
A Reaction 
Problem of 

Engineering Approach to the 
Concrete Carbonation 

Steel bars in reinforced concrete are protected from corrosion by the 
high pH environment of the surrounding concrete. This alkaline environ- 
ment is destroyed by the reaction of atmospheric CO, with the Ca(OH), 
of the concrete mass. When this process, called carbonation of con- 
crete, reaches the reinforcing bars, corrosion of the latter may com- 
mence. In this paper, the physiochemical processes in this phenomenon 
are presented and modeled mathematically. The mathematical model is 
fairly complex, but certain simplifying assumptions are possible, which 
lead to the formation of a “carbonation front” and to a simple analytical 
expression for the evolution in time of this front, in terms of the composi- 
tion parameters of cement and concrete and of the environmental condi- 
tions. This simple expression is in very good agreement with experimen- 
tal results obtained in this and in previous studies. The effect of some 
parameters on the carbonation front propagation is also discussed. 
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Introduction 
Concrete is the most widely used construction material. Its 

success can be attributed not only to its low cost but also to its 
long record of satisfactory performance in service. This good 
performance includes its durability, which is much superior to 
that of its main competitors, steel and timber. In the last two 
decades, however, the instances of unsatisfactory durability of 
concrete structures have increased at an alarming rate, particu- 
larly in the most developed parts of the world. 

The most common durability problem is corrosion of the rein- 
forcing steel in reinforced concrete. Corrosion reduces the avail- 
able cross-sectional area of a reinforcing bar and hence its 
strength, and introduces a bursting internal pressure on the con- 
crete surrounding the bar, since the volume of the corrosion 
products exceeds by far that of the corroding metal. This causes 
spalling of the concrete covering the reinforcement and splitting 
concrete cracks parallel to the bar. Consequently, the connec- 
tion between the reinforcement and the concrete is almost lost, 
and the contribution of the former to the strength is drastically 
reduced. Very often the safety and appearance problems caused 
by reinforcement corrosion before the end of the structure’s use- 
ful lifetime are so severe that the structure either has to be 
demolished or requires very costly general repair and strength- 
ening. 

In response to this serious problem, the engineering commu- 
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nity has staged in recent years a significant research effort, aim- 
ing at developing a deeper understanding of the mechanisms 
leading to reinforcement corrosion as well as effective measures 
to control it. In concrete, reinforcing bars are protected from 
corrosion by a thin oxide layer which is formed and maintained 
on their surface due to the highly alkaline environment of the 
surrounding concrete (pH values around 13). The alkalinity of 
the concrete mass is due to the Ca(OH), produced during the 
reaction of the constituents of cement with water which causes 
the hardening and the development of strength of cement and 
concrete (Brunauer and Copeland, 1964). Depassivation of rein- 
forcing bars occurs either when chloride ions diffuse in the pore 
water and reach the bars or when the pH value of the concrete 
surrounding the bar drops below 9, due to the diffusion of atmo- 
spheric CO, and its reaction with the Ca(OH), of the concrete 
mass, or by a combination of these two mechanisms, in which 
the second mechanism accelerates the first. The former mecha- 
nism predominates in marine environments, in coastal areas, 
and when deicing salts come in contact with the concrete surface 
(pavements and bridge decks, floors of parking garages, etc.). 
The second mechanism, commonly called “carbonation of con- 
crete,” is predominant in all other cases, especially in urban 
environments with high concentration of COz in the atmo- 
sphere. 

Pereira and Hegedus (1984) were the first to recognize that 
concrete reinforcement depassivation by chloride ions can be 
treated as a classical reaction engineering problem. They devel- 
oped a quantitative chloride ion diffusion-reaction model which 

AIChE Journal October 1989 Vol. 35, No. 10 1639 



was found to be in very good agreement with experiment. The 
literature is also rich in studies of concrete carbonation, aiming 
at developing empirical or semiempirical relations for the pre- 
diction of the rate of carbonation, and hence of the time required 
for depassivation of the reinforcing steel (e.g., Hamada, 1969; 
Schiessl, 1976; Tuutti, 1982; Nagataki et al., 1986; Richardson, 
1988). 
In the present paper, the physicochemical processes involved 

in concrete carbonation are discussed and modeled mathemati- 
cally, using basic principles and methods of reaction engineer- 
ing. Thus, a fundamental model is developed for the prediction 
of the rate of concrete carbonation, in terms of the pertinent 
material parameters (composition of cement and concrete, po- 
rosity and pore size distribution, etc.) and of the environmental 
conditions (CO, concentration relative, humidity and tempera- 
ture). For the usual range of the values of these parameters, the 
model predicts the formation of a “carbonation front,” separat- 
ing fully-carbonated areas from those in which CO, diffusion 
has not started yet. A simple analytical expression is derived for 
the rate of propagation of the carbonation front. The model is 
validated by comparing its predictions with experimental results 
obtained in this and previous studies, in environments of normal 
or high concentrations of CO,. The model can be used to study 
the effect of various parameters on the rate of carbonation and 
to develop rules and specifications for the control of some of 
these parameters so that the rate of carbonation is reduced to 
acceptable levels. 

Physicochemical Considerations 
The carbonation of concrete is a complex physicochemical 

process. The process takes place in the cement paste component 
of concrete, whereas aggregates, which constitute the major part 
of the mass and volume of concrete, are essentially an inert fill- 
er, at least as far as carbonation is concerned. However, since 
the presence of aggregates affects certain important parame- 
ters, such as the effective diffusivity of CO,, all quantities used 
in the model refer to the total mass of concrete. 

