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Carbonation processes cannot be ignored as regards durability and service-life of new concrete struc-
tures, and their correct understanding and quantification are essential for maintenance and repair works
on existing structures. This paper initially presents a newmeta-model developed to calculate carbonation
front depth based on the analytic solution of Fick’s first law. The only input data required by this non

numerical model are: (i) material variables (concrete mix design, maxim
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parameters (initial curing period (tc)); (i
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nt density); (ii) technological
onmental parameters (ambient temperature (T), relative
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meta-model is validated using data from the literature on
ure conditions. Most of the experimental data concern
I additives (fly ash (FA)) with various water to cement
mpared with two already available models: Papadakis’
tions are compared with the corresponding values found
rediction of the new meta-model proposed here for esti-
te in every case.
1. Introduction

The corrosion of steel reinforcements is a major cause of the
degradation of reinforced concrete (RC) structures. The corrosion
of RC structures is due to both to the ingress of chloride ions and
to carbonation. It is considered as a two-stage process: (i) corrosion
initiation stage; and (ii) corrosion propagation stage [1]. Carbona-
tion is a widespread degradation of concrete, which can be coupled
with more severe deteriorations [2]. This paper focuses on carbon-
ation phenomena only: mechanism, influence factors and carbon-
ation modelling.

The carbonation of cementitious materials is caused by carbon
dioxide (CO2) in the air within a range of 350 up to 380 ppm (parts
per million), corresponding to a volume concentration ranging
between 0.00057 kg/m3 and 0.00062 kg/m3 [3]. CO2 dissolves in
the aqueous pore solution and produces carbonic acid (H2CO3).
Carbonation is the result of a neutralization reaction between basic
compounds of hydrated cement (essentially calcium hydroxide (Ca
(OH)2) and calcium-silicate-hydrate (CSH)) and H2CO3, producing
calcite (CaCO3) and water (H2O) [4] [5]. This provokes a drop in
pH. The depth of the carbonated cement concrete front increases



with time. When it reaches the reinforced layer, corrosion is likely
to occur because steel bars are not passivated anymore.

Carbonation models have been extensively developed to predict
carbonation depth. Currently, available carbonation models have
been developed with different approaches and for different cases
by underlying, for instance, the influence of the material composi-
tion, of the environmental conditions, etc. Many papers discussing
the different modelling approaches of carbonation process can be
found in the literature. The models can be divided into three main
categories:

Empirical [6];
Semi-empirical [3,4,7–12];
Numerical [13–16].
Currently, existing models have limitations that prevent some

possible applications for civil engineers as regards life cycle design
of RC structures. This is for two main reasons: (i) numerical models
are difficult to use because they require accurate and complete
data (the number and accuracy of input parameters required are
too large and time consuming); (ii) semi-empirical models are
quite simple but have generally been developed to match specific
application cases, like special additives [9], or influence of initial
curing period (tc) [17].

The aim of this paper is to propose a general model for carbon-
ation, which can be used by civil engineers in as many application
cases as possible. This model must be sufficiently accurate, physi-
cally and chemically correct, as simple as possible and based on
information which is available from the structure design. This
approach is based on already existing semi-empirical, a more
user-friendly format to civil engineers [18].

This paper initially presents a literature review on studies con-
ducted on semi-empirical models based on the analytic solution of
Fick’s first law using the diffusion coefficient of CO2 and the
amount of CO2 absorbed to predict the carbonation depth of RC
structures exposed to given environmental atmospheric
conditions.

Then, a simple meta-model to calculate concrete carbonation
depth under natural carbonation process based on the analytic
solution of Fick’s first law is described. This meta-model takes
many influencing factors, which were previously considered in
separate models like concrete mix design, sand to gravel ratio,
maximum aggregate size, cement type, and chemical composition
of cement of cement type CEM I and cement density, tc , ambient
temperature (T), relative external humidity (RH), and CO2 concen-
tration in the air (½CO2�ext).

