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The authors present a computational system that can deal with pH fluctuations and the
decomposition of cementitious materials exposed to various environmental actions. In order to
evaluate the fall in pH due to carbon dioxide, material models are developed for the transport and
equilibrium of carbon dioxide, ionization, ion equilibriums, and the carbonation reaction based on
thermo-dynamic theory. The material properties of concrete are evaluated by considering the
inter-relationships among hydration, moisture transport, and pore-structure development based on
fundamental Ehysical material models. The proposed system is able to reasonably predict the
carbonation phenomena and pH profiles in concrete for arbitrary conditions.
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1. INTRODUCTION

It is a well-known fact that steel corrosion reduces the serviceability and safety performance of a
reinforced concrete structure. Usually, concrete maintains very alkaline conditions, which leads to
a passive layer forming on the steel surface. However, several types of environmental action,
including action by carbonic, sulphuric, and nitric acid, can cause the pH value of concrete pore
water to decrease. Under low-pH conditions, the passive layer around the steel surface breaks
down, and rust readily appears on the surface. In order to evaluate performance factors of a
concrete structure in a corrosive environment, it is therefore essential to quantify the
neutralization of concrete, that is to say, the pH reduction due to such environmental acids. In this
research, the authors mainly focus on the carbonation phenomenon, and aim to predict pH
fluctuations and material degradations under carbonic acid attack.

Gaseous carbon dioxide readily dissolves into the pore water of concrete, and it turns into a
carbonic acid solution. Carbonic ions dissociate from the carbonic acid solution releasing protons,
which then react with calcium ions to form calcium carbonate. In this reaction, carbonic acid
neutralizes alkalis in the pore water, mainly consuming calcium hydroxide whose solubility is the
highest in cement hydrates. As a result, as the calcium hydroxide is consumed, the pH value drops.
From a thermodynamic point of view, the carbonation reaction is sure to progress under the
condition that carbon dioxide exists, since the free energy of calcium carbonate is lower than that
of calcium hydroxide [1].

In the conventional approach to studying the carbonation phenomenon, empirical formulae are
generally used for its prediction. Many such formulae were formulated based on the assumption
that carbonation would progress in proportional to exposure time as [1][2],

X, =byt 1)

where, X,: depth of carbonation, b: carbonation rate coefficient, and : exposure time. In fact,
depth of carbonation X, can be obtained by solving a linear diffusion equation for CO, gas.
Namely, the above equation involves the assumption that the depth of carbonation is associated
with the amount of carbon dioxide diffusing through the concrete materials. In these methods, the
carbonation rate coefficient b is empirically determined as a function of water-to-cement ratio,
strength, and environmental conditions [3][4][5]{6].

Recently, several studies have evaluated the carbonation process using a microphysical-based
approach [7][8][9][10]. In these studies, diffusion processes in concrete (moisture, carbon dioxide,
and so on) and the carbonation process are modeled, and a linear or a non-linear diffusion
equation is solved in the analysis. Depth of carbonation is evaluated by the amount of remaining
calcium hydroxide and/or produced calcium carbonate in the concrete. Some of them also aim to
solve ion equilibrivms and evaluate the pH value of pore water [11][12].

In this study, we introduce a generalized computational method that can deal with pH fluctuations
of pore water and degradation of the microstructure due to carbonation for arbitrary initial and
environmental conditions. To simulate carbonation phenomena in concrete, the equilibrium
between gaseous and dissolved carbon dioxide, their transports, ionic equilibriums, and the
carbonation reaction process are formulated based on thermodynamics and chemical equilibrium
theory. Material properties of the concrete, which are necessary for computation of the above
formulations, are evaluated considering the inter-relationships among hydration, moisture
transport, and pore-structure development processes based on fundamental physical material
models. By means of this methodology, the proposed system can be applied not only to the
carbonation phenomenon, but also to prediction of the pH profile in pore solutions attacked by
other acids, such as sulphuric acid, nitric acid, and so on.