The process of carbonation involves gaseous, dissolved and 
solid reactants. The solids which react with CO, include not only 
Ca(OH),, but also the main strength element of cement paste: 
3Ca0 - 2Si02 . 3Hz0 (CSH = calcium silicate hydrate); un- 
hydrated constituents, 3Ca0 - SiO, (C3S = tricalcium silicate) 
and 2Ca0 - Si02 (C2S = dicalcium silicate). Calcium silicate 
hydrate is the product of the gradual hydration of these two 
basic components of Portland cement: C3S and C2S. These two 
hydration reactions also lead to formation of Ca(OH),. Conse- 
quently, in order to model the process of carbonation, one must 
also take into account the hydration pracess, since the latter is 
the main source of Ca(OH), formation and its other reactants 
((2,s. C2S) and products (CSH ) are also susceptible to reaction 
with CO,. 

Hydration reactions 
The chemistry of hydration of Portland cement has been 

reviewed thoroughly (e.g., Brunauer and Copeland, 1964; 
Bensted, 1983; Frigione, 1983; Taylor, 1986). There are two 
major hydration reactions leading to the formation of CSH: 

2(3Ca0 - SiOz) + 6H,O 

r H . C f l  -(3Ca0 2Si02 - 3 H z 0 )  + 3Ca(OH), ( I )  

2(2Ca0 - S O 2 )  + 4H,O 
rH .CzS - 

(3Ca0 - 2Si0, - 3H20) + Ca(OH), (2) 

The rate of CSH formation, rH,CSH, is then given by: 

Parallel hydration reactions lead to the consumption of 
4Ca0 . Alz03 - Fe,O, (C,AF = calcium aluminoferrite) and 
3Ca0 - Alz03 (C3A = tricalcium aluminate): 

(4Ca0 . A1203 - FeZO3) + 2Ca(OH), 

+ 2(CaSO, - 2H,O) + 18H20 

r~ C,AF S - (6Ca0 . A1,03 . Fez03 . 2CaS0, - 24H20) (4a) 

(3Ca0 - Al,03) + CaSO, . 2H20 + 10H,O 

rH.C3A.g - (3Ca0 - A1,03 - CaSO, - 12H20) (4b) 

(4Ca0 - A1203 - Fe,03) + 4Ca(OH), + 22H20 

~H.C,AF - (6Ca0 - A1203 . Fe203 . 2Ca(OH), - 24H20) (5a) 

(3Ca0 . A1203) + Ca(OH), + 12Hz0 

rH.C3A - (3Ca0 - A1203 - Ca(OH), . 12H,O) (Sb) 

Reactions 4a and 4b dominate in the presence of gypsum, 
which is always present in Portland cement. Reaction 4b, which 
consumes most of the gypsum, proceeds via intermediate forma- 
tion of ettringite (3Ca0 . Al,03 a 3CaS04 32H20) which 
plays an important role in preventing “flash setting” in concrete 
(Bensted, 1983; Frigione, 1983; Taylor, 1986). Reactions 5a 
and 5b dominate when practically all the gypsum has been con- 
sumed. 

Solid Ca(OH), is formed by reactions 1 and 2 and consumed 
by reactions 4a, 5a and 5b. Consequently, the rate of Ca(OH), 
formation from the hydration reactions, r H , C H ,  can be expressed 
as: 

The kinetics of reactions 1, 2, 5a and 5b have been presented 
by Brunauer and Copeland (1 964). Interestingly, the presence 
of gypsum has been reported to have only a small effect on the 
rates of hydration of C,AF and C3A (Frigione, 1983). We have 
found that the experimentally observed kinetic behavior, which 
is in  good agreement with more recent work (Taylor, 1986), can 
be approximated well by the power law kinetic expressions given 
in Table I .  These expressions hold for ordinary Portland cement 
(OPC) of normal fineness (so-called Type-I cement). As shown 
in Figure I ,  the agreement between experiment and these pow- 
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Table 1. Power-Law Kinetic Expressions Used to 
Approximate the Hydration of Ordinary Portland Cement 

Hydration rate of constituent i: 

r H . ~  = ( k H . r / [ i l n d - ’ ) [ i l n ’  

Hydrated fraction of constituent i: 

F, = 1 - [i]/[i], = 1 - (1 - kH.,(reu + r)(i - ni))k’(k - * A  

Constituent i C,S C,S C,A C,AF 

n, 2.65 3.10 2.41 3.81 
kH.i(200C) x 1OS(s-’) 1.17 0.16 2.46 1 .oo 

er-law kinetics is quite satisfactory. It is worth noting that the 
characteristic time constants of these reactions is of the order of 
20 days. 

Tricalcium silicate (C,S)  and dicalcium silicate (C,S)  consti- 
tute more than 80 mol % of the mass of Portland cement and, 
consequently, the last three terms in Eq. 6 can, to a first approx- 
imation, be neglected in most applications. These terms, how- 
ever, can become important and cause an acceleration in the 
process of carbonation when certain additives (e.g., fly ash) are 
blended with ordinary Portland cement. 

