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Synopsis: Over the years, we have developed a model of the carbonation reaction in concrete using pH as the
evaluation criterion. The basis of the model is an assumed chemical equilibrium in the pore water. This time,
we have modeled the pore structure in terms of the concrete mix proportion, handling methods, and
environmental conditions. We also newly incorporated a model for predicting the diffusion coefficient of
carbon dioxide in concrete. In this paper, the results of carbonation analysis using the updated model are
compared with measurements of neutralization in existing reinforced concrete structures (in service for 19 to
29 years). The comparison reveals that this analytical model is capable of effectively predicting the
neutralization of existing reinforced concrete structures, thus demonstrating its applicability to the
performance certification and service life estimation of reinforced concrete structures.
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1. Introduction

In discussing the durability of reinforced concrete structures, the most important factor to be considered is
possible corrosion of the steel bars arranged within the concrete. In the strong alkali environment provided
by the surrounding concrete, an oxide layer known as a passive film forms over the surface of the steel bars,
and this film prevents corrosion by obstructing reactions between the steel and infiltrating moisture and
oxygen. However, if the concrete surrounding the steel bars is neutralized, leading to a fall in the pH of the
pore water, or if the concentration of chloride ions rises beyond a certain level, the passive film will be
broken down.

For this reason, in considering the durability of a given reinforced concrete structure and managing its
maintenance, the proper assessment of the pH of concrete around the steel bars is crucial to forecasting the
start of reinforcement corrosion. The current reality, however, is that no techniques are available for properly
measuring the pH of set concrete”, so a model that allows analytical pH assessment is required. Prior studies
on neutralization” ™™ * have used the pH of pore water around the steel bars as a direct indicator, but no
method was available to predict this pH. Accordingly, it has been extremely difficult to anticipate the loss of
cover concrete from structures due to steel corrosion accompanying a drop in pH in typical environments. At
the same time, mainstream design techniques for reinforced concrete structures have been shifting from the
earlier detail-specified design to performance-based methods”, and in this connection there is a keen need
for the establishment of an analytical model for identifying factors that lead to deteriorated performance of
reinforced concrete structures and allowing quantitative assessment of long-term performance.

In view of this need, we have proposed an analytical model using pH as the evaluation criterion based on the
diffusion of carbon dioxide and the assumed chemical equilibrium in pore water”™”. This analytical model
allows the carbonation reaction to be predicted if the diffusion coefficient of carbon dioxide in the concrete
is known. This leads to prediction of the pore water pH and hence the concentration of carbon dioxide and
carbonation reaction products over time.

The carbon dioxide diffusion coefficient depends on the pore structure, which varies with the concrete mix
proportion and handling methods as well as environmental conditions. Hence, there is also a need for a
model that appropriately expresses pore structure and from which the diffusion coefficient can be derived.

This paper describes in detail a comprehensive analytical model of the carbonation reaction incorporating a
pore structure model that newly reflects the concrete mix proportion, concrete handling methods, and
environmental conditions. Further, the results of comparing analytical estimates of the pH of set concrete
with actual measurements of neutralization depth in real structures are discussed. The definitions of the

terms “carbonation” and “neutralization” in this paper follow those given in the authoritative literature".

2. Carbonation Reaction Model for Concrete Taking Account of Chemical Equilibrium

2.1 QOutline

The carbonation of concrete can be considered to take place in two stages: the physical process by which
carbon dioxide (gas) from the atmosphere diffuses into the concrete and the chemical process in which the
diffused carbon dioxide reacts with alkaline components including calcium hydroxide. Our model is based
on the assumption that diffused carbon dioxide exists in a state of equilibrium with the various components
of the gaseous phase, liquid phase, and solid phase in the fine concrete pores.

2.2 Physical Model

The analytical model is based on the supposition that carbon dioxide from the atmosphere diffuses through
co-joined pores in the concrete according to Fick’s second law and that it dissolves instantaneously into pore
water according to Henry’s law. Equation (1) is the unsteady-state one-dimensional diffusion equation used
to calculate diffusion.

0C/t = Deoy’ 6°C/ox* — A[Cs] (1)
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where,

C: Concentration of carbon dioxide [mol/I]

Dcoy’:  Diffusion coefficient of carbon dioxide in concrete [cmz/s]
t: Time [s]

X: Distance from concrete surface [cm]

A[C]:  Quantity of diffused carbon dioxide dissolved per At [mol/(1 * s)]

This physical model is based on the following assumptions:

® Gaseous-phase carbon dioxide diffuses through the concrete one-dimensionally in the depth
direction, and no movement of the liquid phase is taken into consideration.