This paper aims at the carbonation process under an isothermal environment (257C) , and the
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Fig.1 Governing equation and constituting models

modeling for arbitrary temperature remains for future study. Therefore, in implementing the
model, the unique values are given to Henry’s constant describing CO; equilibrium, reaction rate
coefficient of carbonation, equilibrium constants of ionic concentration, and solubility.

2. Modeling of carbon dioxide transport and equilibrium

2.1 Mass conservation law for carbon dioxide

In general, when dealing with mass, energy and momentum flows in a control volume, the
starting point is to build appropriate balance equations. In other words, the summation of rate of
mass efflux from a control volume, the rate of mass flow into the control volume, and the rate of
accumulation of mass within the control volume should be zero. In this section, the mass balance
conditions for carbon dioxide in a porous medium are formulated. Two phases of carbon dioxide
existing in concrete are considered; gaseous carbon dioxide and carbon dioxide dissolved in pore
water. By solving the mass balance equation under given initial and boundary conditions, the
non-steady state conduction of carbon dioxide is quantified. The mass balance equation for a
porous medium can be expressed as (Fig.1),

2 (0-5)p, +5+p, 1)+ co, ~0co, =0 @

where, ¢: porosity, S: saturation of porosity, p,: density of gaseous carbon dioxide[kg/m’], pa:
density of dissolved carbon dloxode in pore water [kg/m3] and Jcpz: total flux of dissolved and
gaseous carbon dioxide [kg/m’.s]. The first term in eq.(2) represents the rate of change in total
amount of carbon dioxide per unit time and volume, the second term is the flux of carbon dioxide,
and the third term QOco, is a sink term. The above equation gives the concentrations of gaseous
and dissolved carbon dioxide with time and space.

The above conservation law must be satisfied in all material systems and so it applies to the field
of concrete materials. In the following chapters, each term will be modeled based on the specific
characteristics of concrete materials, i.e., the equilibrium and transport of gaseous and dissolved
CO,, and the consumption rate of carbon dlox1de

2.2 Equilibrium conditions for gaseous and dissolved carbon dioxide

The local equilibrium between gaseous and dissolved carbon dioxide is represented here by
Henry’s law, which states the relationship between gas solubility in pore water and the partial gas
pressure. In this research, we assume that the system will instantaneously reach local equilibrium
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between the two phases as [15],

Feo, = Héoz Py (3)

where, Pco,: equilibrium partial pressure of carbon dioxide in the gas phase, p’s: mole fraction of
gaseous COz [mol of COy/total mol of solution], and H’co,: Henry’s constant for carbon dioxide
(=1. 45x10® [Pa/mol fraction] at 25 degrees Celsius). For one cubic meter of dllute solution, the

moles of water in the solution 7m0 will be approximately 5.56X10 [m01/m] accordingly the
concentration of dissolved carbon dioxide per cubic meter of solution p4 [kg/m’] can be expressed
as,

Peo Feo
Pe=—7—"Nyo Mco, = : @
Heo, ’ * He,

where, Mco, is the molecular mass of carbon dioxide (=0.044[kg/mol]). The complete perfect-gas
equation is then,

= ®)

where, p,: concentration of gaseous carbon dioxide [kg/m3], R: gas constant [J/mol.X], and T:
temperature [K]. From egs. (4) and (5), the equilibrium relationship between gas and dissolved
CO; can be expressed as,

M co,
P = RT “Heo, Pa=Kco, "Pa (6)

After dissolving into solution, carbon dioxide reacts with calcium ions, and so the concentration
of dissolved CO; can fluctuate from the above equilibrium condition. Strictly speaking, therefore,
the equilibrium condition cannot be formulated by Henry’s law alone; it is also necessary to
determine the amount of dissolved CO, based on the rate of chemical reactions, which represents
kinetic fluctuations dependent on the distribution of CO, concentration. However, it seems
difficult to take into account such kinetic fluctuations as it is, and in fact, it is expected that the
rate of CO2 gas dissolution will be faster when the partial pressure of CO; gas becomes large. For
these reasons, in our model we assume that the amount of dissolved CO, can be approximately
described by Henry’s law [7][8].