It is worth mentioning that in practice, during the first few 
days after mixing and pouring of the concrete, care is taken to 
maintain the pores of the young concrete filled with water so 
that the hydration reactions, Eqs. 1, 2, 4 and 5, can proceed in 
excess H20.  This process, called “curing,” lasts in practice for a 
time t,, of about 7 days, after which evaporation of water from 
the concrete surface is allowed and equilibration in the chemical 
potential of H20 is gradually established between the external 
environment and the concrete mass. Since concrete pores are  
filled entirely with water during the curing period t,, carbona- 
tion practically does not take place during this period. Conse- 
quently, throughout this paper, initial conditions ( t  = 0) refer to 
the end of the curing period tcw. The expressions given in Table 1 
can be used to compute the initial ( t  = 0) concentrations of the 
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Figure 1. Hydration speed of the major constituents of 
ordinary Portland cement. 
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Figure 2. CO,(g) diffusion in concrete pores. 

constituents of concrete in terms of their values a t  the beginning 
of the curing period (tcu = 0). The subscript “0” is used through- 
out the paper to denote the beginning of the curing period, 
t , ,  = 0. 

Carbonation of Ca(OH)I 
Water is always present in larger or lesser amounts in the 

pores of hardened cement paste and plays a key role in the pro- 
cess of carbonation. The role of water is twofold: first, it blocks 
the pores and thus hinders diffusion of C02 through the pores: 
second, it provides a medium for reaction between CO, and 
Ca(OH),. 

The above qualitative considerations can explain why the rate 
of carbonation has been reported to go through a maximum with 
increasing ambient relative humidity (Schiessl, 1976). At very 
low ambient relative humidity levels, CO, can diffuse fast, but 
most pores are dry and the rate of carbonation is very slow. At 
high ambient relative humidity levels, practically all the pores 
are filled with water, therefore diffusion of CO, becomes very 
slow. 

The overall reaction between Ca(OH),(s) and C02(g), 

Ca(OH),(s) + CO,(g) - CaCO,(s) + H, 0 (7) 

consists of several elementary steps which take place in the 
aqueous film on the pore walls (Figure 2). One can distinguish 
the Ca(OH)2 dissolution step: 

Ca(OH),(s) 2 Ca2+(aq) + 2OH-(aq) (8) 

and the other elementary steps which constitute the overall reac- 
tion: 

Ca2+(aq) + 2OH-(aq) + CO,(g) 

‘CH - CaCO,(s) + H20 (9) 

These are 

TCH 
CO,(aq) + OH-(aq) - HCO,- (as)  (9b) 
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The kinetics of reaction 9 and of the elementary steps (Eqs. 
9a-9d) have been studied in detail (Dankwerts, 1970). It has 
been found that the rate expression 

provides a good approximation for pH values above ten. In the 
above expression, H is Henry's constant for CO, dissolution in 
H,O, k2 is the rate constant between C 0 2  and OH- ions, 
[OH-], is the OH-  concentration in a saturated Ca(OH), solu- 
tion, and [CO,] is the molar concentration in the gas phase. 

It should be noted that the diffusivity of OH- and therefore of 
Ca(OH),(aq), which we will use from now on to denote 
Ca2+(aq) + 2OH-(aq), is typically of the order of m'/s in 
aqueous solutions. Consequently, Ca(OH),(aq) is able to diffuse 
at  a finite rate normal to the outer surface of porous concrete 
and therefore the local rate of Ca(OH),(s) dissolution, r, may 
differ from the local rate of Ca(OH),(aq) consumption, rCH, as 
Ca(OH),(aq) will tend to migrate from higher to lower pH 
regions. The rate of Ca(OH),(s) dissolution can be approxi- 
mated well by (Ramachandran and Sarma, 1969): 

In the above expression, c is concrete porosity, f w  is volume 
fraction of pores occupied by the aqueous film, k, is the mass 
transfer coeficient for the dissolution of Ca(OH),(s), is 
the exposed surface area of Ca(OH),(s) per unit volume of con- 
crete, and [OH-] is the local concentration of OH- in the liquid 
phase of pores. 

Carbonation of CSH and unhydrated components 
AH the principal reactants and products of the hydration 

reactions of Portland cement are susceptible to carbonation in 
the presence of moisture. The ultimate carbonation products are 
normally alumina gel, calcite, iron oxide gel, and silica gel. The 
main reactions are: 

( 3 C a 0  - SiO,) + 3 c 0 2  + vH,O 

'ClS 
------.SO, vH,O + 3CaC0, (13) 

( 2 C a 0  - S O , )  + 2 C 0 2  + vH,O 

rc2s 
------.SO, - vH,O + 2CaC0, (14) 

is limited to a surface zone with the bulk of the crystallites 
remaining unaffected (Bensted, 1983). Consequently, carbona- 
tion of these components needs not to be included in the model. 
The main products of carbonation are CaCO, originating from 
Ca(OH),(s) and (3CaC03 - 2 S i 0 2 .  3H20) originating from 
CSH according to reaction 12. There have been only qualitative 
studies of the kinetics of reactions 12-14 (Sauman, 1971; Baird 
et al., 1975; Goodbrake et al., 1979; Suzuki et al., 1985) which 
can be reasonably assumed to be first order in [CO,] and in the 
exposed surface areas C Y , , ~ , ~  and as,czs of the solids CSH, 
C3S and C,S, respectively. To a first approximation, one can 
compute these surface areas in concrete by multiplying the total 
surface area with the solid mole fraction of each of these constit- 
uents in the concrete. These previous studies, which indicate 
that, for pco, = 1 bar, carbonation of these components is almost 
complete in less than 48 h, can serve to establish a lower limit for 
the values of the kinetic constants of reactions 12-14. Fortu- 
nately, the model predictions are  insensitive to these parameters 
above these lower limit values. 

Pore size and moisture eflects 
The porosity of concrete, e, is typically of the order of 0.2. 

