. Recent results show that this technique gives only
an approximate estimation of the depth of carbonation. Using a
method comparable to the acid-dissolution approach for chloride
profile measurements, Houst and Wittmann [11] have shown that
the carbonate fronts advance well beyond the depth indicated by
phenolphthalein solution. DTA and TGA are intensively applied to
quantify CH and C–S–H (such as in [12,13]). XRD has been used
to study the different phases in carbonation [12–14]. As well, infra-
red spectroscopy (IR) [14] and Raman spectroscopy [15,16] have
been applied to assess carbonation products in cement-based
materials. None of these traditional methods can give the spatial
distributions of CaCO3 or quantitative carbonation profiles, which
are significant for understanding the carbonation mechanism and
for model verifications. Moreover, these methods are destructive
in sample preparations.

Some NDE methods using X-rays or gamma-rays can give the
spatial distribution of microstructure and even carbonation de-
grees. On the one hand, X-ray computer tomography (CT), which
can observe the 3D structure directly without sample preparation,
has been employed for scanning cement-based materials [17–28].
It has been used to deal with the problems of cement hydration
and microstructure [17–20], calcium leaching [21–25], fracture
[26,27], and carbonation [28] etc. For carbonation research [28],
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Han et al. have noticed the grayscale value (GSV) differences in the
tomography image of partly carbonated cement pastes, while they
did not study it thoroughly for quantitative CaCO3 distributions. On
the other hand, Villain et al. have measured the quantitative car-
bonation profiles using the gamma-ray absorption method [7,29–
32]. Similar to the X-ray CT method, the gamma-ray absorption
method is non-destructive such that the method can monitor the
evolution of the carbonation process as a function of time on the
same specimen. While the main limitation of the gamma-ray
method is that only 1D information is obtained, the obtained 1D
carbonation profile is the average result of the 3D distributions.

In this study, based on 3D X-ray CT data, an NDE method is pro-
posed to characterize the 3D spatial distribution of CaCO3 in par-
tially carbonated cement-based materials. The carbonated CaCO3

distributions in a specimen of cement paste with different carbon-
ation degrees are given using the proposed method, and the results
are further compared with the average quantity of CaCO3 deter-
mined by thermal analysis.

2. Methods

The proposed method is mainly based on X-ray CT images. The
principle of X-ray CT imaging has been discussed extensively, and
the reconstructed CT image is a spatial distribution of the linear
attenuation coefficients expressed by GSV, with brighter regions
corresponding to higher values of the coefficient and darker re-
gions to lower ones [33,34]. The principle of the proposed method
is mainly based on the additivity of X-ray linear attenuation coef-
ficients or partial volume effect, that is, the measured attenuation
coefficient of any voxel is a weighted average of the values of each
component material in the voxel. The principle will be explained in
detail using the following illustration (Fig. 1) and physical
equations.

As illustrated in Fig. 1, before carbonation, cement paste can be
arbitrarily divided into three parts: (a) the carbonatable calcium
expressed in the form of calcium hydroxide with a volume fraction
of f0

CH (includes not only the pure portlandite phase but also other
calcium in cement matrix, such as the calcium in C–S–H or in un-
hydrated clinker); (b) the initial porosity with a volume fraction of;
and (c) with the volume fraction of 1� f0

CH � /0. According to the
additivity of linear attenuation coefficient, the linear attenuation
coefficient of a voxel before carbonation lbefore can be expressed by

lbefore ¼ lCHf0
CH þ lair/

0 þ lothersð1� f0
CH � /0Þ ð1Þ

where lCH, lair, and lothers are the linear attenuation coefficients of
CH, air or water, and the other part stated in Fig. 1 respectively. Be-
cause the saturation degrees are hard to control, some pores filled
with water and some pores filled with air. Fortunately, the linear
attenuation coefficients of air and water are much smaller than that
CH

0
Cf H

Others

0 01-fCH φ−

Initial Porosity

0φ

Carbonat

Fig. 1. Illustration of arbitrarily divided compositions and their
of the solid components, such as, CH or CaCO3. Taking a 15 kV
monochromatic X-ray as an example, the linear attenuation coeffi-
cients of air, water, and CH are 0.002, 1.68, and 37.91 cm�1 [19]. So
the influence of air or water, or the influence of saturation, can be
reasonably discarded, and only one lair parameter is used to express
the linear attenuation coefficients of air or water in Eq. (1).