2.3 Modeling of carbon dioxide transport

Transport of CO; is considered for both dissolved and gaseous carbon dioxide phases. The CO,
gas can move through unsaturated pores, whereas dissolved CO; is transported within pore liquid
water. In the model, it is assumed that all pores have a cylindrical shape.

Diffusion in a porous body may occur by one or more of three mechanisms: molecular diffusion
(Fick diffusion), Knudsen diffusion, and surface diffusion. In the model, molecular diffusion and
Knudsen diffusion are considered, whereas the contribution of surface diffusion is ignored, since
surface diffusion takes places when molecules which have been adsorbed are transported along
the pore wall, and normally it plays a minor role in diffusion within concrete materials under
typical environmental conditions [13][16][17].

As the relative humidity in a pore decreases, the porous medium for gas transport becomes finer.
If the pores through which the gas is traveling are quite small, the molecules will collide with the
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walls more frequently than with each other. This is known as Knudsen diffusion. The conditions
transiting to Knudsen diffusion are expressed by the following equation using Knudsen number
N, as,

N =tn 510 %
2r

e

where, [,,: the mean free path length of a molecule of gas, and r,: the actual pore radius, which
means the radius of a pore minus the thickness of the adsorbed layer of water obtained by B.E.T.
theory [13]. Considering both molecular diffusion and Knudsen diffusion, the one dimensional
gaseous flux through a single pore of radius r can be expressed as,

D¢ 9
j' - _ 0 g 8
& 1+(,/2r,) ox ®)
where, D [m2/s] is the diffusivity of CO; in a free atmosphere (=1.34><10’5) [15]. Similarly, the
flux of dissolved carbon dioxide can be obtained as,

, d
1;=-D§ 2L ©)

where, Dy’ [rn2/s] is the diffusivity of dissolved CO, in pore water (=1.0x10'9) [15].

The total flux within porous bodies can be obtained by integrating eqs. (8) and (9) over the entire
porosity distribution. For example, let us consider the equilibrium condition of moisture during a
monotonic wetting phase, in which there is no inkbottle effect [21]. In this case, based on the
thermodynamic conditions, a certain group of pores whose radii is smaller than the specific radius
r. at which a liquid-vapor interface forms are completely filled with water, whereas larger pores
remain empty or partially saturated so that these pores can be routes for the transfer of CO, gas.
Therefore, by integrating the gaseous and dissolved fluxes of COy, respectively, the entire flux of
carbon dioxide is formulated as,

o

= - %,}dvapi.;.ﬂ J'_d_VaP_g (10)
Q ox Q J1+N, ox

co,
rC

where, V is the pore volume, and Q=(n/2)* accounts for the average tortuosity of a single pore as a
fictitious pipe for mass transfer. The latter parameter considers the tortuosity of a hardened cement
paste matrix, which is uniformly and randomly connected in a 3-D system {13]. The first term of the
right-hand side in equation (10) denotes the diffusive component of dissolved carbon dioxide in the
pore liquid, whereas the second term represents the component of gaseous diffusion. The substitution
of porosity saturation S for the integrals in the above equation in order to generalize the expression for
an arbitrary moisture history gives,

J o, :‘(Ddcozvf’d +DgC02Vpg)=—'(DdC01 +Dyco, " Keo, ); Pa (11)
D ¢S Dé ¢-D§ (1-5)
= — i
w0 0 1+1,/2(r, ~1,,) (12)

where, Dgcpp: diffusion coefficient of gaseous CO, in a porous medium [mzls], and Dycoa:
diffusion coefficient of dissolved CO, in a porous medium [mz/s]. In eq. (12), the integral of the
Knudsen number is simplified so that it can be easily put into practical computational use; r,, is
the average radius of unsaturated pores, and t, is the thickness of the adsorbed water layer in the
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pore whose radius is 7. Fdx—