Because the carbonation products, CaCO, and 3CaC03 - 
2Si02 - 3H20, have higher molar volumes than Ca(OH),(s) and 
3 C a 0  . 2Si0, - 3H,O (CSH), there is a measurable decrease in 
porosity during carbonation and a concomitant decrease in the 
average pore radius. Figure 3 shows typical pore-size distribu- 
tions of noncarbonated and carbonated concrete samples. They 
were obtained in our laboratory using a combination of nitrogen 
desorption and mercury porosimetry. 

The effect of water is even more important. At any finite rela- 
tive humidity ( R H ) ,  a volume fraction of the poresf, with radii 
below the corresponding Kelvin radius will be filled with water. 
The remaining pores will have their walls covered by a H 2 0  film, 
the thickness, w in nm, of which can be approximated by (Hagy- 
massy et al., 1969): 

w = 0.425[-10g (RH/100)]-0.3' (15) 

Consequently a fraction f w  of the total pore volume will be 

ORDINARY PORTLAND CEMENT 

C L I N K E R  949: GYPSUM 6 2  - R,,pO. 50 R0,,=O 
-u 120 
0 0NON-CARBON.poroslty:O. 33 
0 

mCARBONATED p o r o s l t y : 0 . 2 6  

0.001 0.01 0 . 1  1 10 t oo  
PORE DIAMETER (pm) 

Figure 3. Typical pore-size distribution of completely- 
hydrated noncarbonated and carbonated con- 
Crete samples. 

There is strong evidence that for the other hydrated and 
unhydrated constituents of hardened cement paste, carbonation 
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Figure 4. Slab and control volume geometry. 

occupied by this aqueous film. Iff = fK + f w  is defined as the 
total fraction of pore volume filled with water, the rest of the 
volume, which equals 1 - f is available for gaseous C 0 2  diffu- 
sion. Clearly, this fraction 1 - f decreases significantly as ambi- 
ent humidity increases. 

Mathematical Modeling 
In order to develop a usable process model of carbonation in a 

concrete slab of thickness 2L (Figure 4) on the basis of the above 
physical considerations, it is necessary to make certain assump- 
tions. These assumptions are the following: 

1 .  Initially Macroscopically Uniform Medium, Of course, 
any structural changes induced by carbonation, such as change 
in porosity and surface area, have to be included in the model. 

2. Uniform and Steady Local Humidity. This implies that, 
when t is uniform and steady,f,,f,, and f are also uniform and 
steady in time and are in equilibrium with the external relative 
humidity regardless of the amount of H 2 0  produced or con- 
sumed by the chemical reactions. 

On the basis of these assumptions and of the above physical 
considerations, one can write the following mass balances for 
gaseous C02, solid Ca(OH)?, dissolved Ca(OH),, calcium sili- 
cate hydrate (CSH) and unhydrated silicates (C3S and C2S). 
Mass Balance of CO,: 

Mass Balance of Ca(OH),: 

Mass Balance of Dissolved Ca(OH)2: 

AIChE Journal October 1989 

Mass Balance of CSH: 

Mass Balances of Unhydrated Silicates: 

a 
- [C2SI = -rc*s - rff.cfi ar 

where the rates r defined by Eqs. 1,2 ,3 ,6 ,8 ,9 ,12 ,  13 and 14 are 
expressed in mol/s - m3 of concrete. 

The corresponding initial and boundary conditions are: 

At the surface, x = 0, 

[co , ]  = [co2l0, a[Ca(OH),(aq)]/ax = o (23)  

Table 2. Change in Concrete Porosity Due to the Hydration 
and Carbonation Reactions* 

Concentration of constituent i at t,, = 0 

Porosity at t,, - 0 

Porosity decrease due to hydration 

AeH - Z ([i],AcFi) 

Constituent i C,S C S  C,A C,AF 

M-K. x lo3 (kg/mol) 228.30 172.22 270.18 485.96 
AV, x lo6 (m3/mol) 53.28 39.35 149.82 112.81 

AF,, - 3.85 . m'/mol AFcsH - 15.39 . m3/mol 

*Computed with molecular weights and molar volumes of the principal constitu- 

**The terms involving the unhydrated and subject to carbonation C,S and C S  
ents of Portland cement and parameters used in conjunction with 4 . 2 5 .  

can be omitted because their contribution to porosity change is negligible. 
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At the symmetry axis, x = L, 

d[CO,]/dx = 0, ~3[Ca(OH)~(aq)]/6’x = 0 (24) 

It is worth noting again that the initial conditions refer to the 
end of the curing period. 

The local porosity, t, can be computed at  any time from the 
local values of the concentrations of the solid reactants and 
products from the following equation: 

where to is the concrete porosity a t  t,, = 0, which depends on the 
water to cement ratio (R,) and on the aggregates to cement 
ratio (Rq,). The terms AeH and At, account for the change in 
porosity due to hydration and carbonation, respectively, of 
cement components. The explicit dependence of co, A t H  and Atc 
on R,, Ra/, and on cement chemical composition is given in 
Table 2. 

Nondimensionalization 

carbonated, in relation to the ambient COz concentration. Typi- 
cal values for the a and /3 parameters defined by Eqs. 28 and 29 
are given in Table 3, together with typical values of the diffusiv- 
ity ratios ii and of the Thiele modulus CP defined by Eqs. 26. Table 
3 provides typical values for the above parameters both for nor- 
mal exposure, i.e., typical indoor conditions (pco, = 5. - low4 
bar) and for the conditions of accelerated carbonation tests per- 
formed in our laboratory by using a controlled-atmosphere con- 
crete carbonation chamber with pcol = 0.5 bar. The advantage 
of this carbonation chamber is that the carbonation process is 
accelerated dramatically and can be studied experimentally 
over a time frame of days instead of years, as discussed in the 
Results section. As shown in Table 3, some of the model param- 
eters remain the same both for the accelerated tests and for nor- 
mal exposure conditions, but some are  seriously affected, as they 
are  inversely proportional to the ambient COz concentration. 

