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ABSTRACT 

Concrete carbonation relates to the diffusion of CO2 in the atmosphere through the concrete pores and to the dissolution 
of the hydrates. A great deal of uncertainty still remains in this subject as a result of the random nature of the infiltration 
of these aggressive agents as well as the material and structural properties of reinforced concrete. Consequently, in or- 
der to determine the degradation of these structures with time, it is necessary to approach the subject from a probabilis- 
tic point of view that it considers the uncertainties involved with the geometrical dimensions of these structures, with 
the material characteristics and with the environment and the subsequent deterioration that it provokes. The aim of this 
paper is the evaluation of carbonation depth (Xc) from a probabilistic analysis, focusing specifically on the study of the 
randomness of the most influential parameters on the reinforced concrete carbonation.  
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1. Introduction 

Durability is a key factor for any concrete structural de- 
sign. Rebar corrosion is induced by carbonation and 
penetration of chlorides, or others aggressive agents, and 
the studies of corrosion in reinforced concrete structures 
require very large specimens due to the heterogeneous 
structure of the concrete [1].  

Deterministic mathematical models of carbonation 
used a precise knowledge of the parameters requires a 
probabilistic approach enable to modeling the uncertain- 
ties and analyzing their dispersion effect [2].  

In this paper, a probabilistic formulation is applied to 
carbonation phenomenon, and statistics integrates the 
influence of variation coefficient of relative humidity, 
water to cement ratio and carbonic gas pressure.  

Monte Carlo simulations are realized under the as- 
sumption that the relative humidity, the Water/Cement 
ratio and the pressure of the carbonic gas on the surface 
of the concrete are random variables with a log-normal 
probability distribution.  

2. The Carbonation Theory 

Carbonation phenomenon is due to the calcium carbon- 

ates formation by reaction between cements (mainly the 
Portland) and atmospheric carbon dioxide (CO2) present 
in the air with an average rate of 0.03% in volume. This 
rate is more important in urban environment than in a 
rural environment [3].  

This reaction involves the consumption of alkaline 
bases present in the interstitial solution of the concretes 
leading to a reduction in the pH from 13 to lower than 9, 
the corrosion of the reinforcements can be initiated by 
the carbonation reaching the reinforcement faces, and a 
steel depassivation occurs by the reduction in the pH 
around 9 [2]. From a chemical point of view this reaction 
arises as follows: 

  2H O alkaline bases
2 32

CO Ca OH CaCO H O   2  (1) 

The Figure 1 illustrates the combined intervention of 
three phases: gaseous, aqueous and solid during the 
process of Portland carbonation.  

The flux equation that is given, called “Fick’s 1st law”, 
with CS as the concentration of carbon dioxide and  
as the diffusion coefficient for CO2, is 

effD

d

d
S

eff

C
J D

x
                 (2) 

Here a minus (−) sign is missing; with a positive gra- 
dient in the x-direction, the flux will be opposite to that  *Corresponding author. 
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Figure 1. Carbonation mechanism of Ca (OH)2. 
 
direction. The mass balance equation, called Fick’s 2nd 
law, is given as   
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               (3) 

This means that the mass balance equation only in- 
cludes the gaseous carbon dioxide, with a concentration 
CS, but not the carbon dioxide that is “bound”, in the 
carbonate. A binding term is missing.  

This equation is said to be “difficult to solve” and all 
sorts of complication are listed. In spite of this, the depth 
of carbonation Xc is then given by a simple formula  

CX k t                   (4) 

This is the traditional carbonation model which, in fact, 
is not the solution to Fick’s 2nd law, at least not where 
more or less a carbonation “front” is expected.  