® The diffusion coefficient of carbon dioxide in concrete is constant. In other words, there is no
change in pore structure due to either the hydration reaction or the carbonation reaction, and the water
content of the concrete remains constant, also.

©) The concentration of carbon dioxide at the surface of the concrete is constant.

2.3 Chemical Model

The analytical model consists of a chemical equilibrium in which it is supposed that the carbonation reaction
proceeds instantaneously to equilibrium. Consequently, the progress of carbonation is determined by the
diffusion rate.

Underlying the chemical equilibrium model is the assumption that the components that react with carbon
dioxide are calcium oxide (CaO) and alkalis (Na,O + K,0), and these components are eluted from the
hydration products and un-reacted minerals. It is presumed from the results of a basic laboratory experiment
in the past'” that, in the pore water where the concrete is finely particled, carbon dioxide that reaches the
pores (in the gaseous phase) instantaneously dissolves into the pore water, which is the reaction phase (the
liquid phase), resulting in an equilibrium between the gaseous phase and the liquid phase. It is similarly
assumed that calcium hydroxide and calcium carbonate in the solid phase are also have a very rapid rate of
dissolution into the liquid phase (and deposition into the solid phase), so there is always equilibrium between
the liquid and solid phases also.

Figure 1 illustrates how the gaseous phase, liquid phase, and solid phase equilibria in the concrete are
modeled. All of these chemical equilibria are reversible reactions, as indicated by Equations (2) through (10),
and the components involved all remain in full

equilibrium with each other. Hydrates of calcium Gaseous
silicates (C-S-H) formed by the hydration of alite hase CO,(g) _ Pores
and belite are ignored here because of their low P A ’m‘

[P i) . . \J/ lution
solubility product constants . It is also supposed in
this model that potassium ions (K") and sodium ions CO,(aq) + H,0 <—_H,CO5 50"
(Na") behave in the same way. ¢

, : . o o HCO;
Equation (2) represents the dissolution equilibrium | Liquid Pore
of carbon dioxide between the gaseous and liquid | phase ) water
phases. Carbon dioxide in the gaseous phase is CO; Bissod
assumed to dissolve instantaneously into the pore | [V 27N N ciation
water according to Henry’s law.

ﬁﬁ:a(pm2 CaCO, [Depo-

Equation (3) represents the equilibrium reaction of ' wtion| 1 N sition ]
dissolved carbon dioxide with water. The carbonic | Solid Solid
acid that forms is dissociated into ions as indicated phase Ca(OH),(s)  CaCOj;(s) phase
by Equations (4) and (5). Equations (6) through (9)
represent  solubility equilibria, of which the Fig. 1 Concept of chemical equilibrium model

maximum value is the solubility product constant,
Ksp. If the product of ion concentrations surpasses
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the solubility product constant in any of these
equilibrium equations, the ions combine with one
another and are deposited as solids, resulting in a
shift from the liquid phase to the solid phase. Since
calcium hydroxide (Ca(OH),), calcium carbonate
(CaCO0;), sodium hydroxide (NaOH), and sodium
carbonate (Na,COs) are completely dissociated in
the liquid phase, they are absent in the liquid phase
as chemical species though present as ions.
Equation (10) is the dissociation equilibrium
equation for water, where K, is the ion product of
water.

The solubility product constants, which can be
calculated from these dissociation constants and
solubility constants, are given in various handbooks
and similar publicationsm'l3). The equilibrium
constants used in this analysis are given in Table 1.
According to Equations (2) through (10), if calcium
carbonate (CaCOs(s)) or calcium hydroxide
(Ca(OH),(s)) is present in the solid phase, the
liquid phase takes on an equilibrium composition
matching the concentration of carbon dioxide
(CO4(g)) in the gaseous phase. Carbon dioxide that
has dissolved from the gaseous phase into the
liquid phase (CO,(aq)) reaches equilibrium in the
liquid phase and, if the concentration of carbonate
ions surpasses the solubility product constant of
Equation (7), will immediately be deposited as
calcium carbonate. This results in a decrease in
calcium ions (Ca’") in the liquid phase, where the
equilibrium is maintained by the dissolution and
dissociation of calcium hydroxide from the solid
phase. If further carbon dioxide diffuses into the
gaseous phase after all of the calcium hydroxide in

the solid phase has been consumed, the amount of carbon dioxide in the liquid phase (CO,(aq)) will increase.
As hydrogen ions (H") increase and as a consequence the pH drops, the number of hydrogen carbonate ions
(HCO5") increases while carbonate ions (COs>) decrease, and more calcium carbonate will be dissolved.
These changes continue until the concentration of carbon dioxide in the gaseous phase equalizes with its

concentration in the atmosphere.