It has to be noted that the above formulations 1-8
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gaseous phases, all unsaturated pores, which are
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connected with perfect continuity (Fig.2, left). Fig.2 Effect of connectivity of pores on CO,
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Fig.3 Relationship between CO, diffusivity and
relative humidity

¢-Df  (1-8) ‘ 05" Ha
D = = D 13
2T Q 1+1,/2(0r, -1,) w7 (13

where, n is a parameter representing the connectivity of the pore structure, and might vary with
the geometrical characteristics of the pores. However, at this stage, it is difficult to take account
of the exact connectivity situation. In this study, through sensitivity analysis, n is tentatively
assumed to be 4.0, which is the most appropriate value for expressing the reduction of CO,
diffusivity with the decrease of relative humidity (Fig.3).

In order to evaluate the hysteresis behavior of moisture saturation during drying-wetting cycles,
the authors have developed a moisture isotherm model that considers the connectivity of pores
with two different radii [21]. The above expression of saturation S involves the blockage effect
due to the connection of pores in its simplest form. However, the connectivity factor considered
in the moisture isotherm model cannot alone evaluate the non-linear behavior in CO, diffusion
process with relative humidity change. This might be because of the difference between the
characteristics of CO, gas transport and moisture transport; in the case of moisture transfer, the
local equilibrium between liquid and vapor is maintained, and the movement of the vapor phase is
dominant, whereas the diffusive movement of CO; gas is completely blocked by the existence of
pore water.

Figure 3 compares the CO, diffusivity calculated by the model and by an empirical formula
obtained by diffusion tests [18]. It can be seen that the non-linear behavior of CO, diffusivity is
reasonably well predicted.

3. Modeling of carbonation reaction
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3.1 Formulation of carbonation reaction rate

The carbonation phenomenon in cementitious materials is simply described by the following
equation of ionic reaction.

Ca® +C0O?% - CaCO (14)
3 3

Calcium ions resulting from the dissolution of calcium hydroxide are assumed to react with
carbonate ions, whereas the reaction of silicic acid calcium hydrate (C-S-H) is not considered.
This is based on the fact that the solubility of C-S-H is quite low compared with that of calcium
hydroxide, i.e., the solubility of C-S-H (in the case of 6Ca0-58i0,-6H,0) K, =
[Ca*1°[HSiO; 1[OH1’=5.5x10"", and the solubility of Ca(OH), K= [Ca**][COs*]=4.14x10"5
[1]. It has to be noted, however, that these values are for a normal environment. Therefore, we
understand that it is necessary to consider chemical reactions of C-S-H solution for the sake of
predicting deterioration phenomena under severe environmental action and/or environmental
action over quite a long time. '

The rate of the reaction in eq.(14) can be expressed by the2 following_differential equation,
assuming that the reaction is of the first order with respect to Ca** and COs> concentrations as,

alce,
Oco, =L§2’—)=k[CaZ+][CO§'] (15)

where, Ccacos: concentration of calcium carbonate [mol/l], and k: reaction rate coefficient
[I/mol.sec]. The concentration of calcium carbonate per unit time obtained by the above equation
is equal to the consumption rate of carbonic acid, which is the sink term Qcg, in the mass balance

equation (2).

As already mentioned, eq. (15) is a differential equation determining the reaction rate of calcium
ions and carbonate ions in solution. For this reaction to occur, molecular collisions of each ion are
necessary, and the right-hand side of eq. (15) represents the rate of such collisions. Here, a
molecular decomposition occurs to form a new product only if a molecule has an energy more
than the activation energy. The ratio of molecules having a kinetic energy above this activation
energy is determined by the Boltzmann distribution law, which shows strong dependency on
temperature. In the above equation, therefore, a temperature effect is involved in the reaction rate
coefficient k. In other words, k only represents the reaction rate at a certain temperature.
Therefore, in order to evaluate the carbonation process at an arbitrary temperature, it is necessary
to consider the temperature effect on rate reaction coefficient k. Still, in this paper, a unique
coefficient is applied, i.e., coefficient k is assumed to be constant (k=2.08 [I/mol.sec]) using a
value determined from several sensitivity analyses. The authors understand that modeling of the
carbonation rate is desired in the future, using Arrhenius’s law of chemical reaction.

