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a b s t r a c t

There is nearly unanimous consensus amongst scientists that increasing greenhouse gas emissions,
including CO2 generated by human activity, are effecting the Earth’s climate. Increasing atmospheric
CO2 emissions will likely increase the rates of carbonation in reinforced concrete structures. However,
there is a lack of reliable models to predict the depth of carbonation as a function of time.

To address this deficiency, a numerical model involving simultaneous solution of the transient diffusion
and reaction equations of CO2 and Ca(OH)2 was developed. The model successfully includes the effects of
variations in various properties such as porosity, humidity, temperature, atmospheric CO2 concentrations
and chemical reaction rates.

The applicability of the model was confirmed after calibration using data from accelerated carbonation
experiments, and the model is used to evaluate the possible effects of climate change by inputting various
future climate scenarios in Part 2.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction and background

The world’s climate is undergoing significant changes, with the
effects of these changes expected to be quite profound over the
course of this century. The Earth’s average temperature has in-
creased by 0.5 �C since the 1970s and is expected to increase by
a further 1.4–5.8 �C by the end of this century [1]. Many of the ef-
fects of climate change, including temperature change, increase in
pollutant concentrations, changes in relative humidity, precipita-
tion, wind patterns, and frequency of severe events (meteorologi-
cal phenomenon with the potential to cause significant damage,
serious social disruption, or loss of human life), could have signif-
icant impacts on infrastructure lifespan. Infrastructure capacity
could be overwhelmed (rg. dikes failing due to increased sea lev-
els), or it could be degraded (i.e. increased erosion due to extreme
weather events). Assessing the impact is difficult, as the relation-
ship between degradation and climate is complex [2]. A concise
summary of possible effects of climate change on building materi-
als was provided by Nijland et al. [3].

Limited work has been carried out on the effects that global cli-
mate change may have on concrete infrastructure, mainly because
the issue has only been recently recognized. Increases in carbon-
ation rates of reinforced concrete structures are expected as a result
of increased temperatures and CO2 concentrations. Two studies in
ll rights reserved.
particular are noteworthy. Yoon et al. [4] were the first to consider
the effects of climate change on concrete, in particular the effect on
carbonation rates. A simplified model was proposed based on a t0.5

relationship between time and carbonation depth. While this pro-
vides a reasonable approximation, it fails to account for the finite
depth and reaction effects. Moreover, this model does not account
for the influence of temperature change, which can significantly af-
fect the diffusion coefficient of CO2 into concrete, the rate of reac-
tion between CO2 and Ca(OH)2, and the rate of dissolution of CO2

and Ca(OH)2 in pore water. In addition, the model is a point-in-time
predictive model, which assumes CO2 concentrations to be constant
up to a given time, thereby overestimating carbonation depths [5].
Stewart and Ping [5] continued the earlier work by Yoon et al. [4] by
taking into account the effect of temperature on the diffusion coef-
ficient, but they did not consider the influence of temperature on
the other aforementioned parameters. Their work looked not only
at carbonation, but also at the time to crack initiation, crack propa-
gation and failure due to reinforcement corrosion. They also used
the same carbonation model as Yoon et al. [4] in their work, but
noted that there is a need for an improved model that considers
the time-dependent effect of CO2 concentration and other parame-
ters such as temperature and humidity.

This paper is part of a study being carried out at the University
of British Columbia focusing on the effects of global climate change
and increasing CO2 concentrations on the deterioration of rein-
forced concrete, in particular on rates of carbonation-induced cor-
rosion, with the goal of providing a comprehensive risk assessment

http://dx.doi.org/10.1016/j.cemconcomp.2012.04.011
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of structural degradation to concrete infrastructure. While the
wider study looks at the entire lifespan of a given specimen from
initiation of carbonation, to initiation of corrosion, to cracking,
spalling, and ultimate failure, the scope of Part 1 of this paper is
limited to experimental verification and model development of
the carbonation phase of deterioration.
Table 2
Formulas for increases in variables with time.