The parameter k is not further explained, just taken as 
a parameter to be identified. The correct flux equation 
should be: 

d

d
S

eff

C
J D

x
                  (5) 

And the mass balance equation should have a binding 
term that includes the drop in carbon dioxide concen- 
tration due to carbonation binding it in carbonates 

3COS S
eff

CC C
D

t x x t

 
 

   
         (6) 

The diffusion coefficient is here placed inside the first 
derivation, which means that it may be non-constant with 
depth x due to moisture profiles and the reaction of car-
bonation is so fast that the process is diffusion 
rate-limited. 

The mass balance equation must be solved numerically, 

if all aspects are to be considered. A simple solution with 
certain assumptions, see next section, is 

 
2CO2 , C S n

D RH C
Xc t

a

 
          (7) 

Meso-level models for carbonation are models that 
calculate the depth of carbonation with a more or less 
simple formula. The square-root of time model could be 
regarded as the most simple meso-level model, but it 
simply lacks input parameters, however.  

The most developed meso-level model for carbonation 
is the Duracrete Carbonation model, where the depth of 
carbonation is described by this equation: 

0
2 e c eff s

C

k k D C T t
X

a T


   
 

        (8) 

Compared to the simple square-root of time model, the 
Duracrete carbonation model has a number of features: 
the parameter in front of the square-root of time is quan- 
tified in terms of the diffusion coefficient eff , concen- 
tration CS of CO2 and amount a of carbon dioxide re- 
quired to carbonate a unit volume. 

D

A number of factors k is used to compensate for an- 
other climate, another test method and for another kind 
of curing. The square-root of time factor is multiplied by 
a time-factor with an age exponent , being dependent 
on the environmental conditions.  

All parameters were quantified in the Duracrete pro- 
ject [4].  

Where e  is the factor of environment, depending on 
the climatic conditions, and given by  

k

2.55

5

1

1
abs

e
lab

RH
k

RH

 
 

 
                (9) 

where abs  and lab  are the absolute and labora- 
tory relative humidity, respectively. 

RH RH

75%absRH  , 65%labRH  . The factor of environ- 
ment is estimated at 0.69ek  . 

c  is a parameter taking account of the conditions of 
curing compound concrete, given by:  

k

0.56

7
c

c

t
k


   
 

                (10) 

where  is the duration of cure,  and ct 1dayct  3ck   

effD  is the effective coefficient of diffusion of CO2  

 2.26 1.81.64 10 1eff cD R   H         (11) 

c is the porosity of the paste of the carbonated con- 
crete depends on the composition of the concrete, given 
by the formulation. 

Where 9 24.6 10 m seffD   , 0.5c  . 
Cs is the CO2 pressure on the surface of the concrete, 
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Cs = 6.1 kg/m3. 
T the expiry considers (year), t0 is the reference period 

(28 days),  is the meso-climatic factor  = 0.1. 
a  is the quantity of material carbonated given by: 

2COch h

cao

CH M
a

M

 
             (12) 

where: 
 h is the degree of hydration of cement 80%h  ;  
 ch  translates the relation of the portland likely to 

react, 85%hc  ; 
 34 kg m16a  . 

3. Probabilistic Analysis of Concrete  
Carbonation Depth 

Carbonation is an important factor which affects rein-
forced concrete structures durability. Deterministic evalu- 
ation of the carbonation factors does not account on the 
randomness of the input parameters of the model. Con-
sequently, the reliable behavior of reinforcement steel 
carbonation under random environment can’t proceed 
from deterministic approach and the resort to the prob-
abilistic techniques enable modeling uncertainties by 
analyzing their dispersion. 

This paper deals the randomness effect of the relative 
humidity (RH), Water/Cement ratio (W/C) and pressure 
of carbonic gas (Cs) on the carbonation phenomenon of 
the reinforced concrete. This analysis concentrates on the 
evaluation of carbonation depth (Xc) from a probabilistic 
analysis. These parameters are assumed as uncertain with 
a log-normal probability distribution. The parameters of 
the lognormal distribution of RH, W/C and Cs are ex- 
pressed as follows 
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where ,  2,RH RH   2,W C W C   and  are 

statistics (mean and variance) of RH, W/C and Cs, re- 

 2,Cs Cs 

spectively [5]. 