The above discussion concludes the formulation of the carbonation reaction. In the following
chapter, we will describe the modeling of the ionic equilibrium in order to obtain the reaction rate
by from eq. (15).

3.2 Ion equilibria in solution

In the pore solutions of concrete, various ions coexist; calcium, aluminum, iron, magnesium,
sodium, potassium, and others. Though sodium and potassium ions form carbonate salts, here we
consider only calcium ions, which are comparatively abundant (in case of ordinary cement, CaQ:
65%, NayO: 0.3%, K;0: 0.5%). It has been reported, however, that sodium and potassium ions
may cause pH fluctuations, and also a change in the carbonation rate [19]. In addition, it has been
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also pointed out that the pH value after CO,(g)

carbonation would depend on the ¢ —

concentrations of these ions [12]. Therefore, 2 concenration - 20T St

in order to accurately evaluate the pH profile, H,0 CO,(aq) N e

it would be necessary to consider these \ il I,—;_" co Equ‘.”bﬁur;\\‘

alkali ions as well as calcium ions. As a first Concentration P |
approximation, however, we consider only H.CO; ., ! HCO,
calcium ions, and other ions will be Concentration \ 2- —
considered in a future study. CaCOsaq) g, %, 005 7 Fadbiem

The dissociations of the ions considered in
the model are shown by the following eq.
(16). We consider the dissociation of water Before ion dissociation After ion dissociation
and carbonic acid, and the dissolution and

dissociation of calcium hydroxide and Fig.4 Mass balance and equilibrium conditions for

calcium carbonate. carbonic acid

H,0 <> H* +OH~

H,CO, ¢ H* +HCO; < 2H* +COY
Ca(OH), < Ca™ +20H"

CaCO, < Ca® +CO7

(16)

Strictly speaking, the representation of a proton by H" might not be correct. Rather, the
hydronium ion H3O" is present in water and confers acidic properties on aqueous solutions.
However, it is customary to use the symbol H' in place of H;O", so H" will be used in the
following discussion.

As shown in eq.(16), carbonation is an acid-base reaction, where cations and anions act as a
Bronsted acid and base, respectively. Furthermore, the solubility of precipitations is dependent on
the pH of the pore solution. Therefore, in order to obtain each ionic concentration at an arbitrary
stage, the authors firstly introduce an equation with respect to the concentration of protons [H'].
Once the concentration of protons [H'] is known, each equilibrium condition can be calculated for
a given pH value. For each ion, the following basic principles should be satisfied [20]:

1. Law of mass action
2. Mass conservation law
3. Proton balance

First of all, let us consider the equilibrium reaction of carbonic acid. Based on the law of mass
action, the corresponding equilibrium expressions should be satisfied as,

+ - + 72—
K, = oH] K, = FLIHCO] o [HICO; ]
[HCO;]

17
[H,CO,] an

where, K; is the equilibrium constant of concentration for each dissociation. We give these values
as K,,=1.00x10"*, K,=1.00x10™", and K,=4.79x10"* at 25°C respectively.

Next, the mass conservation law is applied for the ions resulting from the dissolution of carbon
dioxide and re-dissolution of calcium carbonate as (Fig.4),

C, +§, =[H,C0,]+ [HCO; |+ [co?] (18)
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Dissolution of carbon dioxide Re-dissolution of calcium carbonate
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R \
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| [H*] = [HCO,] + 2[CO.2] + [OH] | | [H]+ 2[H,CO,] + [HCO,] = [OH1 |

Dissolution of calcium hydroxide

Solubility:S,, Ca(OH), H,0
A" ¥\ S —
Ca?* 2(OH) H+ OH- i_Mass balance |
{s,=[Ca?] | | Proton balance

.................

| [H*] + 2[Ca?+] = [OH1 |

Fig.5 Mass and proton balance equations in each system

where, Cy is the concentration of dissolved carbon dioxide [mol/l], which can be obtained from py
in eq.(2). S; is the solubility of calcium carbonate, which can be calculated using the
solubility-product constant discussed later.