Scenario B T(t) = 25 + (20/56)t T: Temperature (C), t: Time (days)
Scenario C H(t)=50 + (40/56)t H: Relative humidity (%), t: Time (days)
Scenario D C(t)=6 + (4/56)t C: CO2 Concentration (%), t: Time (days)
2. Experimental materials and procedure

Tests were performed to accurately measure the carbonation
depth under conditions of varying CO2 concentration, temperature
and humidity. To generate these data, concrete specimens were
cast, cured, and subjected to accelerated carbonation testing in
an ESPEC PR4-KPH carbonation chamber manufactured by ESPEC
North America Inc. This chamber was able to electronically control
CO2 concentration, temperature, and relative humidity. Concrete
prisms of dimensions 100 mm � 100 mm � 350 mm were cast, al-
lowed to cure in a water bath for 28 days, removed from the bath
and then allowed to come to equilibrium with laboratory condi-
tions (20 �C, 60% RH) over a further 28 days before being placed
in the carbonation chamber. There are currently no standards
which specify the drying/conditioning period for carbonation tests.
However, based on a review of experimental setups in studies by
previous researchers [6–8], it is believed that the conditioning time
employed is sufficient to achieve a uniform humidity profile in the
concrete cover.

Two types of concrete were tested. One was a virgin, uncontam-
inated mix, while the other was a chloride-contaminated mix
(0.5%/wt. of cement). The contaminated mix was selected to deter-
mine whether the presence of chlorides would affect the carbon-
ation progress. For each of the mixes, the slump was maintained
at 200 mm and the air content was maintained between 5% and
8%. The mix design is given in Table 1:

Samples were subjected to four different laboratory scenarios,
with each scenario running for 8 weeks. The scenarios were se-
Table 1
Uncontaminated mix design (m3).

Type 10 portland cement 380 kg
Water 190 kg
Coarse aggregate 800 kg
Fine aggregate 850 kg
Air entrainment Admixture 150 mL

Fig. 1. Laborator
lected to evaluate the effect of time for each individual atmo-
spheric variable (CO2 concentration, temperature and humidity)
on carbonation progress. For each type of mix, and for each sce-
nario, five prisms of concrete were cast. This provided a total of
40 prisms cast and subjected to carbonation testing over the course
of the study. The scenarios are described in Fig. 1.

For Scenarios B, C and D, Temperature, Relative Humidity, and
CO2 concentration respectively were increased at constant rates
over the duration of the scenario. This is mathematically expressed
in Table 2. At 7-day intervals, the specimens were removed from
the chamber, and sections 30 mm thick were sawcut from each
block. Each section was then sprayed with a solution of 1% phenol-
phthalein in 70% ethyl alcohol. The areas which had been carbon-
ated remained clear in color (pH < 9), whereas uncarbonated areas
turned purple (pH > 9). The depth of carbonation could then be
determined by averaging the depth along the perimeter of the car-
bonation front at 12 different locations. A sample section is shown
in Fig. 2:
y scenarios.

Fig. 2. Carbonated concrete section.
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The results of these tests were used to develop the numerical
model detailed in Section 3.

3. Model development and verification

3.1. Carbonation reaction

Natural concrete carbonation is a chemical process by which
atmospheric CO2 reacts with Ca(OH)2 to form CaCO3. The reaction
predominately used to describe the chemical reaction [9–11] is gi-
ven in Eq. (1), and a simplified graphic illustrating the reaction in
Fig. 3:

CO2 þ CaðOHÞ2�!
H20

CaCO3 þH2O ð1Þ

However, in addition to its reaction with Ca(OH)2, CO2 will also
react with C–S–H in concrete to form additional CaCO3 [12–16]. As
concrete carbonates, the reaction is fast enough relative to disper-
sion that two distinct layers can be assumed to form within the
concrete. One is the fully carbonated layer into which CO2 has pen-
etrated and reacted (complete reaction of Ca(OH)2 and C–S–H), and
a non-carbonated layer into which CO2 has not yet penetrated (no
reaction of Ca(OH)2 or C–S–H). CO2 diffuses through the carbon-
ated layer towards the non-carbonated layer.