On the basis of the above parameters and variables, one can 
write the model equations (Eqs. 16-21) in the form: 

a($c) d ac 
a?=dr(8z) 

. I  

The above equations can be written in dimensionless form by 
introducing the following dimensionless parameters: - 3 ( k H  3 a C S H k S H  3%3SlC3S + 2aCu,,S&zS) (30) 

[c3s1° rc2si0 1 cO(1 - f)[CO,]O 
p3 = 

eO(1 -f)[CO,]O 
p4 = 

(31) 
Of the above dimensionless numbers, those defined by Eqs. 27 ”(CCH) 

are dimensionless rates and assume typically values between 
unity and zero. The parameters defined by Eqs. 28 give a rela- 
tive measure of the intrinsic rates of the various reactions in 
comparison to the rate of CaC03(s) formation, which is intrinsi- 
cally the second fastest of all reactions involved. The “solid 
capacity” parameters defined by Eqs. 29 provide a measure of 
the mass of the material in the concrete medium which can be 

/ 3 7  = ~ 2 ( a H , C H F H , C H  - 

( ”2) a ~($CCHL) 
(p , lV )  = &BCH az iiCHL - - CP2(icH - aDtD) 

(32) 
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Table 3. Typical Model Parameter Values 

Dimensionless Normal Exposure Accelerated Tests 
Parameters 0.05% CO, 50% CO, 

5.30 . 105 

1.04. 104 

> 1 . 1 9 .  10-3 
>1.41 . 10-3 

1 . 1 1  . 10-4 

1.77 . 10-4 

3.32 * 10’ 
2.91 - lo5 

5.11 lo4 
>1.46 * lo-’ 

8.70 - 10’ 
1.58 . lo-‘ 

4.63 - lo-’ 

3.16 

405 
5.52 * lo-’ 

5.30 * lo2 
3.32 lo-’ 
2.97 * 10‘ 
1.04 * 10’ 
5.11 10’ 

>i.46.  10-3 
>1.19. 10-3 
>1.41 . 10-3 

8.70 
1.58 - lo-’ 
1.11 * lo-’ 
4.63 * lo-* 
1.77 . 1 0 - 7  

3.16 

405 
5.52 * lo-’ 

with initial and boundary conditions: 

At = I ,  ac /az  = 0, accHL/az = o (38) 

It should be noted that, once Eqs. 30-35 have been solved 
with the initial and boundary conditions Eqs. 36-38, the pH at  
each point in space and time can be computed from: 

p H  = p K ,  + log(2. * 10-3[Ca(OH),(aq)]0CcHL) (39) 

Inspection of Eqs. 30-35 in conjunction with Table 3, which 
lists typical values of the dimensionless parameters, reveals the 
following: 

a )  The values of the “solid capacity” terms, @, p2, p3, and P4, 
are of the order of 104-10s for normal exposure conditions and of 
the order of 10-500 for the accelerated test conditions. Conse- 
quently, the solid concentration time derivatives are much 
smaller than d($C)/& and therefore the pseudosteady-state 
approximation (Wen, 1968) can be safely applied for gaseous 
CO,, both for normal exposure and for accelerated test condi- 
tions: i.e., Eq. 30 can be replaced by 

Table 4. Carbonation Rates of Ca(OH), and Cement 
Components and Dissolution Rate of Ca(0HMs) 

Reaction Dimensional Form Dimensionless Form 

b) The Ca(OH),(aq) diffusion term in Eq. 32 can be 
neglected in good approximation even for the normal exposure 
conditions. In this case, the P,/cp “liquid capacity” term is of the 
order of 300. Also @,aCH varies between lo-’ and lo-,, while *2 

is of the order of 10’. It follows then that ECH = CUDED and there- 
fore CcHL = CcH everywhere in the concrete volume. Therefore, 
Eq. 32 can, in good approximation, be replaced by: 

CCHL = CCH (41) 

c) Since ** is of the order of 1 O’, it follows from Eq. 30 or 40 
that the value of EcH must be of the order of which implies, 
in view of Eq. 9 and Table 4, that either C or CcHL must vanish, 
i.e., C CcHL = 0 everywhere in the concrete volume. This 
implies that a reactionfront between CO,(g) and Ca(OH), (as)  
exists a t  some normalized distance z, from the concrete surface 
(Figure 5), i.e.: 

CcHL = 0 and d2C/dz2 = 0 for 0 5 z < z, (42a ) 

In view of observation a, it also follows that CcH = 0 for 
0 c z 5 z,. Similarly, one can use Eq. 40 and Table 3 to show 
that, because of the magnitudes of the a2, aCSH, acP and acs 
terms, the EaH, tcP and Ecz terms must also vanish everywhere 

NON-CARBONATED 

AREA 

z c  1 
D I S T A N C E  ( d i d l e s s )  

Figure 5. Typical concentration profiles during concrete 
carbonation. 
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in the concrete volume. Therefore, the concentrations C C S ~ ,  CC,~ 
and Ccs must also vanish between the reaction front and the 
concrete surface, i.e.: 

C,, = Ccls = CcZs = 0 for 0 5 z < z, (42c) 

It follows from Eq. 42a and from the boundary conditions 37 
and 38 that the gaseous C02 concentration profile inside the car- 
bonated zone, i.e., for 0 5 z s z,, is given by: 

c = 1 - z/z,; 0 5 z 5 z, ( 4 2 4  

The remaining problem is to determine the location of the 
carbonation front z, as a function of time. 