Using egs.(17) and (18), concentrations of H,CO3, HCO;5™ and C‘ng‘ can be obtained as,

[H*]?

H,CO,]=0,:(Cy,+S o, =

[H,CO;] 0 ( 0 1) 0 [H+]2+KH[H+]+KHK,,

} K, [H']

HCO;] =0, -(C, +S o, = = 19

[HCO;] 1+(Co +5y) K H 7KK, (19)
K K

co¥1 =o,-(C,+S o, = a_b

[ 3] 2 ( 0 l) 2 [H+]2+Ka[H+]+KaKb

As this shows, the concentrations of H,CO3;, HCO3™ and CO32' are functions of S;. It is therefore
necessary to obtain the solubility of calcium carbonate. That solubility can be derived by the
following relationship as,

K, =[Ca®][CO]] (20)

where, K|, is the solubility-product constant of the calcium carbonate (=4.7x10°, at 257) [20].
Similarly, the solubility of calcium hydroxide can be calculated as,

K2 =[Ca*][OH ]? 21

where, K is the solubility-product constant of the calcium hydroxide (=5.5%10°®, at 25°C) [20].
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In looking at the ion dissociations shown in eqs.  Existent ratio
(20) and (21), it is necessary to consider the 1.0
common ion effect on the solubility. Namely,
carbonate ions in eq. (20) come not only from the 0.8}
decomposition of calcium carbonate, but also from
that of carbonic acid. As for the calcium ions in 06
eqs. (20) and (21), a similar effect should be
considered here as well. Considering these 04
common ion effects on each solubility, the

solubility of calcium carbonate S; and that of 02}
calcium hydroxide S, can be substituted in egs. . L '
(19), (20) and (21) as, 0T 78 o ORI
P
K =(8,+8,) 0,(Co +5,) (22) Fig.6 Relationship between equilibrium of

Kszp — (Sl T Sz)‘ [OH™ ]2 (23) carbonic acid and pH in solution

Next, the law of mass balance is considered. Figure 5 shows the mass balance conditions in each
system: dissolution of carbon dioxide, re-dissolution of calcium carbonate, and dissolution of
calcium hydroxide. In order to distinguish the sources of ion dissociation, concentrations of ions
are expressed with suitable notation, that is, [i]4 [il;, and [i]. are the concentrations of ions
dissociated from the dissolution of CO, gas, calcium carbonate and calcium hydroxide,
respectively. For example, the total concentration of carbonic acid [H,COs] shown in eq. (9)
becomes the summation of [H>COj3], from CO; gas and [Hy,COs], from CaCOs.

From the mass conservation conditions before and after ion dissociation, the following equations
should be satisfied:

C, =[H,CO0,], +[HCO3], +[COT ], @4
§, =[H,C0,], +[HCO;], +[CO3], =[Ca"], (25)
S, =[Ca™], (26)

In addition, the above ions should satisfy the law of proton balance, in which the amount of
donors is equal to that of accepters in terms of protons in the Bronsted-Lowry theory. The
equation deduced by this law of proton balance is also shown in Fig.5. The overall proton balance
equation can be obtained by the summing up each equation as,

[H*]+2[Ca%], +2[H,CO, ], +[HCO;1, =[OH"]+[HCO;], +2[CO%1, Q@7

From the above equations describing ion equilibrium conditions, we finally obtain,
+ KW
[H"1+2S, + 25,04 + 5,0, =[H—+]-+ 0, C, +20,C, (28)

Equation (28) shows that the concentration of protons [H'] can be obtained at an arbitrary stage as
an exact solution, given the concentrations of calcium hydroxide and carbonic acid before
dissociation. After the concentration of protons is known, each individual ionic concentration can
be calculated. As an example of a computation using the proposed method, the relationship
between the pH value in solution and the existent ratio of carbonic acid, carbonic hydroxide ion,
and carbonate ion is shown in Fig.6. In the high pH range, carbonic ions are dominant, whereas
carbonic hydroxide ions increase under low pH conditions.