Finally, the meta-model is validated using some data on the
short and long-term natural carbonation exposure conditions with
different water to cement (W=C) ratios, tc , and cement types (CEM
I, CEM II, CEM III, and CEM I additives (FA)) found in the literature.
2. Literature review on carbonation models based on the
analytic solution of Fick’s first law

2.1. The analytic solution of Fick’s first law

After a sufficiently long period of time, the carbonation process
can be modeled using the scheme presented in Fig. 1 where three
zones can be distinguished [19–22]. The first zone, close to the sur-
face exposed to air, is considered fully carbonated: its carbonate
content is constant. Then, a transition zone, often referred carbon-
ation front, corresponds to the part of concrete material, for which
the level of carbonation gradually decreases form its maximum (at
interface with the first zone) to zero, and finally, a third where no
carbonation is observed.

Because the carbonation is governed by the diffusion of carbon
dioxide within concrete, the square root of time formula is com-
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monly used for carbonation modelling. The CO2 diffusion model
proposed by Klopfer [23] is based on the analytic solution of Fick’s
first law in the form:

xCO2 ¼ A:
ffiffi
t

p
ð1Þ

where: xCO2 (m) is the carbonation front depth, t (s) is the exposure
time and the carbonation coefficient A (m/s1/2) is determined as:

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:DCO2 :½CO2�ext

a

r
ð2Þ

where: DCO2 (m2/s) is the CO2-diffusion coefficient in carbonated
concrete, a (kg/m3) is the amount of CO2 absorbed.

Depending on the models were developed, more or less mate-
rial variables, technological and environmental factors are taken
into account. The main models used for prediction are summarized
in Table 1.

For some of the models based on the analytic solution of Fick’s
law, it is assumed that the medium, in which diffusion takes place,
does not change over time (homogeneous concrete) and admit the
use of a constant diffusion coefficient [8]. However, concretes used
in reinforced structures are not ideally homogeneous.

The diffusion of CO2 depends not only on the CO2 concentration
gradient but also on the concrete microstructures. This is a sub-
stantial simplification of the description of the carbonation process
based on Fick’s law, which does not take many additional factors
discussed below like change in diffusivity as a function of humid-
ity, qualitative and quantitative characteristics of the material
composition of concrete (as W=C ratio, type of cement, etc.), tech-
nological (as tc) and environmental factors (as T , RH) into account.

The amount of CO2 absorbed also affects the carbonation rate.
The existing models consider the different expression of a
(Table 1).

2.2. Amount of CO2 absorbed: a (kg/m3)

Papadakis [4], Salvoldi et al. [12] and Bakker [8] show that the
constituents of hardened cement paste subjected to carbonation
are principally Ca(OH)2 and CSH in the presence of moisture, and
calcium silicates (3CaO.SiO2 and 2CaO.SiO2) prior to hydration.
From on the chemical reactions of hydration, they develop some
mathematical models based on some experimental parameters to
determine the molar concentration of the carbonated constituents
of the paste per unit volume of concrete.

Yang et al. [11] and Jiang et al. [9] show that the ultimate value
of the molar concentration of the constituents, which can poten-
tially be carbonated, highly depends on the concrete cement con-
tent. When increasing the amount of cement, the amount of CO2

absorbed increases. Consequently, the molar concentration of the
carbonated constituents is directly proportional to the cement
content.

2.3. CO2-diffusion coefficient: DCO2 (m2/s)

As already stated, assuming the diffusion coefficient to be con-
stant like in Bakker [8] is not appropriate in this case. In the model
proposed by Millington [24], the CO2-diffusion coefficient is calcu-
lated as the function of the CO2-diffusion coefficient in the air, the
porosity and the concrete saturation level in the form [24]:

DCO2 ¼ Do
CO2

:/k:ð1� SÞ g ð3Þ

where: Do
CO2

(m2/s) is the CO2-diffusion coefficient in the air
(1.6 � 10�5 (m2/s)), / (n.u.) (n.u. = no unit) is the concrete porosity,
S (n.u.) is the concrete saturation level or called the internal relative
humidity, k and g (n.u.) are empirical constant coefficients (k ¼ 2:74
and g ¼ 4:20).



Table 1
Summary table of simplified carbonation models based on Fick’s first law.