Model solution 
According to the above discussion, the model equations can be 

written, in good approximation, in the following simplified 
form: 

Taking into account the relations between the hydration reac- 
tion terms, i.e., Eqs. 3 and 6, one can combine Eqs. 43a to 43f in 
the form: 

+ 20,- a(cc2s) = -- f Z ( 6 $ )  (44) 
dT 

Also according to the previous discussion, the following Equa- 
tions hold: 

for 0 I; z < z, 

( 4 5 4  

I c = 1 - z/zc 

CcHL = C C H  = CcsH = Cc,s = Cc,s = 0 

Using Eqs. 44 and 45, one can determine the dependence of 
the carbonation front location z, on time r: 

I.e., 

where 6, denotes the value of 6 = Dc,co2/D~,co2 within the totally 
carbonated volume 0 5 z 5 z,. Solution of Eq. 46b with initial 
condition z, = 0 a t  T = 0 gives: 

or, equivalently, in dimensional form: 

2 [ c o z l o ~ e , c o , , ~  
xc = d[Ca(OH)z(s )10  + 3[CSHIo + 3[C3Slo + 2[CzSIo 

In completely hydrated concrete [C3SIo and [Cc,s]o equal 
zero and Eqs. 47 become: 

x,= $-- 2 [C021°~e,c0,.c t (48b) 
[Ca(OH),(s)]O + 3[CSHJ0 

Equations 47 and 48 provide, for the first time, a theoretical 
basis for predicting the proportionality constant A in the 
empirical expression: 

which has been reported in the literature to describe the carbon- 
ation front location dependence on time (Hamada, 1969; Alek- 
seev and Rozental, 1969; Meyer, 1969; Alexandre, 1976). As 
shown below, Eqs. 47 and 48 agree well with experimental 
results obtained both under normal exposure and under acceler- 
ated test conditions. In the former case, the “liquid capacity” 
term (P,/p) may be significant and should be added to the solid 
capacity terms in the denominator of Eqs. 47a and 48a. How- 
ever, this need not be done if the [Ca(OH),(s)l0 concentration 
term in 0 refers to the total concentration of Ca(OH), in the 
concrete volume. 

Eflective diflusivity of CO, in carbonated concrete 
Equations 47 and 48 show that the velocity of the carbonation 

front depends crucially on the effective diffusivity of COz in the 
pores of carbonated concrete. Although the value of this param- 
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Figure 6. Effect of relative humidity of ambient air on the 
effective diffusivity of COP and volume frac- 
tions fK, f, and f of pores occupied by water. 

eter can be estimated by means of standard models once the pore 
size distribution of concrete has been measured and the ambient 
relative humidity value has been specified, it was decided to 
directly measure De,col using an apparatus of the Wicke-Kallen- 
bach type. Details of this experimental investigation will be 
given in a future publication. 

The experimentally determined De,col values are in reason- 
able agreement with standard models. For example, the experi- 
mental results can be fitted within the parallel pore model with 
tortuosity values of the order of 3 or within the Wakao-Smith 
micropore-macropore model within a factor of 50%. As ex- 
pected, De,col, which is typically of the order of lo-' m2/s, was 
found to depend strongly on the water to cement ratio of the con- 
crete samples. The effect of aggregates was also investigated 
and modeled and results will be presented in a separate paper. 

Figure 6 shows the effect of ambient relative humidity on 
De,co, for a completely hydrated concrete sample before and 
after carbonation. Computed values offK,fw andfbased on the 
measured pore-size distribution of the sample are also shown on 
the figure. The value of De.co, decreases dramatically with 
increasing ambient relative humidity and with$ 

Comparison of Theory and Experiment 
Previous experimental studies of concrete carbonation (Tuut- 

ti, 1982; Nagataki et al., 1986; Ying-yu and Qui-dong, 1987; 
Nagataki et al., 1988) have established that the location of the 
carbonation front proceeds proportionally with f i ,  i.e.: 

x,= A &  (49) 

There is almost unanimous agreement among previous work- 
ers about this functional dependence, at least when the experi- 
ments have been conducted under controlled indoor conditions 
(Hamada, 1969; Schiessl, 1976; Nagataki et al., 1988; Rich- 
ardson, 1988). For outdoor conditions, some deviations from Eq. 
49 have been reported (Schiessl, 1976; Nagataki et al., 1986). 
This is to be expected, since, according to the present theoretical 

analysis, significant variations in relative ambient humidity will 
affect D.,co, and will result in significant variation of the propor- 
tionality constant A as a function of time. A practical problem 
faced by most previous workers was the very long time needed to 
perform the experiments under normal exposure conditions (i.e., 
pCol - 0.0005 bar). Typically 5-10 years are required, whereas, 
in some cases, samples were studied for as long as 20 years (Na- 
gataki et al., 1986; Litvan and Meyer, 1986). 

In order to overcome this problem, we have constructed an 
accelerated test apparatus, in which unhydrated or hydrated 
concrete samples are exposed topco, - 0.5 bar at constant tem- 
perature and relative humidity. 