By inputting the concentration of carbon dioxide and of alkali ions in the liquid phase, the concentrations of
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various ions and chemical species in the liquid phase can be calculated using Equations (2) through (10).

Table 1  Equilibrium constants
Equation (2) K,=[CO; (aq)}/[peoz] =1.0 x 107 (25°C)
Equation (3) K,=[H,COs]/ [CO, (aq)] =1.0 x 107** (25°C)
Equation (4) K =[H'][HCOs]/ [H,CO3] =1.0 x 107 (25°C)
Equation (5) Ko=[H'][CO5*)/ [HCO5]=1.0 x 107% (25°C)
Equation (6) K =[Ca” ] [OH] =1.0x 10°°° (25°C)
Equation (7) Kpn=[Ca* "] [CO5"] =1.0x 1077 (25°C)
Equation (8) Kp=[Na'] [OH] =1.0x 10°% (20°C)
Equation (9) Kpe=[Na'’ [CO5*] =1.0x 10" (20°C)
Equation (10) K.=[ H']1[OH]=1.0 x 10™** (25°C)
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3. Modeling the Pore Structure of Concrete

3.1 QOutline of Textural Structure

The textural structure of concrete is formed by the [t " Maximum pore radius in which pore water is
gradual filling of a matrix comprising aggregate, | present at a certain level of relative humidity
cement particles, and water-containing pores with
hydrates generated by hydration reactions. This textural a a a
structure may greatly vary with the quality of the mix a8 a
and the hardening method, was well as with the type of
cement (which affects the hydration reactions) and
material aging (including the curing conditions. As the
hydration reactions progress, hydrates of calcium
silicate (C-S-H) are formed in the texture where water
was originally present. These are the fine pores, or
so-called gel pores. As a result, the concrete becomes a
porous solid. The texture of the resultant concrete can
be divided into the solid phase consisting of the
aggregate and hydration products on the one hand, and
the pores on the other. Depending on environmental
conditions in the atmosphere, some of the water may
evaporate, so pores can be classified as those saturated
with water and those that are not. This concrete
configuration is schematically illustrated in Fig. 2. Fig. 2

Liquid phase
(pore water)

Liquid phase
(pore water)

Schematic of cement texture

As noted in Section 2.2, the diffusion route for carbon dioxide through concrete is assumed to consist of
consecutive unsaturated pores. This means that a model able to appropriately express such a pore structure is
needed, and the model must be able to quantitatively reflect characteristics that contribute to the early texture,
such as the concrete mix proportion and changes in pores due to the hydration and carbonation reactions.

3.2 Form of Moisture in Pores

It is presumed that a gaseous phase (consisting of water vapor and air) coexists with a liquid phase
(consisting of pore water) in the concrete pores. When these phases are in an equilibrium, and if the
maximum pore radius in which a gas-liquid interface forms is represented by ry[m], all pores smaller than r,
will be filled with pore water. From the Kelvin equation, ry can be written as Equation (11).

r,=2y * Mw/R * T * p.(In Py/Py)” (11)
where, Threshold determined by relative humidity
. : s Humidity Humidity

Y: Surface tension of pore liquid [N/m] (| re O ,
My Molecular weight of water [kg/mol] low high
R: Gas constant [J/(mol * K)] [ iquid phase Gascous phase
T: Absolute temperature [K] volume volume
P,/Pyo:  Relative humidity [-] X o |(pore water (gas route)
pL: Density of pore water [kg/m”] = §

A~ o

>

The gaseous phase can be regarded as constituting the
carbon dioxide diffusion route, while the liquid phase is o 0 P P

the field in which the carbonation reaction takes place.