3.3 Change of pore structure due to carbonation
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It has been reported that the micro-pore structure of cementitious materials may change due to
carbonation [1]. In general, pore structures are thought to become finer with carbonation.
However, there is no consensus on how porosity and porosity distribution will change. For
example, one report has noted that only the porosity of specific radii will decrease, whereas
another concluded that porosity will decrease but the porosity distribution will not change at all.

In this research, we consider changes in porosity with carbonation using a simplified model. We
assume that the porosity distribution does not change, but that porosity decreases as carbonation
progresses. Regarding the quantitative evaluation of this change, an empirical set of equations
proposed in past research is modified and used [7]:

0= 0(Rexom,) 0-6< Reyom, <1.0 29
$'=05-¢ Reuom, <0.6

where, ¢: porosity before carbonation, ¢’: porosity after carbonation, and Rcaony: ratio of the

amount of consumed Ca(OH); to the total amount of Ca(OH),.

Theoretically, a finer porosity results from the volume change of hydrates due to carbonation; the
crystal volume of calcium carbonate is approximately 11.7 percent more than that of calcium
hydroxide. The authors understand that it would be possible to establish a more generalized
treatment by implementing this volume change into the micro-pore structure model [13], but this
enhancement remains for future study.

4. Verifications and numerical simulations

4.1 Thermo-hygro system DuCOM

The formulations described thus for were implemented into the finite-element computational
program DuCOM. The overall computational scheme is shown in Fig.7. The constituent material
models are based on microphysical phenomena such as hydration, moisture transport, and the
formation of pore-structure, and they take into account the inter-relationships between these in a
natural way. A detailed discussion of the material models and system dynamics for describing
their interactions can be found in published papers [13][21][22][23] [24].

Input
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Fig.7 Overall framework of thermo-hygro system DuCOM
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Fig.8 Prediction of carbonation phenomena for different CO, concentrations, W/C and curing conditions

As degrees of freedom, temperature T [K], pore pressure P [Pa], and dissolved carbon dioxide py
[kg/m3] are solved in the system such that the mass/energy balance equations are fully satisfied
(Fig.7). The inputs required in the scheme are mix proportion, powder material characteristics,
casting temperature, geometry of the target structure, and the boundary conditions to which the
structure will be exposed during its life-cycle. Regarding the boundary conditions, the input
values of each degree of freedom are applied to the specified boundary nodes in the finite
elements.

The amount of Ca(OH), in cementitious materials can be obtained from the multi-component
hydration model as [23][24],

2C,S+6H — C,S,H, +3Ca(OH), 2C,S+4H - C,S,H, +Ca(OH),

(30)
C,AF+2Ca(OH), +10H — C,AH,

When blast furnace slag and/or fly ash are mixed into concrete, Ca(OH), is consumed during
hydration due to the pozzolanic reaction. The consumption ratios of slag and fly ash reactions are
assumed to be 22% and 100% of the reacted mass, respectively, in this analysis [23][24].

4.2 Verification with accelerated carbonation tests
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Fig.9 Prediction of carbonation phenomena for different W/C and ambient relative humidity