In reality, one has to solve a conventional random 
problem for a large number of input parameters by using 
Monte Carlo simulations. 10,000 independent samples of 
the parameters RH, W/C and Cs with a log-normal dis- 
tribution are generated, and the deterministic numerical 
procedure is applied to each individual simulation, pro- 
viding 10,000 values of the depth and time carbonation 
parameters [6,7].  

Finally, statistics of the depth and time factors (mean, 
standard deviation and confidence interval) are calcu- 
lated. 

In this study, the parameters governing the concrete 
carbonation are supposed to be a random variable with a 
log-normal distribution, which is suitable for strictly 
non-negative random variables with large values of coef- 
ficient of variation because in this case, simulations with 
normal distribution can give negative values. 

4. Numerical Results and Discussion 

4.1. Preliminaries 

In the present section, we focus on investigating the car- 
bonation process in a heterogeneous media, accounting 
for the variability of the relative humidity, water to ce- 
ment ratio and carbonic gas pressure. 

The mean values and the coefficients of variation of 
the different parameters were estimated from Model 
Code FIB (FIB 2006) proposals. 

The relative humidity is assumed to be a log-normal 
random variable with a mean value of 0.65RH  . It is 
known that below a relative humidity of 0.60 there is no 
more enough water, so that CO2 passes into solution and 
with a top of 0.70, the mechanism of total carbonation is 
limited by the diffusion of the ions carbonates in solution 
[3,4,6-8].  

The coefficient of variation RH  varies from 0 
(corresponding to the homogeneous case) to 10%. The 
mean value of the water to cement ratio is 

Cv

0.5W C   
and the coefficient of variation W CCv  varies between 0 
and 0.5.  

For the carbonic gas pressure, the mean value is 
36.1 kg mCs   and its coefficient of variation 

also varies between 0 and 0.5 [9]. 
CsCv

 It is worth noting that carbonation statistics are evalu- 
ated from the study of 10,000 simulated samples, given 
the same number of values for the carbonation depth and 
time. In order to determine the depth and time carbona- 
tion. 

The Chi-Square goodness of fit test is used to evaluate 
the fit of the assumed carbonation parameters probability 
distribution [10] and the shape of the corresponding his-
tograms suggests a log-normal distribution, which is 
adopted in this study, Figure 2.  

The behavior of the coefficient of variation of car-,   
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Figure 2. Probability density function of the carbonation depth versus E/C, Cs and HR. (a) Probability density function of the 
carbonation depth versus E/C; (b) Probability density function of the carbonation depth versus Cs; (c) Probability density 
function of the carbonation depth versus HR. (d) Probability density function of the carbonation depth versus E/C, Cs and 
HR.  
 
bonation depth versus the number of realizations is also 
investigated, Figure 3. 

ment ratio and carbonic gas pressure randomness.  
For an assumed log-normal distribution of W/C, and 

from the statistics (mean and standard deviation, as well 
as the 95% confidence interval) of the carbonation depth 
with respect to W/C coefficient of variation W CCv , it is 
shown that the mean value is constant for lower values of 

W CCv , it increases from 61 to 63 cm (3.28%) for higher 
ones, see Figure 4. One also notices that the standard 
deviation increases which indicates that W/C variability 
has a significant effect on the mean carbonation depth 
and influences strongly its dispersion, see Figure 5. 

As, the convergence of the final settlement coefficient 
of variation is observed for a number of realizations 
Nsamp around 300, this number is chosen equal to 10,000. 

4.2. Carbonation Depth  

The carbonation of the concrete starts at its surface and 
penetrates to a certain thickness known as carbonation 
depth, when the face of carbonation reaches the rein- 
forcements, corrosion can begin. Statistics of the car- 
bonation depth are evaluated for a time of one year. 
Mean and standard deviation (STD) are compared to the 
same parameters of the reinforcement cover to allow 
estimating the amount of depassivated steel [11].  