Figure 3 schematically illustrates the concept of Pore radius (log(r))[m]
threshold in this regard. The value of ry varies with
humidity; the higher the humidity, the more ry shifts to
the right, resulting in a shrinkage of the gaseous phase and hydrous state
volume and a drop in the diffusion coefficient of carbon

Fig. 3 Relationship between relative humidity
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dioxide. This is clearly consistent with the relationship between water content and d1ffus1on coefficient as
understood in a general sense, and so can be regarded as presenting a highly rational model'"

3.3 Modeling of Pore Structure

In order to model the pore structures of concrete for the purpose of analyzing the carbonation reaction, it is
necessary to differentiate between gaseous phase pores, which constitute the carbon d10x1de diffusion route,
and liquid phase pores, which do not pass carbon dioxide as noted in the previous section'?. In this study, the

density distribution function proposed by Shimomura'>'® is adopted.

dV/dr=V,+ B+ C * r“lexp(-B * 1) (12)

where,

r: Pore radius [m]

Vi Volume of pores of radius r [m’/m’]

B: Parameter determining shape of the density distribution function

C: Parameter determlnlng shape of the density distribution functlon taken to be 0.5
Vo: Total volume of pores in a unit cubic measure of concrete [m’/m’]

This function reveals how many pores of a certain radius are present in a unit cubic measure of the concrete
being assessed, but does not go so far as to express the features of the spatial structure, such as linking of the
pore texture or how the pores are twisted. A number of assumptions were made in using this density
distribution function, as given below.

It is assumed that all the pores in the pore structure are (D continuous, @ isotropic, and (3) homogeneous.
According to Shimomura, the density distribution function given by Equation (12) is determined by the unit
water quantity and the unit cement quantity (the blending conditions), the weight ratio of combined moisture
(from the type of cement and its mineral composition), and the age of the material at the start of drying
(depending on work methods). Three material constants'” are required to determine the density distribution
function:V,, B, and C. Of these, V, and B can be obtained using the three equations given below, while C is
assumed to be 0.5.

Vo=(W -+ C)/pL (13)
© = (0.061 +0.054 - In(ty)) * (W/C)> (14)
B = (1880 + 2680 - In(ty)) * (W/C)'* (15)

where,

Ww: Unit water quantity [kg/rn ]

C: Unit cement quantity [kg/m ]

: Weight ratio of combined m01sture of cement [-]
pL: Density of pore water [kg/m’]

tq: Age at start of drying [d]

4. Methods of Analysis

4.1 Outline of Analysis Methods

The model predicts progress of the carbonation reaction based on the material constituents of concrete and
their mix, the work methods, and environmental conditions. The specifics of the analytical model are
illustrated in Fig. 4.

The input data comprise the chemical composition of cement, the unit cement quantity and water quantity in

the concrete, the age at the start of drying, and the environmental carbon dioxide concentration and humidity.
Based on these data, the pore structure is first presumed and the diffusion coefficient in the concrete figured
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out. Then the alkali concentration and the amount - -
. . . . Environmental Mix
of calcium to react with carbonate ion in the pore Work methods . ,
. . . conditions proportion
water are estimated. Finally, the concentrations of

various chemical species in the pore water are
determined, including the amount of calcium

carbonate formed, the amount of carbon dioxide Age of 4 chemical ||concentation
involved in reaction is calculated, and the pH is | Humigiy || ™ ot {|Unit water) Onitcementic o gion| | of carbon
estimated. It is assumed then that the pore drying quantity || U of coment || dioxide
structure and the fixed amount of alkalis does not
change once drying has started. A flow chart of the i 5 é E > :
analysis is given in Fig. 5, and the shape of mesh —AN
used for analysis is specified in Fig. 6. For the Pore Alkali
analysis, the finite element method was used for structure fixation
integration in the spatial direction and the
Lax-Wendroff method for integration in the time ; * Amo‘f.‘“’f
direction. In dividing the analyzed region into ' 23213;%
elements, as shown in Fig. 6, the mesh width was Diffusion Alkali
sett0 0.1 cm. coefficient ?oncentratlon

n pore water
The assumption is that carbon dioxide would
diffuse from the concrete surface (x = 0.0 cm) ¢ ¢ ¢ v
one-dimensionally in the X direction and that no | Carbonation taking account of chemical equilibrium |
carbon dioxide would flow in or out through any {}
other boundary. Analysis time steps range from
5.00 x 107 to 1.00 x 10™ (d). At Step 1, the initial Amount Composition
equilibrium before the carbonation reaction starts ph reacting of of pore
is calculated. Steps 2 to 5 constitute a time loop, carbon dioxide water
and the calculation is repeated for each point of
time t. At Step 2, the diffusion of carbon dioxide is Fig.4  Analytical model

calculated using Equation (1), and at Step 3 the
carbon dioxide concentration on the concrete
surface is given as a boundary condition. At Step 4,
convergence is sought such that all the chemical | START |—| Stepl H Step2 |—| Step3 |--| Stepd 1] Steps END
equilibria in Equations (2) through (10) hold true,
and the pH and the concentrations of various
chemical species at each point of time t are figured

out.