Amount of CO2 absorbed: a (kg/m3) CO2-diffusion coefficient: DCO2 (m2/s) Validation Ref.

a ¼ ½CH� DCO2 ¼ 4:8� 10�7 Accelerated [8]

a ¼ ½CH� DCO2 ¼ 23:32Dref
CO2

ð1� RHÞ2RH2:6 Accelerated [12]

a ¼ 0:33:½CH� þ 0:214:½CSH�
DCO2 ¼ Do

/carbon�/air
W
qw

þ C
qc
þ FA
qfa

� �n

� ð1� RHÞ2:2 Accelerated [4] [25] [27]

a ¼ 366:7�10�3t:W
ð2þtÞ: 1�W

Cð Þ DCO2 ¼ 158:05� 10�9:bs:bf :ð1� RHÞ0:6 SþG
C

� �0:1
:
0:1þ2:62ðWC Þ

4:2
:t

1:5tðWC Þ
2

Natural [11]

a ¼ W 1� Wfa�FA�Al2O3

19:06�10�3ð1�FAÞ

� �
DCO2 ¼ 8165472� 10�11ð1� RHÞ2:2ðWC � 0:34Þ Accelerated [9]

DCO2
a ¼ 1�RH5

1�0:655

� �2:5
: twc

7

� ��0:567
:ð1:25R�1

ACC;0 þ 10�11Þ:WeðtÞ2 Accelerated [3]

where:
½CH� and ½CSH� (kg/m3) are the hydrate and anhydrate contents (C = CaO, S = SiO2, H = H2O)
Al2O3 (n.u.) is the amount of Al2O3 per weight cement;
Dref
CO2

(m2/s) is the CO2-diffusion coefficient determined with RH value about 0.58;
W (n.u.) is the degree of hydration of cement;
Wfa (n.u.) is the degree of hydration of fly ash;
Do (m2/s) and n (n.u.) are constant depending on W=C ratio;
bs (n.u.) is the correction factor for substitution of supplementary cementitious materials;
bf (n.u.) is the correction factor for finishing materials on concrete surface.
Other parameters are defined in the main text.

Fig. 1. Drop in pH in the concrete cover depth due to carbonation.
During natural carbonation, the concrete drying rate is sup-
posed to be higher than the carbonation rate and the internal rel-
ative humidity will reach a steady state with the external relative
humidity on a time-averaged basis [12]. Based on that assumption,
many studies [9,11,14,25,26] suggest that RH can be used as the
concrete saturation degree (RH ¼ S).

Considering Table 1, we found that the models of CO2-diffusion
coefficient in concrete are based on Eq. (3). Some authors,moreover,
have added some material variables and some technological and
environmental factors: Papadakis’ model [4,25,27], for example,
takes the decreasing in the concrete porosity due to carbonation
into account. In Fib [3], a complex model, where many effects are
considered (as tc , RH and the weather function (WeðtÞ)). Jiang’s
model [9] takes the high-volume of fly ash content in concrete into
account. Yang’s model [11] introduces correction factors by consid-
ering not just the substitution of supplementary cementitious
materials, the finishing materials but the exposure time also.

2.4. Conclusion: needs for a new meta-model

This literature review has been carried out according to the dif-
ferent factors affecting carbonation process. They can be classified
3

as internal or external. The internal factors are: (i) concrete com-
pounds like cement type [10], maximum aggregate size (S max)
[28] (ii) concrete composition like sand to gravel ratio (S=G) [28],
W=C ratio [4,5,29–33], cement content [5,32,34], and mineral
admixture [9,27,29,32,35–43], (iii) concrete properties like poros-
ity and CO2 diffusivity [26,44]. The external factors are: (i) environ-
ment like ½CO2�ext [45], T [13,20,21,45,46], RH [4,47], (ii) technology
like structure surface condition (crack) [30], tc [17,48–50]. This
extensive literature review reveals that the rate of carbonation
increases with increasing ½CO2�ext , T , W=C ratio, S max, early-aged
crack width. However, the rate of carbonation decreases with the
increase of the 28-day compressive strength (f c), tc , S=G ratio and
cement content. The highest carbonation rates are observed for
RH values between 55% and 75%. The incorporation of FA or ground
granulated blast furnace slag (GGBFS) in ordinary Portland cement
(CEM I) both decreases carbonation resistance of RC structures,
though at significantly different levels. The carbonation resistance
of RC structures with GGBFS is better than RC structures with FA
[43]. The present study concentrates on FA admixture mixed with
CEM I only.