Park [12] asserted that one-half of carbon dioxide in concrete
reacts with Ca(OH)2 while the other half reacts with C–S–H. This
assertion was further supported by Glasser and Matschei [17]
who showed that the reaction would occur in sequence, with
Ca(OH)2 first being fully consumed and then C–S–H, reacting there-
by densifying the microstructure. The same was assumed in this
study.

Corrosion concerns are augmented when the pH of the concrete
drops below 9. This can be detected as described in Section 2.
When there are time variations, one-dimensional diffusion of CO2

into concrete should be modeled assuming non-steady-state diffu-
sion, as per Fick’s Second Law. The porosity of the carbonated layer
is less than that of the uncarbonated layer, as the volume of car-
bonation products is greater than that of the non-carbonated con-
crete. Park [12], found that the pH of concrete drops to �9 at 50%
consumption of Ca(OH)2 in the concrete mix. Therefore, we can
Fig. 3. Carbonatio
determine the location of the carbonation front by modeling to find
the location where 50% of the Ca(OH)2 is consumed [12,18].

3.2. Porosity dependence

The intrinsic diffusion rate at which molecules are transported
in concrete depends on the size and connectivity of the pore sys-
tem. As the water/cement (w/c) ratio is lowered, the pore system
becomes finer and less connected, leading to lower and lower
transport rates and a lower effective diffusivity.

Papadikas et al. [19] proposed an empirical expression to esti-
mate the effective diffusivity of CO2 in concrete based on its
porosity:

DCO2 ¼ A
Vp

c
qc þ w

qw

 !u

ð2Þ

where A and a are empirical parameters determined experimentally
with suggested values of A = 1.64�10�6 m2/s and a = 1.8 [19], Vp is
the pore volume of cement paste (m3), c is the cement content (kg),
w is the water content (kg), qc is the absolute density of cement
(3120 kg/m3) and qw is the density of water (1000 kg/m3). Addition-
ally, CO2 diffusing through concrete will lead to a further reduction
in porosity due to carbonation. The expression to account for this
further reduction in porosity is found in [19] and is used in the cal-
culation of Vp in Eq. (2). Eq. (2) is used here to estimate the effective
diffusivity, subject to modification by other factors, as discussed
below.

3.3. Temperature effects

As temperature increases, the diffusivity of gaseous CO2 in-
creases due to increased molecular activity. The temperature
dependence of the diffusion coefficient is commonly assumed
[9,20,21] to follow an Arrhenius relationship:

DðTÞ ¼ Dref e
bQRð

1
Tref

1
TÞc ð3Þ

where Q is the diffusion activation energy. The activation energy for
CO2 diffusing in concrete was experimentally determined [21] to be
approximately 39,000 J/mol K, R is the gas constant (8.314 J/mol K),
n schematic.
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Tref is a reference temperature (298 K) and T is the temperature of
interest (K). It is also important to determine the rate at which
CO2 reacts with Ca(OH)2 to form CaCO3, as this is also tempera-
ture-dependant. Numerous studies have been carried out to deter-
mine the reaction rate of CO2 with Ca(OH)2. Studies [12,19,22,23]
have resulted in a wide range of values. Khunthongkeaw and Tang-
termsirikul [10] proposed a second order relationship with a rate
constant of:

Kc ¼ beð
�U
RT Þ ð4Þ

where kc is the reaction rate constant for reaction between CO2 and
Ca(OH)2 at the temperature of interest (m3/mol/s), U is the reaction
activation energy (40,000 J/mol K) [10] and b is the pre-exponential
factor (1390 m3/mol/s) [10]. This expression is utilized in the simu-
lations which follow.