Stepl ; Initial Equilibrium  Step2 ; Diffusion
42 Diffusion  Coefficient of Carbon Step3 ; Boundary condition  Step4 ; Equilibrium
Dioxide in Concrete StepS ; Output Results

Generally, the diffusion coefficient for a gas ) )
through concrete pores can be expressed by the Fig.5  Flow of Analysis
following equation on the basis of a mutual

diffusion coefficient.

COz(gas)

D =g/’ - Dy (16) N 74 4 RN N P AR N P S NV NP4 N P
e I 7 7 N N N N 2 N BN P AN AN
where, S
Fig. 6 Mesh (Ax =0.1 cm)
D: Diffusion coefficient of gas in porous
solid [mz/s]
€ . Porosity [-]
T Degree of bend [-]
Dy: Mutual diffusion coefficient [m?/s]

In this study, the equation proposed by Shimomura, et al.''9 for the diffusion of water vapor was applied to
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carbon dioxide, and the diffusion coefficient Dco,’ of carbon dioxide in concrete is represented by Equation

an'

Dco2’=K * V * Dcoz (17)

where,

Dcoa: Mutual diffusion coefficient of carbon dioxide and air

K: Material coefficient re};resentmg the affect of narrowness and bends in the pore structures of

concrete wherein Equation (18)
1/2* in Equation (16).

proposed by Shimomura is used. It can be considered synonymous with

K=1/3 - 120 - B*¥ (18)

V: Materlal coefficient representing the porosity effective for carbon dioxide diffusion, wherein
Equation (19)"® proposed by Shimomura is used. It can be considered synonymous with € in Equation (16).

V=V, expB * 1) (19)

By using these coefficients, the diffusion coefficient of carbon dioxide in concrete can be determined from
the concrete mix and the age at the start of drying.

4.3 Quantity of Calcium Involved in Reaction

Investigators often assume that only calcium hydroxide formed by the hydration of cement is affected by the
carbonation reactlon &% However, others claim that almost all of the calcium oxides in the cement react
with carbon dioxide'” Con51der1ng that the calcium carbonate contained in the concrete of actual structures
accounts for 70% to 90% of the total calcium content’”, it is improbable that calcium hydroxide resulting
from hydration is the only reactant. On the other hand, since carbon dioxide and calcium hydroxide react
only in the presence of moisture”, it is not necessarily true that all calcium hydroxide undergoes carbonation,
because depending on the environment moisture may be in short supply.

In this model, the reactants are assumed to be only silicate compounds in the cement (unreacted alite, belite,
and C-S-H) and calcium hydroxide. (These are referred to as the “quantity of calcium involved in reaction”.)
It is supposed that unreacted aluminate and ferrite phases, and hydrates deriving from them, do not
undergo carbonation. The quantity of calcium involved in reaction can be calculated from the mineral
composition, as figured out from the chemical components of the cement used, and the unit cement quantity
in the concrete mix. The quantity of calcium involved in reaction is found to be about 80% of the total
calcium content.

4.4 Alkali Ion Concentration in Pore Water

Although most of the alkali content of pore water results from elution out of the cement, not all of the alkali
content (Table 4) makes its way into the pore water. Missing from the pore water are, presumably, alkalis
remaining as solid solution in unreacting minerals and alkalis that have been fixed again after elution.