The carbonation models presented in Table 1 consider some
of these factors, but none of them include them all. None of the



models into account the influence of T whereas only Fib’s model
[3] takes into account the effect of tc , for instance. However, in
order to use this model to predict the depth of carbonation under
natural condition, an accelerated laboratory test is necessary to
determine the carbonation resistance (R�1

ACC;0) [3].
Most of the models presented in Table 1 have been validated

using some experimental results obtained with accelerated car-
bonation laboratory tests. The carbonation depths have been mea-
sured on the local concrete used. Fib [3] indicates that the
carbonation rate obtained with accelerated carbonation is lower
than the natural carbonation one. Consequently, these models
may not be used for the accurate prediction of the carbonation
depth under natural conditions taking all the influencing parame-
ters into account. Therefore, a meta-model to calculate carbonation
front depth by using only technological parameters as inputs (as
concrete mixtures, cement type, chemical composition of cement
type CEM I, cement density and tc) and environmental parameters
(as T , RH and ½CO2�ext) is proposed in the second part of this article.
This model, is contrast, takes many important factors influencing
the carbonation process into account. Finally, the model is vali-
dated using some experimental results obtained under natural car-
bonation conditions.

3. Meta-model

A new generic model built upon several already available speci-
fic models is presented. It is specifically developed to suit any sit-
uation by improving some of the former model relationships. That
is why we call it ‘‘meta-model”.

The assumptions/simplifications are made to develop the meta-
model:

1) Carbonation is modeled as a sharp carbonation front moving
inwards [51].

2) Carbonation is controlled by the CO2-diffusion under steady
state [45], i.e. the reaction of dissolved CO2 is much faster
than the CO2-diffusion process [51].

3) The amount of CO2 absorbed per volume of concrete is
determined as the required amount of CO2 gas for making
completely carbonated concrete [52], i.e. it is used only for
natural carbonation conditions and not for accelerated test-
ing environment [45].

Fig. 2 displays the logic diagram of the developed model. The
following sub-section of this part presents a detailed discussion
of the fundamental choices and transformations of the equations
used in the meta-model.

3.1. Calculation of the amount of CO2 absorbed: a (kg/m3)

Pade and Guimaraes [52] have shown that 75% of the original
CaO in the Portland cement clinker changes into calcium carbon-
ated concrete. Thus, considering the cement paste concrete can
be assumed completely carbonated. the amount of CO2 absorbed
per volume of completely carbonated concrete is given by [52]:

a ¼ 0:75� C � CaO�MCO2

MCaO
ð4Þ

where: C (kg/m3) is the cement content, CaO (n.u.) is the amount of
calcium oxide per weight of cement, MCO2 and MCaO (g/mol) are the
molar weight of CO2 and CaO respectively.

Eq. (4) was established for Portland cement (CEM I) including
the highest clinker and CaO content (from 95% to 100% for clinker
with an average CaO content of 65%) [52]. The literature review
reveals that, the increases in clinker content in cement generally
increases the amount of CO2 absorbed [56] [10]. Natural carbona-
4

tion tests have been conducted by Hyvert et al. [10] for mortars
with a W=C ratio 0.5 on different types of cement like CEM I
52.5 N, CEM II A/L 52.5 N, and CEM III A 42.5 N containing 97.5%,
87%, and 56% of clinker, respectively. The results obtained show
that the carbonation rate of CEM I is the lowest, followed by
CEM II and CEM III.

Thus, in order to consider the different cement types corre-
sponding to various clinker and CaO contents [53], we introduce
the cement clinker content into Eq. (4) to obtain the amount of
CO2 absorbed as:

a ¼ 0:75�uclinker � C � CaO�MCO2

MCaO
ð5Þ

where: uclinker (n.u.) is the cement clinker content.