3.4. Relative humidity dependence

The moisture content in concrete is of major importance. As CO2

diffusion controls the carbonation process, the reaction slows
down when the pores are water-saturated. In that case, CO2 hardly
reacts with the concrete because of the low rate of diffusion of CO2

in water. The carbonation reaction also slows down if the concrete
is too dry, since, although CO2 diffuses into the capillary pores, it
cannot dissolve into the thin layer of water covering the pores.
The higher the humidity, the slower the transport of gaseous CO2

due to water saturation of pores. The environmental conditions
that affect the moisture content in concrete therefore strongly af-
fect carbonation. It has been reported [24] that the optimum cli-
matic conditions for carbonation are a relative humidity between
50% and 70%, with wetting and drying cycles enhancing the
reaction.

Papadikas et al. [19], and Saetta et al. [25] expressed the effec-
tive diffusivity of CO2 in concrete taking into consideration humid-
ity, by a function of the form:

D / ð1� RHÞm ð5Þ

where D is the effective diffusivity of CO2 in concrete, RH is the
ambient relative humidity expressed as a fraction, m is a humidity
constant, suggested to be m = 2.2 [19].

While many researchers agree that the humidity dependence is
of this form, different values of m have been proposed, ranging
from 0.6 to 2.8 [16,26]. Note that Eq. (5) is only valid for RH > 0.5
(50%) as below this value, the pores become too dry, and the reac-
tion is not able to proceed.

3.5. Diffusion of Ca(OH)2

Another factor to consider is the diffusion of dissolved Ca(OH)2

within concrete. However, previous literature indicates that the
diffusion of Ca(OH)2 is not as critical as that of CO2, as it is orders
of magnitude smaller than gaseous diffusion. In fact, Papadikas et
al. [19] contend that the former may be ignored as it is negligibly
small. Park [12] found that the diffusion coefficient of Ca(OH)2

could be maintained at 1 � 10�12 m2/s and the reaction rate coeffi-
cient could be higher by a thousandfold with negligible change in
carbonation depth. Therefore, the diffusion coefficient of Ca(OH)2

in this model is taken as 1 � 10�12 m2/s.

3.6. Formulation of carbonation model

Atmospheric CO2 diffuses into the concrete primarily through
the air space in the pores. The rate of diffusion of CO2 through
the water in the pores is much smaller in magnitude [9], and is
therefore ignored.
Upon reaching a given point, gaseous CO2 dissolves into the
water and forms aqueous CO2 at that location at a concentration
governed by Henry‘s Law:

CO2ðaqÞ ¼ HRTCO2ðgÞ ð6Þ

where H is Henry‘s constant (mol/m3 atm) and R is the gas constant
(8.2 � 10�5 m3 atm/K mol).

Henry‘s Constant itself varies with temperature [27]:

HðTÞ ¼ Href e
bDð 1

Tref
1
TÞc ð7Þ

where Href is the reference Henry‘s Constant (34.2 mol/m3 atm) and
D is an enthalpy constant (2400 K).

CO2 which has dissolved into the concrete porewater at a given
time also reacts with dissolved aqueous Ca(OH)2, to form CaCO3,
thereby lowering the overall concentration of CO2 at that location
and time. This is a second order irreversible reaction [10], with its
rate given by:

rCO2 ¼ K½CO2ðaqÞ�½CaðOHÞ2ðaqÞ� ð8Þ

where k is the reaction rate constant determined by Eq. (4), CO2(aq)

and Ca(OH)2(aq) are the aqueous concentrations of carbon dioxide
and calcium hydroxide respectively.

There is an upper limit to how much Ca(OH)2 can react, related
to the solubility of Ca(OH)2 which can dissolve in the pore water.
Unfortunately, there is very limited information on the solubility
of Ca(OH)2 in the pores of cement paste/concrete. The only applica-
ble equation for the solubility of Ca(OH)2 in concrete at a given
temperature was given [28] as:

Ksp ¼ ð0:0125� 109Þe�0:0197 ð9Þ

where Ksp is the solubility product of Calcium Hydroxide in mmol3/
l3.