In view of Eqs. 47 and 48, this leads to a dramatic reduction in 
the experimental time needed to perform the experiments. Thus 
to achieve the same carbonation depth, e.g., 1 cm, the ratio t, / t 2  
(= ~ C O ~ , ~ / ~ C O , , ~ )  of the time t l  required under normal exposure 
conditions and of the time f 2  required under accelerated test con- 
ditions, is 1,000. Therefore, one can study in the laboratory 
within a few days what would happen under normal exposure 
conditions within many years. It is important to note that the 
same front location equations (Eqs. 47 and 48) are valid both for 
normal exposure and for accelerated test conditions. This is 
because the values of the dimensionless parameters (Table 3) 
which govern the process of carbonation are such that the same 
simplifications which lead from the general equations (Eqs. 30- 
35) to the simplified equations (Eqs. 43) are valid both for the 
normal exposure and for the accelerated test conditions. This 
has been also verified by numerical solution of Eqs. 30-35, using 
the finite difference method. It was found that the results are 
practically identical with those predicted by Eqs. 47 and 48 for 
relative humidities above 40%. For smaller values of relative 
humidity, there are significant deviations, since the a* term 
decreases substantially and, consequently, no sharp front is 
formed under these conditions. However, ambient relative hu- 
midities less than 40-5096 are rarely found in practice. 

Figure 7a shows typical experimental x, vs. 16 results 
obtained in the accelerated test apparatus. The solid lines corre- 
spond to Eq. 48 with De,col measured independently in the 
Wicke-Kallenbach apparatus. It can be seen that the agreement 
between theory and experiment is excellent. As expected, Figure 
7a also shows that an increase in the water to cement ratio ( Rw,,) 
of the concrete, which increases concrete porosity, also increases 
the velocity of propagation of the carbonation front. 

Figures 7b and 7c show the experimental results of Ying-yu 
and Qui-dong (1 987) and Nagataki et al. (1988) who are the 
only previous workers known to the authors who have published 
results of accelerated test experiments with specified R,, RaIc 
and relative humidity conditions. The solid lines on the figures 
again correspond to Eq. 48 with De,co2 measured in our labora- 
tory for the experimental conditions of these investigations, i.e., 
52% and 60% relative humidity, respectively, and RwIc = 0.4,0.5 
and 0.6, respectively. Again, agreement between theory and 
experiment is excellent. 

As shown on Figure 8, Eq. 48 can also describe very well 
experimental results obtained under indoor normal exposure 
conditions, i.e., over a period of several years. The solid lines on 
the figure correspond again, via Eq. 48, to De,col values mea- 
sured in our laboratory for the R ,  and relative humidity condi- 
tions of Nagataki et al. (1986). 

In general, Eq. 48 is in excellent agreement with experiment, 
both for accelerated test and for normal exposure conditions, 
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despite the fact that the time scales of the experiments differ by 
three orders of magnitude for these two conditions. 

Eflect of relative humidity 
Increasing ambient relative humidity increases the fraction f 

of the pores filled with water and thus hinders diffusion of COz. 
Consequently, the velocity of the carbonation front decreases. 
This is shown on Figure 9, where experimentai results obtained 
in the accelerated test apparatus are compared with the solid 
line which corresponds to Eq. 48. Agreement is excellent for rel- 
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Figure 9. Effect of relative humidity on the depth of car- 
bonation. 
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ative humidities above 50%. Figure 9 provides experimental and 
theoretical support to the empirical observation that the carbon- 
ation of concrete is more serious a problem in dry climates or 
under conditions sheltered from rain (e.g., indoor conditions). If 
relative humidities are reduced to values below 50% Eq. 48 pre- 
dicts that there should be a continuing increase in the velocity of 
the carbonation front, since De,co, is increasing. However, as 
shown on Figure 9, the experiments show that the front velocity 
is decreasing, in good qualitative agreement with the empirical 
observation that the speed of carbonation goes through a maxi- 
mum at  an ambient humidity of about 50-65%. The reason for 
the disagreement between experiment and Eq. 48 at relative 
humidities below 50% simply is that the model simplifications 
leading to Eq. 48 are not valid in this region. This is because the 
decrease in f i n  this region causes a decrease in the Thiele mod- 
ulus 9 of the carbonation reaction and, consequently, no sharp 
carbonation front is formed. In this region, diffusion of C 0 2  
ceases to be the rate-limiting step of the carbonation process and 
the chemical kinetics of the carbonation reaction become impor- 
tant. One then needs to solve numerically the complete set of 
Eqs. 30 to 35 in order to determine the time evolution of the pH 
value in the concrete volume. Experimental and theoretical 
results in this region of very low ambient relative humidities will 
be discussed in a future publication. Equations 47 and 48, how- 
ever, describe successfully the carbonation process over the vast 
majority of usual ambient environmental conditions. 

Conclusions 
A mathematical model based on fundamental reaction engi- 

neering principles has been developed to describe the process of 
concrete carbonation, which is a major time-limiting factor for 
the durability of reinforced concrete. The model shows that this 
apparently complex physicochemical process can, in most prac- 
tical cases, be described by a simple equation which is in excel- 
lent agreement with experiment. 
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Notation 
a,, = liquid exposed surface area of constituentj, m’/m’ 
A = proportionality constant of empirical square-root 

C = dimensionless concentration of C02 
[CIS] = molar concentration of CIS, moI/m: 
[C,S] = molar concentration of C3S, moI/m: 

C,,, = dimensionless concentration of C2S 
C,,, = dimensionless concentration of C3S 
C,, = dimensionless concentration of Ca(OH),(s) 

C,,, = dimensionless concentration of Ca(OH),(aq) 
CcsH = dimensionless concentration of CSH 

law, m/s’l’ 

[Ca(OH),(aq)] = molar concentration of Ca(OH),(aq) in the liquid 
phase, mol/m: 