After carbonation, solid calcium is partly carbonated from the
form of calcium hydroxide (mainly portlandite) to CaCO3. Because
calcite is generally identified as the main reaction product of car-
bonation [4,5,7,9], and it has a higher molar volume (36.9 cm3/
mol) compared to that of portlandite (33.1 cm3/mol) [2], the for-
mation of calcite in replacement of portlandite reduces the poros-
ity of the material. Using the volume difference between
portlandite and calcite to approximately express the volume vari-
ation due to carbonation, a reduced porosity of D/ ¼ 38

369 fCaCO3 will
be introduced, where fCaCO3 is the volume fraction of CaCO3. While,
carbonation product will fill some pores at the micro-scale, at the
same time, carbonation will cause some contractions. We suppose
that the volume variation due to carbonation at the macro-scale
can be neglected here; this will be verified from the image registra-
tion results in Section 4.2. Accordingly, the volume fraction of the
un-carbonated calcium fCH can be expressed by

fCH ¼ f0
CH � fCaCO3 þ D/ ð2Þ

After partial carbonation, the linear attenuation coefficient of
the voxel lafter can be expressed as

lafter ¼ lCHfCH þ lCaCO3
fCaCO3 þ lairð/

0 � D/Þ þ lothersð1� f0
CH � /0Þ

ð3Þ

where lCaCO3
is the linear attenuation coefficients of CaCO3. Ignoring

lair, and combining Eqs. (1)–(3), the volume fraction of CaCO3 can
be calculated as

fCaCO3 ¼
lafter � lbefore

lCaCO3
� ð1� 38

369ÞlCH

ð4Þ

Because Eqs. (1)–(4) stand for any voxel, considering the geo-
metrical abscissas (x, y, z), we then have

fCaCO3 ðx; y; zÞ ¼
lafterðx; y; zÞ � lbeforeðx; y; zÞ

lCaCO3
� ð1� 38

369ÞlCH

ð5Þ

Further considering that the GSV of the CT image is proportional
to the linear attenuation coefficients, and keeping the same tomog-
raphy scan parameters, the proportional parameters are same for
all scans, and the volume fraction of CaCO3 can then be calculated
from the GSV directly, that is

fCaCO3 ðx; y; zÞ ¼
Gafterðx; y; zÞ � Gbeforeðx; y; zÞ

GCaCO3 � ð1� 38
369ÞGCH

ð6Þ
fCH

3CaCOCH

3CaCOf

ion

Final Porosity

0φ φ− Δ

volume fractions in any voxel before and after carbonation.
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where Gbeforeðx; y; zÞ and Gafterðx; y; zÞ are the GSV of the specimen be-
fore and after carbonation at identical geometrical abscissas (x, y, z),
and GCH and GCaCO3 are the GSV of portlandite and calcite
respectively.

Because it is very hard to obtain large single crystals of portlan-
dite and calcite, an indirect experimental method was used to mea-
sure GCH and GCaCO3 , which express respectively the linear
attenuation coefficient of portlandite lCH and the linear attenua-
tion coefficient of calcite lCaCO3

. Taking portlandite as an example,
according to the additivity of the linear attenuation coefficient, if
the porosity of a press bit of portlandite powder is known, then
the linear attenuation coefficient of portlandite can be calculated
from the averaged attenuation coefficient of that press bit
lCH�apparentðx; y; zÞ. The porosity of a press bit of portlandite powder
can be obtained from the apparent density and the theoretical
density of portlandite, 1� qCH�apparent=qCH. Using GSV to express
the linear attenuation coefficient, we have:

GCH ¼
GCH�apparentðx; y; zÞ

1� ð1� qCH�apparent=qCHÞ
¼ GCH�apparentðx; y; zÞ

qCH�apparent=qCH
ð7Þ

Using the same process, GCaCO3 can be experimentally obtained:

GCaCO3 ¼
GCaCO3�apparentðx; y; zÞ
qCaCO3�apparent=qCaCO3

ð8Þ

where GCaCO3�apparentðx; y; zÞ is the averaged GSV of the press bit of
calcite powder crystals, qCaCO3�apparent is the apparent density of
the press bit of calcite powder, and qCaCO3

is the theoretical density
of calcite.