3.2. Calculation of CO2-diffusion coefficient: DCO2 (m2/s)

In the meta-model, the diffusion coefficient is determined by
introducing some functions, which depend on the parameters
influencing the carbonation process, as:

DCO2 ¼ D28
CO2

� f ðRHÞ � f ðTÞ � f
Sþ G
C

� �
� f /;

W
C

; FA
� �

� f ðtcÞ ð6Þ

The expression of those functions is detailed below.

3.2.1. Function D28
CO2

The function for the CO2 diffusion coefficient in fresh concrete
(D28

CO2
) was proposed in [25], which depends on 28-day compressive

strength (see Fig. 2). In this study, we introduce the 28-day com-
pressive strength model proposed in [54] into D28

CO2
function as

shown in Fig. 2.

3.2.2. Function f ðRHÞ
The D28

CO2
function proposed in [25] is only valid for the concrete

exposed to the relative external humidity (RH) around 60%. It is thus
necessary to modify this expression to account for different values
of RH. Thus, the function f ðRHÞ was introduced which is selected
basing on the long-term experiments in natural conditions where
the same concrete was exposed to different RH [12] (see Fig. 2).

3.2.3. Function f ðTÞ
The function f ðTÞ is used by Arrhenius’ law [20]. According to

Yan and Jiang [55], we assume that the temperature inside con-
crete is constant and equal to ambient temperature under natural
carbonation (see Fig. 2).

3.2.4. Function f ððSþ GÞ=CÞ
Basheer et al. [56] indicated that the carbonation depth

increases as a result of the increase of aggregate to cement
(ðSþ GÞ=C) ratio (S = Sand and G = Gravel). So, to take this into
account, we use an empirical correction term proposed by Yang
et al. [11] (see Fig. 2).
3.2.5. Function f ð/;W=C; FAÞ
Concrete with FA has a higher carbonation rate than plain con-

crete. The impact of FA on the carbonation rate is obviously
affected by the W=C ratios. In order to consider the replacement
of CEM I by FA into mix concrete and the reduction of concrete
porosity due to carbonation [57], Papadakis [27] [58] proposes a
functional relationship between the porosity of carbonated con-
crete, the W=C ratio and the amount of CEM I replaced by FA is
given by:

f /carbon;
W
C

; FA
� �

¼ /carbon � /air
W
qw

þ C
qc
þ FA

qfa

!n

ð7Þ



Fig. 2. Meta-model for calculating depth of carbonation front.
where: /carbon (n.u.) is the carbonated concrete porosity, /air (n.u.) is
the volume fraction of entrained air into the mix, W (kg/m3) is the
water content of concrete, FA (kg/m3) is the fly ash content of con-
crete, qw, qc , qfa (kg/m3) are the densities of water, cement, and fly
ash, respectively, and n (n.u.) is an empirical constant: n = 1.8 for
0.5 <W/C < 0.8.

To account for the effects of S max used in the mix, we use an
approximate estimation of /air from S max proposed by several
studies [59] [54]. In this study, we use the values proposed by
Papadakis and Demis [54] (see Fig. 2).

From Eq. (7), the expression considering the influence of non-
carbonated concrete porosity, the W=C ratio and CEM I + FA con-
tents in concrete, f ð/;W=C; FAÞ is established. The solution for
/carbon is obtained by combining the function of porosity of carbon-
ated concrete proposed by Park [16] (Eq. (8)) with that of porosity
of a concrete with CEM I (/) proposed by Papadakis [60] (Eq. (9))

/carbon ¼ 0:93� 3:95� 0:94
100W

C

� �
� / ð8Þ

with:
5

/ ¼ /air þ
W
qw

� 0:249ðCaO� 0:7SO3Þþ
0:191SiO2 þ 1:118Al2O3 � 0:357Fe2O3

	 

:

C
1000

ð9Þ
where: SO3, SiO2, Fe2O3 (n.u.) are the amount of sulfur oxide, silicon
oxide, iron oxide per weight cement respectively.