Taylorzl) proposed Equation (20) for determining the concentration of alkali ions in pore water. Representing
the ion concentration at a certain material age, this equation takes into account the ratio (b) of the alkali
content discharged from cement (m,) to the amount of alkalis fixed (sorbed) by cement hydrates. It accounts
for the fact that, as the rate of hydration increases with advancing material age, the amount of alkali
discharged from the cement (m;,) increases, while the proportion (P) of cement hydrates able to sorb alkalis
(C-S-H and the AFm phase) also rises, with a resulting increase in the amount of alkalis fixed. It was
decided to adopt Equation (20) in this study to determine the alkali ion concentration in the pore water, and it
was assumed that alkalis not present in the pore water played no part in the chemical equilibrium of Equation
(8) or Equation (9). Furthermore, since no clear knowledge of the relationship between these fixed alkalis
and carbonation is available, it was assumed that the alkali ion concentration does not vary with carbonation.
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c=m/(A+b-*P) (20)

where,

c: Concentration of specified ionic species in pore solution [mol/l]

m,: Quantity of alkali cations (Na", K') released from the binder [mol/m’]
A: Amount of pore water [I/m’]

b: Binding factor [I/m’]

P: CRP/CRP,, [-]

CRP: Quantity of calcium in relevant product (C-S-H plus the AFm phase) [mol/m’]
CRP.: Value of CRP for complete hydration [mol/m’]

5. Verification of Proposed Technique using Analytical Examples
5.1 Current State of Existing Reinforced Concrete Wall Balustrades

The validity of the proposed analytical
model was verified by comparing
measurements taken from existing
reinforced concrete structures with the
results of analysis using the model.
Reinforced concrete wall balustrades
along an expressway were selected for
the verification. These structures were
in a state where concrete had fallen

away, and cores could be readily taken.

Table 2 shows the mix proportions of
concrete in these balustrades and the
number of years they had been in
service.

In Cases 1 and 3, the mix was
estimated from core samples in
accordance with Report F-18, “Report
on Joint Tests on Blend Estimation of
Set Concrete”, by the Special
Committee for Concrete of the
Japan Cement Association. In Case 2,
the actual values of the mix
proportion are used. Neutralization
depth was determined from core
samples; the circumferential face of

each core was sprayed with a 1% solution of phenolphthalein in ethanol and the minimum and maximum
distances from the core surface to the colored region were measured. The average neutralization depth was
calculated by tracing the uncolored region onto a polyethylene sheet, measuring its area with a planimeter,

Table 2 Mixes and ages of existing
reinforced concrete balustrades
Item Case 1 Case 2 Case 3
Water content
ke /m3] 142 158 167
Cement cc;)ntent 349 316 287
[kg/m’]
Water-cement
ratio 41 50 58
[%o]
Ordinary Same as Same as
Type of cement Portland
left left
Cement
Slump 8425 Same as Same as
[cm] left left
Air quantity 441 Same as Same as
[%] - left left
Spemﬁed Same Same
design strength 300
P as left as left
[kg/cm’]
Years in service 29 19,20,21 25

and dividing that by the circumference of the core sample.

5.2 Physical Properties Required for Analysis

The physical values used to calculate the diffusion coefficient are listed in Table 3, while the alkali content
and mineral composition are assumed to be those of ordinary Portland cement, as given in Table 4. Values

used for calculating alkali ion concentrations are given in Table 5.

Table 6 lists the calculated values of carbon dioxide diffusion coefficient, the quantities of calcium involved
in reaction, and the combined concentrations of alkali ions in the pore water (i.e., the sum of the
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concentrations of sodium ions and potassium ions). As environmental conditions, the concentration of
carbon dioxide in the atmosphere was taken to be 0.032% with reference to Chronological Scientific Tables,
while the relative humidity was set at 70% in view of the annual average levels of 64% and 69% in Tokyo
and Yokohama, respectively.

Table 3 Values used for calculating diffusion coefficient

Variable Definition [unit] Case 1 | Case 2 |Case 3
W/C |Water/cement ratio [%] 41 50 58
Age of material at
b the start of drying [day] /
PP, Relative humidity [%] 70
Surface tension of
Y liquid [N/m] 0.0727
M, Molecular weight of ke/mol] 0.01802
water
R |Gas constant [J/(mol * K)] 8.31453
Absolute
T temperature [K] 293.0
Density of pore 3
PL | water [kg/m”] 1000.0
Mutual diffusion
Dcox |coefficient of carbon [m%/s] 0.138x10* '
dioxide and air
y, Maximum pore [m] 3.015%10°
radius

Table 4 Composition of cement (assumed values) [unit: mass%0]