Experimentally, it is very hard to keep Gbeforeðx; y; zÞ and
Gafterðx; y; zÞ at identical geometrical abscissas (x, y, z). A 3D image
registration process [35,36] was thus applied to the CT data sets.
For the 3D image registration of a rigid body, three translational
freedoms and three rotational freedoms are sufficient. To take pos-
sible shrinkage into consideration, three scale freedoms are addi-
tionally considered in this research. The averaged squared
difference of GSV at each voxel is used as the merit function for
the 3D image registration. Through comparing the two 3D data
sets, nine freedoms with least merit function value can be calcu-
lated, and then the image can be registered using the nine known
freedoms. After the 3D image registration, Eq. (6) can be applied to
calculate the CaCO3 distribution using the CT data of the dual
scans. The process of the method is illustrated in Fig. 2.
First X-CT test

before ( , , )G x y z

Second X-CT test

after ( , , )G x y z

Third X-CT test

3CH CaCO;G G

Image 
registration

Carbonation

Volume fraction of CaCO3

3CaCOf

Fig. 2. Illustration of the method’s process.
3. Experimental

3.1. Specimen preparation

The specimens were prepared with an ordinary Portland ce-
ment. A cement paste with a water-to-cement ratio of 0.53 was
used, and the chemical composition of the cement is listed in Ta-
ble 1. The specimens were cured in a standard curing room (tem-
perature 20 ± 3 �C, relative humidity over 95%) for 28 days before
the carbonation experiments.

The accelerated carbonation was applied at a CO2 concentration
of 20% and a temperature of 20 ± 2 �C with relative humidity of
70% ± 5%. The size of the prismatic specimen for carbonation was
40 mm � 40 mm � 100 mm. Before the accelerated carbonation,
the specimen was placed in an oven at 50 �C for 48 h; four surfaces
were then sealed with wax and only two parallel surfaces with a
size of 40 mm � 100 mm were left for 1D carbonation.

The same specimen with different carbonation degrees was
subjected to CT scans for three times: the first scan was run on
the non-carbonated specimen, the second scan was run on the
same specimen carbonated for 7 days, and the third scan was run
on the same specimen carbonated for 14 (7 plus 7) days. After
the third CT scan, the specimen carbonated for 14 days was de-
stroyed for thermal analysis.
3.2. Tomography imaging

All tomography scans were performed using the YXLON micro-
focus X-ray CT system (Y.CT Precision S, YXLON). The X-ray source
is a 225 kV twin-head micro-focus source (Y.FXE 225.99), with a
direct beam head and a transmission beam head. For the direct
beam head used in our experiments, the minimum focus spot size
is less than 3 lm. The detector is a flat panel detector (Y.XRD 0820)
with a pixel number of 1024 � 1024 and a pixel size of 200 lm. Be-
cause of the cone beam magnification of 3.3 times, the effective
pixel size is 60 lm. All scans were performed with X-ray peak en-
ergy at 195 kV and current at 0.3 mA. Each scan consisted of 1080
projections, with an acquisition time of 8 s per projection.
3.3. Thermal analysis

In the specimen for thermal analysis, hydration was stopped
using alcohol exchange for 1 week first, and then the specimen
was dried at 60 �C for 1 week. Powder samples were taken from
depths of 0–3 mm, 4–6 mm, 8–12 mm and 13–17 mm to the car-
bonation surface respectively for thermal analysis.

The NETZSCH STA 449 F3 thermal analyzer was used for ther-
mal analysis in the present study. It enabled the thermogravimetric
(TG) curve and the differential thermal analysis (DTA) curve to be
obtained simultaneously. A 0.3 g powder sample was heated from
25 �C to 1000 �C at a heating rate a 10 �C per minute under nitro-
gen gas protection. Mass fraction of CaCO3 was calculated by its
decomposition specific mass loss of CO2 in the decomposition tem-
perature range of 550–990 �C [7].
Table 1
Chemical composition of the cement/wt.%.