For the application of Eq. (7) to W=C ratio 60.5, a function
f ðW=CÞ is introduced. The function values are calculated using
experimental data, which were measured at concrete cured of
28-day, by Balayssac et al. [50] for each W=C ratio with the range
0.48–0.65 (Fig. 3). The law for f ðW=CÞ is determined using the
technique of value fitting as shown in Fig. 3 (with a determination
coefficient R2 = 0.9849). We obtain:

f
W
C

� �
¼ 2437:7exp �5:592

W
C

� �
ð10Þ

Finally, the solution for f ð/;W=C; FAÞ is:



Fig. 3. Normalized data from Balayssac et al. [50] showing f ðW=CÞ versus W=C.
f /;
W
C

; FA
� �

¼ f
W
C

� � 0:93� 3:95� 0:94
100W

C

� �
� /� /air

W
qw

þ C
qc
þ FA

qfa

2
4

3
5

1:8

ð11Þ
In the particular case of CEM II cement type containing FA, FA

value is taken to be zero in Eq. (11) for [50,61,62].

3.2.6. Function f ðtcÞ
Fib’s model [3], an empirical correction term is introduced to

take the effect of tc on the carbonation rate into account. We have:

f ðtcÞ ¼ tc
7

� ��0:567

ð12Þ

However, this model does not include the influence of the envi-
ronmental conditions during curing time (e.g. T and RH). In this
study, the new model proposed allows for this influence of tc . Saet-
ta’s modelling of the impact of tc take the form [14]:

f ðtcÞ ¼ vþ ð1� vÞ:
ffiffiffiffiffiffi
28
te

s
ð13Þ

where: v (n.u.) is a constant varying from 0 to 1 and te (days) is
defined as the equivalent curing time. It is a function of RH and T.

According to Bazant and Najjar [63] te is a function of RH and T
expressed as:

dte ¼ bRH:bT :dt ð14Þ
where: bRH (n.u.) and bT (n.u.) are functions of RH and T ,
respectively.

The expression for bRH (n.u.) is given by [63]:

bRH ¼ ½1þ ð7:5þ 7:5RHÞ4��1 ð15Þ
bT (n.u.) obeys Arrhenius’ law and is expressed as [63]:

bT ¼ exp
Ehydration
a

R
1
Tref

� 1
T

� �" #
ð16Þ

where: Ehydration
a (J/mol/K) is the hydration activation energy, R

(8.314 J/mol/K) is the perfect gas constant, and Tref (293 K) is the
reference temperature.

Eqs. (13) and (14) can be used in numerical models but not in
semi-empirical models. Furthermore, setting the value of constant
v can be tricky. To solve these problems, a new model taking the
6

impact of tc into account is developed. Eq. (13) is simplified by
developing the relationship between te and tc , and setting the con-
stant v to a constant value.

The hydration activation energy to gas constant ratio, indeed,
here taken to be 2500 (K) [63] but depends otherwise on the con-
crete constituents. Furthermore, concrete tests specimens are gen-
erally cured in a temperate room at 20 �C and with RH = 0.9 (or
90%) [63]. By introducing these values into Eqs. (15) and (16),
and then by calculating the integral of Eq. (14), the solution
obtained takes into account the effect of tc upon carbonation of
concrete as:
f ðtcÞ ¼ vþ ð1� vÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

28
0:01� tc

s
ð17Þ

Moreover, Kari’s study [64] shows that the constant v can be
expressed by the ratio of the CO2 diffusion coefficient in water
around 1.9 � 10�9 m2/s [65] to that in concrete at an age of 28-
day (D28

CO2
) as shown in Fig. 2. Eq. (17) becomes:
f ðtcÞ ¼ 1:9� 10�2

10�0:025f c
þ 1� 1:9� 10�2

10�0:025f c

! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
28

0:01� tc

s
ð18Þ
4. Validation and discussions

In this section, the carbonation depth predicted by the experi-
mental model is compared with results data found in the literature
and obtained under natural conditions [2,39,50,61,62,66–70].
These data refer to various short and long-term exposure times.
When the chemical composition of cement is not indicated, like
in [50,61,62,66,68–70], values are assessed from the VDZ Activity
Report [71] and [72].
4.1. Different initial curing periods