Firstly, accelerated carbonation tests were used for verification. Experimental data obtained by
Uomoto et al were used for this purpose [6]. The data are for cylindrical specimens of radius
10cm and height 20cm. After two days of sealed curing, two curing conditions were specified:
submerged in water for O days, and cured in water for five days. After the prescribed curing
periods, specimens were kept in a controlled chamber where the concentrations of CO, gas (1.0%
and 10%), temperature (20 T ), and relative humidity (55%RH) were kept constant.
The-water-to-cement ratios of the specimens were 50%, 60%, and 70%. The unit weight of water
was held constant in the mix proportions. Results of the verifications are shown in Fig.8. All of
the input values in the analysis corresponded to the experimental conditions. Analytical results
show the relationship between exposure time and the concrete depth at which the pore water pH
falls below 10.5, which is the phenolphthalein indicator point. The empirical formulae shown in
the figures were regressed with the square root t equation. In the discussion in previous chapters,
the equilibrium constants and the reaction rate coefficient in the modeling are assumed for a
constant temperature of 25°C. Therefore, strictly speaking, it is not correct to compare
experimental results carried out at 20C. However, it has been reported in the past that the
difference in carbonation progress between 20°C and 25°C is a few percent only [25].
Considering the precision of the current models, we judge that sensitivity to temperature might
not be large, so the parameters for 25°C were used in the analysis. The simulations are able to
roughly predict the progress of carbonation for different CO, concentrations and water-to-powder
ratios.

Next, the effect of ambient relative humidity on the progress of carbonation was verified using
experimental data obtained by Mihashi et al [25]. After one day of wet curing, specimens were
stripped, and then cured under standard curing conditions until the age of 28 days before being
kept at 50%RH and 20C for 10 days. In the accelerated test, specimens were exposed to a 10%
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Fig.10 Distribution of pH, calcium hydroxide and calcium carbonate under the action of carbonic acid
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Fig.11 Effect of blast furnace slag on carbonation progress

concentration of CO, at a constant temperature of 25°C, and at three different ambient relative
humidities: 50%RH, 65%RH, and 80%RH. Two cases of water-to-cement ratio were tested
(W/C=65% and 55%). Figure 9 shows the results of the verification. The depth of carbonation for
various ambient relative humidities can be predicted with reasonable accuracy by the proposed
method.

4.3 Distribution of pH, calcium hydroxide, and calcium carbonate

Figure 10 shows the distribution of pore water pH, CO,, calcium hydroxide, and calcium
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carbonate within concrete exposed to a CO, concentration of 3%. Two different water-to-powder
ratios, W/C=25% and 50%, were specified in the analysis, and these specimens were exposed to
CO, gas after 7 days of sealed curing. Consumption of calcium hydroxide, formation of calcium
carbonate, and reduction of pH with time are estimated by the analysis. It is also shown that a
higher resistance to carbonic acid action is achieved in the case of low W/C.

4.4 Influence of admixtures on carbonation phenomenon

A sensitivity simulation was carried out to demonstrate the influence of admixtures on the
carbonation phenomenon. Blast furnace slag was mixed into concrete at six different ratios to the
total weight of powder (0%, 10%, 20%, 40%, and 50%). In this series, the water-to-powder ratio
was specified as 30% and 40%. Numerical results are shown in Fig.11. In the case of W/P 30%,
as the amount of slag increases, the carbonation rate decreases because a dense micro-pore
structure is achieved. However, if 50% of the total powder is replaced with slag, the resistance to
carbonation falls slightly, since the effect of Ca(OH), consumption due to the pozzolanic reaction
becomes significant. On the other hand, in the case of W/P 40%, the ratio of slag does not seem to
influence the rate of carbonation in the range of 0%-40%. This arises from the influence of two
factors; an increment in Ca(OH), consumption and the dense micro-pore structure achieved by
using slag.

5. Conclusions

For the purpose of establishing an evaluation method for the carbonation phenomenon,
formulations are developed for the equilibrium of gaseous and dissolved carbon dioxide, their
transport, ionic equilibriums, and the carbonation reaction process. The main feature of this work
is that the model is based on micro-physical phenomena, enabling the pH profile of pore water
and degradation of the micropore structure to be predicted for arbitrary conditions. This contrasts
with the conventional approach, where depth of carbonation is generally evaluated using an
empirical formula. By means of the proposed methodology, it is possible to predict not only the
carbonation phenomenon, but also the pH profile in pore solutions attacked by other acids, such
as sulphuric acid, and nitric acid. Through various numerical simulations, it is shown that the
proposed modeling technique can roughly predict carbonation progress and pH fluctuations for
different mix proportions, curing conditions, and environmental conditions.
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