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O LOI Others

62.60 21.35 4.64 3.31 3.08 2.25 0.54 0.21 0.95 1.07
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4. Results

4.1. Raw CT data

Although 1024 tomography slices with slice size of
1024 � 60 lm � 1024 � 60 lm were obtained from the CT tests,
only 200 (12 mm) tomography slices in the center part of the spec-
imen are analyzed. Before carbonation, GSV is relatively homoge-
neous aside from some large pores as shown in Fig. 3a and b.
After 7 days or 14 days of carbonation, two main zones can be dis-
tinguished in Fig. 3c–f. A carbonated zone is clearly observed
whose GSV is brighter than that of the sound zone in the center
part. Because the attenuation coefficients increase after
Fig. 3. (a) 3D rendering and (b) typical 2D slice of the sound specimen; (c) 3D rendering
(f) typical 2D slice of the specimen carbonated for 14 days.
carbonation, it is reasonable to observe a brighter carbonated zone
(brighter regions corresponding to higher values of the attenuation
coefficient in CT images). This GSV difference between the sound
zone and the carbonated zone is used for quantitative calculation
of the volume fraction of CaCO3 in this research.

Although we sealed four surfaces with wax to ensure 1D car-
bonation from only the two 40 mm � 100 mm surfaces (right and
left surfaces in Fig. 3), it is interesting to note that the carbonation
is not 1D carbonation at all. The observed carbonation fronts are
not parallel to the carbonation surfaces; what is more, the carbon-
ation fronts do not constitute a straight plane at all. In addition,
several large cracks caused by carbonation are observed when
comparing Fig. 5a and b with Fig. 5c–f. It is found that the
and (d) typical 2D slice of the specimen carbonated for 7 days; (e) 3D rendering and
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carbonation fronts go deeper around these cracks, so the carbon-
ation cracks will further increase the carbonation process. It is be-
lieved that the cracks (both the observed large cracks and the
unobservable micro-cracks) destroy the 1D carbonation. Consider-
ing that the cracks are hard to avoid during carbonation, true 1D
carbonation is difficult to implement experimentally. It is thus
hard to obtain a precise and straight carbonation plane
experimentally.
4.2. Image registration

As the image registrations for the specimen before and after 7 or
14 days of carbonation are same, only the specimen after 14 days
of carbonation is explained here. Without 3D image registration,
it is very hard to find the identical matched slices of the specimen
before and after 14 days of carbonation. Two typical slices with
same height from the sample stage are compared in Fig. 4a and
b, and the difference can be clearly distinguished. Algebraic opera-
tions using Eq. (6) cannot be applied directly on the two 3D data
sets.

The 3D data set of the specimen carbonated for 14 days is reg-
istered with the 3D data set of the sound specimen. Three transla-
tional freedoms, three rotational freedoms, and three scale
freedoms are calculated as �19.8810, �1.32162, �0.650638;
0.0500207, �0.518734, 0.727554; and 0.997754, 0.999032,
0.998203, respectively. The three scale freedoms are very close to
1, which means the macro-volume variation due to carbonation
is negligible; the volume supposition in Section 2 is acceptable.
The 3D image data set can be registered using the nine known
Fig. 4. Example slices showing the image registration results. (a) typical 2D slice of the so
registered data; (d) the subtraction between (a) and (c).
freedoms, and one typical 2D slice of the registered 3D data corre-
sponded to Fig. 4a is shown in Fig. 4c. The subtraction between
Fig. 4a and c is shown in Fig. 4d, and a good registered result is
clearly illustrated. Now algebraic operations using Eq. (6) can be
applied directly to the two 3D data sets of the specimen before
and after carbonation.
4.3. 3D distribution of CaCO3

To calculate the 3D spatial distribution of CaCO3 using Eq. (6),
the GSV of polandite and calcite (GCH and GCaCO3 ) are required. An
indirect method described in the experimental part is applied.
Using Eqs. (7) and (8) and the data shown in Table 2, the GSV of
polandite GCH and the GSV of calcite GCaCO3 are calculated as 261
and 296 respectively.

3D CaCO3 maps of cement pastes with different carbonation
degrees are calculated according to Eq. (6) and are shown in
Fig. 5. Although there is some noise, the carbonation fronts and
the CaCO3 distribution due to carbonation can be observed from
the 3D CaCO3 maps (Fig. 5a and b) and typical 2D CaCO3 maps
(Fig. 5c and d) of the specimen carbonated for 7 days and for
14 days. To further show the quantitative results of the 3D CaCO3