The meta-model is validated using experimental data found in
Balayssac et al. [50]. Where four different concrete types with a
W=C ratio of 0.48, 0.53, 0.61, and 0.65, respectively, are considered.
After three different tc (1-day, 3-day, and 28-day), they are stored
at temperature 20 �C and humidity of 60% RH (with ½CO2�ext of 0.03%
or 0.00049 kg/m3) for up to 18 months. For each curing time and
each concrete specimen, carbonation depths are measured at 90,
180, 360, and 540 days. Fig. 4 presents the comparison of the
experimental carbonation depths with those calculated by the
meta-model using a hypothetical line of perfect equality. This line
corresponds to the first bisector, on which both calculated and
experimental carbonation depths would superimposed perfectly.
Most of the experimental data are above the line of equality, which
indicates that the predicted carbonation depth values are generally
higher than the experimental ones. However, most results are
within a +30%/�20% margin of error. The determination coefficient
determined between the 48 plotted points and the line of equality
is determined R2 = 0.85. Moreover, among all the models described
in Table 1, Fib’s model [3], only, takes the effect of tc into account. If
we take the carbonation depth after a 28-day curing period as a
reference value, the mean ratio of the carbonation depths to the
initial curing period (ranging tc = 1-day and tc = 28-day, i.e., for
tc = 3-day and 28-day) is determined using Balayssac’s data [50],
the meta-model and Fib’s model for four different W=C ratio
(Table 2). The calculated relative errors confirm that the meta-
model predictions are more accurate than the Fib’s model ones.



Fig. 4. Comparison between calculated and experimental carbonation depths with
different tc .

Table 2
Comparison between carbonation depth predictions obtained with the meta-model
and Fib’s model with different tc .

Balayssac’s data
[50]

meta-model Fib’s model
[3]

r1�day ¼ xCO2 ðtc¼1�dayÞ
xCO2 ðtc¼28�dayÞ

2.38 2.3 2.57

Relative error ¼ jrexp
1�day

�rmodel
1�day j

rexp
1�day

3.36% 7.98%

r3�day ¼ xCO2 ðtc¼3�dayÞ
xCO2 ðtc¼28�dayÞ

1.45 1.78 1.88

Relative error ¼ jrexp3�day
�rmodel

3�day j
rexp3�day

22.75% 29.66%
4.2. Comparison with different experimental data obtained at short
exposure times

A comparison between the meta-model predictions and other
experimental results obtained by Rozière et al. [2], Galan et al.
Fig. 5. Comparison between calculated and experimental carbo
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[66], Chatveera et al. [67], Valcuende and Parra [61], Jones et al.
[62], De Ceukelaire and Nieuwenburg [70], and Khungthongkeaw
et al. [39] is made. A large amount of experimental data on CEM
I, CEM II, and CEM III cement types, CEM I + FA with different
W=C ratios are collected. The results are presented in Fig. 5. They
reveal that, apart from the data by Jones et al. [62] with CEM I
32.5 N and W/C = 0.59, which are above a +20% margin of error
and for which the meta-model overestimates the carbonation
depth, most other predictions are within the ±20% margin of error.

The determination coefficient determined among all the plotted
points (65 points) and the line of equality R2 = 0.86. The meta-
model predictions are reasonably accurate compared with the
experimental data with different W=C ratios, cement types and
CEM I + FA with a FA content from 0 up to 50%.

4.3. Comparison to different W=C ratios at long exposure times

The reliability of the meta-model, carbonation depth predic-
tions is validated using results measured on actual concrete struc-
ture found in the literature [69] (Fig. 6). Carbonation depth results
of the models proposed by Papadakis et al. [4,25,27] and Yang et al.
[11], are also plotted in the same figure. Papadakis’ model tends to
underestimate the carbonation depths whereas Yang’s one overes-
timates them. Meta-model predictions, on the other hand, are in
good agreement with measurements.

Fig. 7 presents the comparison between the carbonation depth
results obtained with the meta-model, Papadakis’ model
[4,25,27], and Yang’s model [11] and those measured on a concrete
bridge structure located in Seoul (Korea) [68]. The experimental
carbonation depth of this concrete structure is examined after a
18-year exposure to urban atmospheric conditions. The annual
atmosphere concentration of CO2 in Seoul is 355 ppm
(0.00058 kg/m3). A phenolphthalein pH indicator is used to deter-
mine the carbonation depth at 113 sampling points, and the aver-
age experimental carbonation depth 11.6 mm with a standard
deviation of 2.45 mm [68].