Assuming Ca(OH)2 is the predominant alkaline component to
dissolve in the pore water, the maximum concentration of Ca(O-
H)2(aq) in the solution can then be estimated from a basic solubility
equilibrium formula:

½CaðOHÞ2ðaqÞ� ¼
Ksp

4

� �1
3

ð10Þ

Finally, the overall mole balance for CO2 in concrete pore water
at a given location and time is given by the amount of gaseous CO2

which diffuses into the concrete and then dissolves into the pore
water to form CO2(aq) minus the amount of CO2 which reacts with
Ca(OH)2 at that point. If the diffusivity is independent of position,
this can be expressed as,

@

@t
½CO2ðaqÞ� ¼ D

@2

@x2 ½CO2ðgÞ�HRT � k½CO2ðaqÞ�½CaðOHÞ2ðaqÞ� ð11Þ

for the domain:

CO2ðgÞðx; tÞ 0 6 x 6 L and 0 6 t <1

with initial and boundary conditions:

CO2ðgÞðx;0Þ ¼ 0 for x > 0

CO2ðgÞð0; tÞ ¼ CO2ðatmÞðtÞ for t > 0

d
dx

CO2ðgÞðL; tÞ ¼ 0 zero-flux boundary

Note that the second condition is a time-dependent boundary
condition. Similar to Eq. (11), the mole balance for the overall con-
centration of Ca(OH)2 in a pore at a given time and location is:

@

@t
½CaðOHÞ2ðaqÞ� ¼ D

@2

@x2 ½CaðOHÞ2ðaqÞ� � k½CO2ðaqÞ�½CaðOHÞ2ðaqÞ� ð12Þ



Fig. 4. Flowchart for the determination of CO2 and Ca(OH)2 concentrations as functions of time.

Fig. 5. Comparison of experimental results vs model predictions for scenario A
(control), uncontaminated concrete.

Fig. 6. Comparison of experimental results vs model predictions for scenario B
(variable temperature), uncontaminated concrete.
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for the domain:

CaðOHÞ2ðaqÞðx; tÞ 0 6 x 6 L and 0 6 t <1

with initial and boundary conditions:

CaðOHÞ2ðaqÞðx;0Þ ¼ CaðOHÞ2ðaqÞi for x > 0

d
dx

CaðOHÞ2ðaqÞð0; tÞ ¼ 0 zero-flux boundary

d
dx

CaðOHÞ2ðaqÞð0; tÞ ¼ 0 zero-flux boundary

For concrete, the thermal diffusivity is much greater than the
mass diffusivity. Therefore, the temperature of the concrete is as-
sumed to be uniform at any time so that there is no need to also
solve the energy equation or to account for the heat of reaction.

A flowchart to illustrate how Eqs. (11) and (12) are formulated
is shown in Fig. 4. Eqs. (11) and (12) are solved in MATLAB to deter-
mine the concentrations of CO2 and Ca(OH)2 at a given time and
location within a concrete specimen using the Method of Lines
[29]. They were numerically solved using nodes spaced 5 mm apart
in the simulated specimen. The solution turned out to be stiff, and
therefore, the ‘ODE23s’ (2nd/3rd order Runge–Kutta) function was
utilized to solve the simultaneous equations, rather than ‘ODE45’
(4th/5th order Runge–Kutta), the more common solver.

4. Model verification

The results from all four laboratory scenarios were compared
with the predictions of the carbonation model as shown in Figs.
5–12.

In order to manually fit the model to the experimental data, the
constant A in Eq. (2) was adjusted to 4 � 10�5 m2/s rather than
1.64 � 10�6 m2/s as originally proposed [19]. It can be seen from
Figs. 5–12 that with the aid of fitting of this single constant, the
model matches the experimental results well in six of the eight fig-
ures. The fit is less favorable in the cases of Figs. 7 and 8, though
the trends are still correct even here. Overall the model can be used
to predict carbonation depths in future climate change scenarios.
The effect of the presence of chloride ions in the contaminated
mixes seems to be negligible, with differences in the rates of car-
bonation between contaminated and non-contaminated concrete
attributable more to differences in air contents.



Fig. 8. Comparison of experimental results vs model predictions for scenario D
(variable CO2), uncontaminated concrete.