Mineral composition Alkali contents
Alite Belite Aluminate phase | Ferrite phase
GCsS C,S CA C4AF Na,O K,0
50.0 25.0 9.0 9.0 0.300 0.455
Table 5 Values used for calculating alkali ion concentrations
Case 1 Case 2 Case 3
NazO Kzo NaZO KzO NaZO Kzo
C 0.092 0.127 0.074 0.099 0.063 0.083
M, 12.21 14.11 11.06 12.78 10.04 11.61
A 70.09 70.79 91.91 91.91 106.4 106.4
b 108.2 69.80 97.96 63.20 88.97 57.40
P 0.585 0.585 0.585 0.585 0.585 0.585
CRP 1.616 1.616 1.463 1.463 1.329 1.329
CRP.. 2.761 2.761 2.500 2.500 2.270 2.270
Table 6  Values of physical properties used for equilibrium calculation
Diffusion coefficient Quantity of reacting Alkali ion
[mz/ s] calcium [mol/m3 ] concentration [mol/1]
Case | 1.96 x 10° 330 x 10° 0.438
Case 2 338 x 107 299 x 10° 0.346
Case 3 478 x 10° 2.72 x 10° 0.292
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5.3 Verification and Discussion

Analysis using this model yields the distribution of calcium hydroxide and calcium carbonate in the solid
phase after the elapse of a certain amount of time, and the concentrations of various components represented
by Equations (2) through (10), including the pH of the pore water. An example of analysis is shown in Fig. 7,
where the structure has been in service for up to 30 years. It is evident that the carbonated region expands
more deeply into the concrete over time, and that the pH drops as a result. The amount of calcium carbonate
increases while the calcium hydroxide content falls

in the vicinity of the region where carbonation is 14} S}z‘ 10v /20v‘ 30y 14 [x107]
progressing. Table 7 presents the final results for R YR O A 13 A2
all components. It is clear that the pH in the ‘& 10f JJ/\_J;/ \ 12 %
vicinity of the concrete surface is about 10.4 after Y 2N I.“\‘Sy \ 10y \20y 30y 11 Aé
30 years. Coloring was observed in a 6] ---- CaOmy|; N F N T NN S

) Lo RS PTIIN 0383
phenolphthalein test, indicating the absence of 0 0.5 1 15 &
neutralization, but there are suggestions that the Depth(cm)
relationship between pH and phenolphthalein
coloration in set concrete may depend on other  Fig. 7  pH and quantity of calcium carbonate

conditions and cannot be unequivocally defined™.

formed at different times (Case 1)

Table 7 Concentrations of various chemical species obtained through analysis (Case 1, 30 years, in mol/l)

Depth 0.1 cm 1.0 cm 1.5cm
pH 10.38 10.87 13.65
COx(g) 1.18 x 107 1.50 x 10° 128 x 10™
CO,(aq) 1.03 x 107 131 x 10° 235 x 107%
H,CO; 1.63 x 10° 2.07 x 107 3.73 x 107
HCO;y 122 x 107 483 x 107 529 x 10
COs™ 1.63 x 107 2.00 x 107 134 x 107
Na® 438 x 107 438 x 107 438 x 107
Ca™ 274 x 10°® 223 x 10°® 276 x 107
Ca(OH), 0.00 0.00 330 x 10°

[mol/m’] [mol/m?] [mol/m’]
CaCOs 330 x 10° 330 x 10° 0.00
[mol/m’] [mol/m’] [mol/m’]

In this paper, the carbonation depth is taken as the point below the surface at which the calcium hydroxide in
the solid phase totally disappears. In Fig. 7, this is assumed to be the position at which the pH drops
significantly (pH = 10.9). Figures 8 through 10 compare the analytical results with estimates obtained
using the formula proposed by the Japan Society of Civil Engineers™ and by Kishitani®. The measured
values of neutralization depth were obtained from cores taken from both the inner (road) and outer sides of
the balustrades, with the average, maximum, and minimum values plotted. In using the JSCE formula, the
water-cement ratio in Table 2 was used, and the coefficient representing environmental effects, R, was taken
to be 1.6. In calculations with Kishitani’s formula, an equation representing a water-cement ratio of 60% or
less was used, and a neutralization rate of R; = 0.4 was adopted. Equation (21) is the JSCE formula and
Equation (22) is the Kishitani formula.