Fig. 7 shows that Papadakis’ model underestimates the carbon-
ation depth whereas Yang’s model overestimates it. Papadakis’ and
Yang’s predictions are both outside standard deviations upper and
lower limits. The meta-model predicted values, on the other side,
are within a satisfactory range, close to the average value and
within the standard deviation.
nation depths with different W=C ratio and cement types.



Fig. 6. Comparison between calculated and experimental carbonation depths with
different W=C ratios.

Fig. 7. Comparison between calculated and experimental carbonation depth results
by Ann et al. [68]

Fig. 8. Comparison between calculated and experimental carbonation depths using
the meta-model.

Fig. 9. Comparison between calculated and experimental carbonation depths using
Papadakis’ model.
In both cases studied here and in relation to the experimental
results, Papadakis’ [4,25,27] and Yang’s [11] models systematically
underestimate or overestimate carbonation depth, respectively.
Regarding service times on RC structures, e.g., maintenance repair
strategies, etc., Yang’s model [11] can be considered more secure.
Fig. 10. Comparison between calculated and experimental carbonation depths
using Yang’s model.
4.4. Comparison with all collected data (any cases material and
environmental cases)

All the data collected are used for comparison in this subsec-
tion: 153 carbonation depths measured on different materials,
with different tc and under different environmental conditions.
These experimental data are compared with the calculated carbon-
ation depths obtained using the three models (the meta-model,
Papadakis’ model [4,25,27] and Yang’s model [11]). Figs. 8–10, pre-
sent the results of the different comparison, respectively. For each
comparison, the determination coefficient, R2, is calculated
between the data and the line of equality. The R2 value obtained
for the meta-model indicates that the predictions satisfactorily
agree with the measured data. Therefore, we can say that the car-
bonation depth in concrete can be reasonably estimated by the
8



meta-model presented in this paper. Papadakis’ and Yang’s models
may, on the other side, cannot be used against data collected for
the experimental investigation carried out to determine the impact
of tc on the carbonation rate like in Balayssac et al. [50]. The com-
parison results reveal that most of the data on the long-term are
overestimated by Yang’s model [11]. However, the prediction is
more secure for reinforced concrete structures as regards mainte-
nance strategies. Papadakis’ model [4,25,27], on the other hand,
underestimates most of the data.
5. Conclusion

The aim of this paper was to present and validate generic model
that can be easily used by civil engineers consider carbonation
impact in the life cycle design of reinforced concrete structures.
We thus have developed a semi-empirical model based on the ana-
lytic solution of Fick’s first law, which includes as much engineer-
ing design options as possible.

The survey of the literature have revealed that: (i) the amount
of CO2 absorbed is not only highly dependent on the cement con-
tent, but also on the cement clinker; (ii) the CO2-diffusion coeffi-
cient depends on many influencing parameters like the 28-day
compression strength (f c), the concrete porosity, the water to
cement ratio, the coarse aggregate content, the replacement
percentage of mineral admixtures, the initial curing period, the
ambient temperature and the relative external humidity. If some
already available models account for some of these parameters,
none of them include them all.

The meta-model predictions for carbonation depth are based on
the analytic solution of Fick’s first law and take into account many
parameters readily available in the case of new reinforced struc-
tures. The validation of the meta-model has been conducted using
data from literature on short and long-term natural carbonation
exposure conditions for CEM I, CEM II, CEM III cement types, and
CEM I additives (FA), and for a wide range of W=C ratios, cement
contents and exposure conditions. This new meta-model makes
it possible to predict concrete carbonation depth for a wide range
of curing time (between 1 and 28 days). The predictions obtained
are satisfactorily accurate for different types of cement. The good
agreement between the calculated carbonation depths and the
experimental data found in the literature demonstrates that the
meta-model predictions for concrete service life as regards carbon-
ation are reasonably accurate and reliable.

Furthermore, the benefit of using semi-empirical models is that
the stochastic nature of all the model parameters can be directly
considered in a full probabilistic approach [3]. That is why we will
conduct additional researches on the statistical analysis of the
meta-model under stochastic variations in order to determine
more effective levers for material durability as regards
carbonation.
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