The progression of the carbonation front results 
mainly from movements of carbon dioxide and water 
present in the porous texture. More W/C is higher more 
the amount of free water susceptible to evaporate is im- 
portant. Starting by drying or evaporation, the water 
leaves voids which facilitates the diffusion of carbon 
dioxide through the network of interconnected pores. 

The corrosion risk due to carbonation of concrete de- 
pends on the carbonation depth compared to the cover. 
This section concerns the analysis of the variation of the 
carbonation depth with relative humidity, water to ce-  The carbonation kinetic is also affected by pore sizes     
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Figure 3. Carbonation depth coefficient of variation versus E/C, Cs and HR. 
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Figure 4. Carbonation depth statistics versus W/C coefficient of variation. (a), (c) Mean carbonation depth versus W/C coeffi-
cient of variation; (b), (d) STD carbonation depth versus W/C coefficient of variation.  
 
the depth of carbonation tends to increase when the 
porosity of concrete increases. 

Measures of mercury porosity (average pore diameter) 
realized after carbonation show that the solid products of 
carbonation enough to fill some pores, and taking into 
account the distribution of pore volumes (and not just the 
mean pore diameter) suggests that carbonation modifies 

complexly the pore structure of paste in concrete with the 
attenuation of certain porous modes and creating new 
modes and a statistical study of the pore size distribution 
becomes too complex [12].  

In addition, if the correlation between the carbonation 
depth and porosity is not always clear, the carbonation is 
also dependent on the chemical composition of concrete      
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Figure 5. Carbonation depth statistics versus W/C coefficient of variation. (a), (c) Mean carbonation depth versus W/C coeffi-
cient of variation; (b), (d) STD carbonation depth versus W/C coefficient of variation. 
 
and particularly the amount of Portland available.  

Varying Cs  from 0.0 to 0.5, leads to a reduction in 
the mean carbonation depth from 65 to 63 cm (3.08%), 
see Figures 6 and 7.  

Cv

A slight increase is observed for the standard deviation 
and the confidence interval remains constant for mean 
and standard deviation indicating that the variability of 
CO2 concentration does not affect the standard deviation 
precision, sees Figure 10. 

The quantity of calcium carbonate is composed of two 
parts: the Calcium of (CH), (C3A.3Cs.H32) and (C3A. 
Cs.H12). The calcium is totally carbonated whatever the 
pressure of CO2. Carbonate quantity in the calcium sili- 
cate hydrates (CSH) depends on the degree of hydration 
of cement and the effective coefficient of diffusion of 
CO2 in carbonate zone.  

These parameters are independent of the study mate- 
rial and are estimated carbonation test. 

For RH

 

values ranging from 0.0 to 0.1, a stabili- 
zation of the mean value is observed, as indicating in Fig- 
ures 8 and 9, and the confidence interval is appreciably 

constant, indicating that the relative humidity variability 
causes a significant variation of the carbonation depth 
mean variation around its average value, see Figure 10.  

Cv

This remark indicates that the carbonation depth can 
reach significant value whereas its median value remains 
low. 

The diffusion of atmospheric carbon dioxide through 
the porous structure of concrete is dependent on the state 
of hygroscopic pores of material.  

According to Chaussadent [4], two types of penetra- 
tion of carbon dioxide can exist: through the liquid phase 
with a transfer of water charged with carbon dioxide 
dissolved, or when the water is already present in the 
diffusion aqueous phase through the gas phase, i.e. the 
network contains more porous aqueous phase.  

The speed of carbonation at 20˚C for traditional con- 
crete is obtained for a relative humidity between 50% 
and 70% [8]. 