maps, 1D CaCO3 line profiles of the specimen carbonated for
7 days and 14 days are shown in Fig. 5e and f respectively. The
most notable information is the sharp edge on both specimens
with different carbonation degrees. The volume fractions of
CaCO3 for the carbonated zone are about 0.13 and 0.15 for the
specimen carbonated for 7 days and for 14 days. The volume
fraction of CaCO3 in the sound region is about zero. A very sharp
und specimen; (b) typical 2D slice of the carbonated specimen; (c) typical 2D slice of
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Fig. 5. Spatial distribution of the volume fraction of CaCO3 for same specimen with different carbonation degrees: (a) 3D rendering of CaCO3 map for the specimen carbonated
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specimen carbonated for 7 days specimen and (f) for 14 days; (g) 1D CaCO3line profiles on the same position of the specimen carbonated for 7 days and 14 days.
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edge between the sound zone and the carbonated zone is ob-
served. Different line profiles on different positions give similar
information, which is not shown here.
Thanks to the registered 3D CaCO3 maps, the carbonation
depths and the volume fractions of CaCO3 on the same position
can be monitored at different carbonation periods. On the same po-



Table 2
Parameters to calculate the GCH and GCaCO3 .

Mass (g) Volume (cm3) qapparent (g/cm3) q (g/cm3) qapparent/q Gapparentðx; y; zÞ G

CH 13.1 10.5 1.25 2.24 0.56 146 261
CaCO3 12.1 7.70 1.57 2.93 0.54 160 296
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Fig. 6. (a) The weight fraction of CaCO3 characterized by thermal analysis; (b) the volume fraction of CaCO3 characterized by thermal analysis and the proposed tomography
method: one line is the single line profile shown in Fig. 5(f), the other line is the average result on 3D volume.
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sition, 1D CaCO3 line profiles of the specimen carbonated for 7 days
and for 14 days are drawn and shown in Fig. 5g, from which the
evolution of the CaCO3 distributions can be clearly observed.
Firstly, the carbonation depth is different. Secondly, the volume
fraction of CaCO3 on the carbonated part is different, which means
the quantity of CaCO3 kept growing even behind the carbonation
fronts.

4.4. Comparison with thermal analysis

Using thermal analysis method, the average mass fraction of
CaCO3 of the analyzed sample can be characterized. Powder sam-
ples for thermal analysis were taken from the specimen carbonated
for 14 days at a depth of 0–3 mm, 4–6 mm, 8–12 mm and 13–
17 mm from the carbonation surface, and the distribution of CaCO3

(mass fraction) is shown in Fig. 6a. To compare it with the distribu-
tion of the volume fraction from the proposed method, the mass
fraction is changed to volume fraction using densities of the dry
specimen (1.60 g/cm3) and calcite (2.93 g/cm3) respectively, as
shown in Fig. 6b. Because the volume fraction of CaCO3 obtained
from the thermal analysis method is an average result, we take
the average of the tomography results on 3D volume to compare
them with the thermal analysis results. Both the average line pro-
file on 3D volume and the single line profile are shown in Fig. 6b.
From the 1D spatial distribution of CaCO3, it is found that the vol-
ume fraction of the average results using the tomography method
shows a good match with the thermal analysis results. Through
comparing the single line profile and the average line profile of
CaCO3, it is found that the sharp carbonation front is greatly
smoothened by the averaging process.

5. Discussion

5.1. Advantages and limitations of the current method

The advantages of the proposed method are as following:
Firstly, the current method is nondestructive, which makes it

possible to carry out measurements without disturbing the chem-
ical composition. Because the accelerated carbonation is stopped
only during a few hours, it is possible to monitor the evolution of
the CaCO3 distributions on the same cement paste with different
carbonation degrees. Moreover, CT measurement can be performed
in parallel with other techniques, such as XRD, phenolphthalein
indicator spraying, and thermal analysis.

Secondly, thanks to the 3D tomography, the current method can
give the 3D spatial distributions of CaCO3. 3D carbonation informa-
tion has several benefits. First of all, the 3D distributions of CaCO3

presented here have more credibility than the averaged 2D or 1D
carbonation profiles, which will be further explained in the next
section. Moreover, the relation among 1D carbonation, 2D carbon-
ation, and 3D carbonation can be investigated using the current
method. Last but not least, the influences of cracks on carbonation
can be directly investigated using the current method.

Thirdly, although only cement paste specimens were investi-
gated using the proposed method, the method can also be applied
to mortar and concrete specimen. Generally, carbonation has no
influence on sand and aggregate, and only the attenuation coeffi-
cient (GSV of CT images) of cement matrix is altered. Because sand
or aggregate does not influence the principle of the method, the
method can be applied to all kinds of cement-based materials.