Fig. 9. Comparison of experimental results vs model predictions for scenario A
(control), chloride-contaminated concrete.

Fig. 10. Comparison of experimental results vs model predictions for scenario B
(variable temperature), chloride-contaminated concrete.

Fig. 12. Comparison of experimental results vs model predictions for scenario D
(variable CO2), chloride-contaminated concrete.

Fig. 11. Comparison of experimental results vs model predictions for scenario C
(variable humidity), chloride-contaminated concrete.

Fig. 7. Comparison of experimental results vs model predictions for scenario C (variable humidity), uncontaminated concrete.
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Most carbonation studies use the empirical formulation in Eq.
(2) to estimate the effective diffusivity of CO2 in concrete. How-
ever, some studies [13,16] have questioned the value of A originally
suggested. Closer examination of Eq. (2) is needed in view of the
need to change the value of A in this paper to improve the fit. As
the concrete porosity approaches unity, the diffusivity of CO2

should approach that of the diffusivity of CO2 in air. A very porous
concrete would have a very high water content, and a low cement
content. Therefore, in Eq. (2), as c decreases and w increases, Vp, as
well as the denominator, approach 1, so that DCO2 approaches A.
Therefore, A should be close to the value for the diffusivity of
CO2 in air. The diffusivity of CO2 in air at 298 K has been measured
to be 1.65 � 10�5 m2/s [30], which is much closer to the proposed
value of A of 4 � 10�5 m2/s, rather than 1.64 � 10�6 m2/s proposed
previously [19]. Therefore, for Eq. (2), A should be 4 � 10�5 m2/s
imposing an upper limit on DCO2 of 1.65 � 10�5 m2/s (diffusivity
in air).

It has been established that there is a time lag in reaching equi-
librium conditions between external and internal relative humidity
[6–8], when the external relative humidity is fluctuating. The lag
time increases with the depth of concrete, and therefore, the
humidity profile is not uniform. For Scenario C where humidity is
increased by 40% over 8 weeks, the actual internal relative humid-
ity would likely be less than the external humidity. To rectify this,
this scenario could be run over a longer time period to allow inter-
nal and external humidities to equilibrate at the carbonation front.

It should be noted that previous studies have found that for nat-
ural carbonation of average quality concrete, the measured diffu-
sion coefficient is around 5 � 10�4 � 50 � 10�4 cm2/s [31]. As
expected, the simulations for accelerated tests provide a value for
the diffusion coefficient that, depending on the scenario, was calcu-
lated to be up to 65 times greater than under natural atmospheric
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conditions (1.1 � 10�2 � 3.4 � 10�2 cm2/s). The same code gives
diffusion coefficients in the same range as found in [31] for simula-
tions under natural atmospheric conditions (further details are pro-
vided in Part 2 of this paper). It is entirely possible that the
microstructure of carbonated concrete formed in accelerated condi-
tions may not be the same as under natural conditions. However,
considering how well the simulation matches with experimental
data, and the reasonable values for the diffusion coefficient ob-
tained under natural conditions, we believe that the results can
be applied to simulate natural carbonation as well.

5. Conclusions and future work

A new carbonation model has been developed to predict
the depth of carbonation in non-pozzolanic, unloaded concrete
specimens, taking into account for the first time, time-varying
concentrations of CO2, temperature and humidity. After fitting,
the model was found to predict accelerated carbonation test re-
sults quite well. The intention is to use this model to predict the
potential effect of future global climate change on reinforced con-
crete structures.

The next phase of development will be to test the model using
variables adjusted simultaneously, rather than one at a time. Sec-
ondly, the effect of loading on concrete needs to be examined. It
is believed that structures which are cracked or under load will re-
quire significantly less time to reach the onset of carbonation-
induced corrosion. The ultimate goal is to produce a ‘full-life
model’, which looks at the effects of global climate change on
accelerating carbonation-induced corrosion on damaged and
undamaged concrete, from initiation, through the propagation
phase, to cracking, spalling and ultimate failure.
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