For low values of RH  corresponding a low relative Cv
humidity dispersion (below of 50%), the amount of water 
is insufficient to dissolve carbon dioxide. 
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For larger values of RH  (>70%), the structure of Cv
porous material is saturated with water, the diffusion 
process of carbon dioxide to the surface of mineral re- 
agents is extremely low. The diffusion coefficient of 
carbon dioxide in liquid phase is 104 fold lower than in 
gaseous form [3]. 

The volumetric parameters used to compare the diffu- 
sion with the reaction rate are porosity c and rate or de- 
gree of pore saturation S, these parameters are empiri- 
cally related to the coefficient of diffusion. 

The gas diffusion is important in a porous concrete and 
the gas fraction available for transfer of CO2 is indeed  
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Figure 6. Carbonation depth statistics versus Cs coefficient of variation. (a), (c) Mean carbonation depth versus Cs coefficient 
of variation; (b), (d) STD carbonation depth versus Cs coefficient of variation.  
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Figure 7. Carbonation depth statistics versus Cs coefficient of variation. (a), (c) Mean carbonation depth versus Cs coefficient 
of variation; (b), (d) STD carbonation depth versus Cs coefficient of variation. 
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Figure 8. Carbonation depth statistics versus RH coefficient of variation. (a), (c) Mean carbonation depth versus RH coeffi-
cient of variation; (b), (d) STD carbonation depth versus RH coefficient of variation. 
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Figure 9. Carbonation depth statistics versus RH coefficient of variation. (a), (c) Mean carbonation depth versus RH coeffi- 
cient of variation; (b), (d) STD carbonation depth versus RH coefficient of variation. 
 

The water to cement ratio variability influences mainly 
the dispersion of the carbonation depth, but slightly the 
median value. Statistics values of the carbonation time 
are independent of the W/C coefficient of variation. In- 
deed, this parameter has an important influence on the 
interconnection of the porous network, and consequently 
on the permeability of the concrete and the diffusivity of 
CO2 within it. 

c(1-S), and if the material is saturated S = 1, the CO2 
diffusion impossible that through the interstitial solution 
which lows the progression of carbonation, conversely if 
the saturation level is too low S  0, the dissolution of 
CO2 is very limited and the carbonation kinetic is very 
slow. 

The confidence interval for the mean and the standard 
deviation is substantially constant with important values; 
see Figure 10. Carbonic gas concentration variability effect on the 

carbonation depth is weak; this parameter can be as- 
sumed as deterministic for carbonation depth determina- 
tion to decrease the computation time during a probabil- 
istic treatment.  

Taking into account the uncertainty on the three pa- 
rameters instantly, allows to obtain confidence intervals 
defined. The confidence intervals obtained by consider- 
ing the uncertainties of the three parameters simultane- 
ously, are appreciably constant. We can conclude that 
heterogeneity of the three parameters act in opposition. 

Strong variation interval of the mean carbonation 
depth around its average value is observed with relative 
humidity variability, indicating that the carbonation 
depth can reach significant value whereas its median 
value remains low.  

5. Conclusions 

The confidence interval for the mean and the standard 
deviation increases when one parameter is considered a 
random variable and it is substantially constant with im-  

The present paper deals with the effect of the water to 
cement ratio, the relative humidity and the pressure of 
the carbonic gas randomness on the carbonation depth.    
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Figure 10. Carbonation depth statistics and confidence intervals versus W/C, Cs and RH coefficient of variation. (a) Mean 
carbonation depth versus Cs coefficient of variation; (b) STD carbonation depth versus Cs coefficient of variation; (c) Mean 
carbonation depth versus Cs coefficient of variation; (d) STD carbonation depth versus Cs coefficient of variation; (e) Mean 
carbonation depth versus RH coefficient of variation; (f) STD carbonation depth versus RH coefficient of variation. 
 
portant values in the case where the three parameters are 
considered random variables. 

Taking into account the uncertainty on the three pa- 
rameters instantly, allows to obtain confidence intervals 
defined. 
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