The proposed method also has its limitations. Firstly, because
two CT scans on same specimen before and after carbonation are
required, the provided method can only be applied on accelerated
carbonation. For natural carbonation, the long carbonation period
is not practical for CT scans. While considering that accelerated
methods are intensively used for durability research, the present
method still has its meaning. Secondly, we assume that calcite is
the predominant form of CaCO3 present in the carbonated speci-
mens according to Refs. [4,5,7,9] and ignore the influences of ara-
gonite and vaterite, while we cannot exclude the possibility of
the presence of aragonite and vaterite in the carbonated specimens
under different carbonation conditions. If some aragonite and vate-
rite do form during carbonation, both attenuation coefficient and
molar volume of other phases are different with that of calcite,
so the denominator of Eq. (6) is altered. This is one of the main
shortcomings of the proposed method, and it will cause some
errors.
5.2. Discussion on the sharp front

There is still some debate as to whether the carbonation is a
pure CO2-diffusion controlling process or a diffusion and reaction
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controlling process (such as in [3,4,7,11,37–39]). From the model-
ing viewpoint, it has been shown that the width of the carbonation
front is directly governed by the carbonation reaction time or the
CO2-diffusion time [4,7]. When the chemical reaction is instanta-
neous (diffusion controlling process), the width of the carbonation
front is very sharp. When the reaction time is comparable with the
diffusion time (diffusion and reaction controlling process), the
width of carbonation front is much broader. Whether the carbon-
ation front is sharp or not is extremely important for understand-
ing the carbonation mechanism and for modeling research.
Experimentally, some studies have observed gradual carbonation
fronts (such as in [7,11,30,31,38,39]), which implies that carbon-
ation is a diffusion and reaction controlling process. As explained
in the introduction, normal methods can only obtain average infor-
mation on the carbonation front, so the observed shallow fronts
using traditional average methods can not reflect the real carbon-
ation front.

In our research, the 3D distributions of CaCO3 in Fig. 5 reveal a
very sharp carbonation front. Considering that the 1D carbonation
profiles obtained from traditional methods (including TGA analysis
and the gamma-ray method) were just average results over the
whole 3D carbonation distributions, the real carbonation profiles
would inevitably be smoothened. The averaging effect has been
illustrated in Fig. 5 and Fig. 6, so the 3D distributions of CaCO3 pre-
sented here have more credibility. From the sharp carbonation
fronts, we deduce that the accelerated carbonation in our experi-
mental conditions is a diffusion controlling process.

Because carbonation is a very complicated process, which is
influenced by many experimental and material conditions
[39,40], we are not sure that all carbonations are diffusion con-
trolled. More research on the 3D carbonation profiles on different
carbonation conditions and using different materials is required
to clarify this point. Of course, even if the carbonation is a diffusion
and reaction controlling process in some other cases, the 3D spatial
distribution of CaCO3 still can be experimentally determined using
the proposed method. Besides cement paste, the proposed method
can be easily applied to other cement-based materials, such as
mortars and concretes.
6. Conclusions

Based on tomography data, we propose a method to character-
ize the 3D spatial distributions of CaCO3 due to carbonation in this
research, and the CaCO3 distributions in the cement paste speci-
men carbonated for 7 days and for 14 days are given using the pro-
posed method. The results are compared with the average quantity
of CaCO3 determined by thermal analysis.

The proposed NDE method is powerful. Firstly, it can give 3D
carbonation distribution which is not detectable by the traditional
analysis methods. Secondly, it is nondestructive so that monitoring
of carbonation evolution on same specimen is possible. Thirdly, it
can be applied to carbonation research of all kinds of cement-based
materials, including cement pastes, mortars, and concretes. Two
limitations of the method need to be noted. Firstly, the method
can only be applied on accelerated carbonation. Secondly, the cal-
cite assumption maybe not hold on some special carbonation
conditions.

The proposed method can be used not only for experimental re-
search, but also for modeling verifications. Using the 3D CaCO3 dis-
tributions determined by the method, more and deeper
understanding of the carbonation mechanism of cement-based
materials can be anticipated. Such as, the accelerated carbonation
in this experimental condition is deduced to be a diffusion control-
ling process from the sharp edge of CaCO3 distribution. They will
contribute to better model the carbonation process and thus to
be able to predict the service life of infrastructures under carbon-
ation attack.
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