[Ca(OH),(s)] = molar concentration of Ca(OH),(s), mol/m: 
[CO,] = molar concentration of CO, in the gas phase, moll 

m: 
[CSH] = molar concentration of CSH, mol/m: 

d = pore diameter, pm 
Dc,Ca(OH)z(aq) = effective diffusivity of Ca(OH),(aq) in the liquid 

phase, m:/m, . s 
DI,co2 = effective diffusivity of CO,, m:/m, . s 

f =  total fraction of pore volume filled with water, m:/ 

fK = volume fraction of pores with radii below the Kelvin 

f w  - volume fraction of pores occupied by the aqueous 

F = porosity fraction of the pores with diameters below d,  

F;. = hydrated fraction of constituent i 
H = solubility coefficient in Henry’s law, mol/m’ . bar 
k2 = rate constant for the reaction between CO, and OH- 

mi+$ 

radius, m:/mi+, 

film, mi /d+! 
% 

ions, m3/mol . s 
kai = rate constant of hydration of constituent i, s-’ 

kj = rate constant for the reaction between constituent j 

k, = mass transfer coefficient for the dissolution of 
and C02, m/s 

Ca(OH),(s), m/s 

of symmetry, m 

Kw = equilibrium constant of self-ionization of water 
L = distance between outer surface of concrete and axis 

m ,  = weight fraction of clinker in cement 
mi = weight fraction of constituent i in clinker 

ni = hydration power-law coefficient of constituent i 
[OH-] = molar concentration of OH- ions in the liquid phase, 

[OH-], = saturation concentration of OH- ions in the liquid 

MWi = molecular weight of constituent i 

moi/m: 

phase, mol/m: 
pco2 = partial pressure of C02 in the gas phase, bar 

rD = rate of dissolution of Ca(OH),(s) in pore water per 

rH.,, = rate of Ca(OH), formation due to the hydration 

r,,~,-, = rate of CSH formation due to the hydration reac- 

rHi = rate of constituent i consumption by hydration, mol/ 

rj = rate of constituent j reaction with CO, per unit total 

R = gas constant 

unit total volume, mol/m: . s 

reactions, mol/m: - s 

tions, mol/m: . s 

m: s 

volume, moI/m: - s 

R,,, = aggregate to cement ratio by weight 
RWle = water to cement ratio by weight 
RH = relative humidity of gas phase, % 

t = time since the beginning of carbonation, s 
t ,  = time of curing of concrete, before the beginning of 

T = absolute temperature, K 
w = thickness of water film in the pores, nm 
x = distance from the outer surface of concrete, m 

x, = carbonation depth, m 
z = dimensionless distance 

z, = dimensionless carbonation depth 

carbonation, s 

Greek letters 
aD = dimensionless ratio of maximum dissolution rate of 

Ca(OH),(aq) to maximum carbonation rate of 

= dimensionless ratio of maximum hydration rate of 
constituent i to maximum carbonation rate of 

aj = dimensionless ratio of maximum carbonation rate of 
constituent j to maximum carbonation rate of 

0 = dimensionless ratio of Ca(OH),(s) concentration in 
the concrete to the ambient CO, concentration 

0, = dimensionless ratio of Ca(OH),(aq) concentration in 
the concrete to the ambient C02 concentration 

p2 = dimensionless ratio of CSH concentration in the con- 
crete to the ambient CO, concentration 

0, = dimensionless ratio of C3S concentration in the con- 
crete to the ambient CO, concentration 

p4 = dimensionless ratio of CIS concentration in the con- 
crete to the ambient CO, concentration 

Ca(OW,(aq) 

Ca(OH),(aq) 

Ca(OH),(aq) 

6 = dimensionless effective diffusivity of CO, 
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&-- = dimensionless ratio of maximum effective diffusivity 
of Ca(OH),(aq) to maximum effective diffusivity of 
co2 

bHL = dimensionless effective diffusivity of Ca(OH),(aq) 
AvcH = molar volume changes due to the carbonation of 

AFaH - molar volume changes due to the carbonation of 

b E  = molar volume changes due to the hydration of con- 

Atc = porosity change due to the carbonation, defined in 

AtH = porosity change due to the hydration, defined in 

Ca(OH),(s), m3/mol 

CSH, m3/mol 

stituent i ,  m3/mo1 

Table 2 

Table 2 
t = concrete porosity, m:+,/m: 

to = concrete porosity at t = O 
c,, = porosity at t,. = 0 
tD - dimensionless rate of dissolution of Ca(OH),(s) 

tHJ = dimensionless rate of hydration of constituent j 
t, = dimensionless rate of carbonation of constituent j 
pa = density of aggregates, kg/m’ 
pc = density of cement, kg/m’ 
pw = density of water, kg/m3 
7 = dimensionless time, defined in Eq. 26 
tp = gas phase volume to liquid phase volume ratio, 

@ = Thiele modulus, defined in Eq. 26 
$ = dimensionless porosity, defined in Eq. 26 

m:/m: 

Subscripts 
0 = quantities referring to t ,  = 0 
c = quantities referring to carbonated area 
g = quantities referring to the gas phase in the pores 
i = constituent of cement, i.e., C,S, C2S, C3A, C,AF 
j = constituent of cement subject to carbonation. i.e., 

I = quantities referring to liquid phase of pores 
3 = quantity values in the presence of gypsum 
t = quantities referring to total volume of concrete 

Ca(OH),(s), CSH, C3S, C,S 

Superscript 
0 = quantities referring to initial conditions ( t  = 0); for 

the rates value corresponding to initial reactant con- 
centrations 
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