[Japan Society of Civil Engineers formula]
y=R(-3.57+9.0W/B)/ t (1)
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where,

W/B: Effective water-binding material ratio =
W/(C, +k * Ad)
W: Mass of water per unit volume

B: Mass of effective binding material per unit
volume

Cp: Mass of Portland cement per unit volume
Ad: Mass of admixture per unit volume

R: Coefficient  representing  environmental
effects

k: Coefficient representing admixture effects

[Kishitani’ s formula]
t=[7.2/R*(4.6x - 1.76%)] C (22)

where,

t: Time taken for neutralization to reach depth
C [years]

X: Water-cement ratio in terms of strength [%]
C: Neutralization depth [cm]

R;: Neutralization rate [ —]

Estimates of neutralization depth obtained using the
JSCE and Kishitani formulas are substantially the
same where the water-cement ratio is low, and they
correspond closely to the minimum values of
measured neutralization depth. However, as the
water-cement ratio rises, estimates by the JSCE
formula tend toward the average of the measured
values, while the Kishitani formula gives results close
to the minimum value.

On the other hand, values of neutralization depth
obtained with the proposed model are closer to the
maximum measured values, and at higher
water-cement ratios they somewhat exceed the
maximum measured value. This indicates that the
model yields results that fall on the safe side as
regards danger to the public. Incidentally, the designed
concrete cover for these wall balustrades was 3.0 cm,
and the maximum predicted neutralization depth is
about 2.0 cm after 30 years of use, suggesting that
carbonation will not reach the steel reinforcement.

2 % Maximum
Average
L5 Minimum

Analytical value
(carbonation

5%
W =

Estimates by JSCE and
Klshltam formulas

Neutralization depth (cm)

Years
Fig. 8  Variation in neutralization depth

over time (Case 1)

\S]

Average

—
W

Analytical value

% Maximum
Minimum (.o honation)

—_

o
W

0 5 10 15 20 25 30

Neutralization depth (cm)

Fig. 9  Variation in neutralization depth

over time (Case 2)

€ 2 ‘
2 Maximum Analytical value

<= 1.5 Average (carbonation

2 Minimum [
Q -—__’__

< 1 -

g SCE
2 0.5 T

N | Kishitani

= 0L . , . .
E % 5 10 15 20 25 30
5]

Z Years

Fig. 10  Variation in neutralization depth

over time (Case 3)

As differences are found between the analytical values obtained with the proposed model and measurements,
their causes will be considered. The major factors affecting carbonation depth are the diffusion coefficient

and the quantity of calcium involved in reaction.

Regarding the diffusion coefficient, it was taken as constant throughout the service life once drying began
(after seven days), and no changes in pore structure with hydration or carbonation reaction were taken into
account. However, analysis with the proposed model tends to overestimate the diffusion coefficient, and
therefore carbonation depth, at higher water-cement ratios. This is because the increase in finer pore
structure accompanying the hydration reaction is ignored. This point calls for further amplification.

The balustrades tested in this investigation were exposed to motor vehicle emissions (NOx and SOx), so it is
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conceivable that these substances also diffused into the concrete and dissolved into the pore water. This
would have caused a drop in pH. While the impact of this could be introduced into the proposed model by
adding equilibrium equations for these components to the chemical equilibrium model, this has been left for
the next step in our research.

6. Conclusion

In this study of neutralization in reinforced concrete structures, a carbonation reaction model is developed in
which the pH of pore water is the evaluation index. The carbon dioxide diffusion coefficient is obtained by
modeling the pore structure of a particular concrete structure from the mix proportion, curing method, and
environmental conditions. This is used in conjunction with a model of ionic equilibrium in the pore water.

Unlike many other studies that have focused on the diffusion of carbon dioxide using neutralization depth as
the indicator, this newly proposed model succeeds not only in quantitatively estimating the extent of
carbonation in terms of pH, but also in basing the estimation on the concentration of various chemical
species present in the pores. In the future, it is expected to prove a very versatile technique for the
quantitative estimation of the impact of car emissions on concrete.

The proposed model was verified by measuring the neutralization depth in actual structures. While measured
neutralization depths in actual structures are subject to wide fluctuations, it was demonstrated that the
analytical values obtained make it possible to approximately track neutralization depth while obtaining
results on the safe side.

The passive film covering steel reinforcing bars is thought to begin degrading around pH = 11, eventually
leading to corrosion®”. Since this model uses pH as an evaluation index, steel corrosion due to falling pH can
be predicted. Accordingly, the model can serve as an effective tool in the preventive conservation of concrete
covering against exfoliation. Future work will include continued efforts at verification with data derived
from actual structures with a view to further improvement of analytical accuracy. The eventual aim is to
establish the model as a tool for diagnosing deterioration as part of a systematic effort to maintain the
existing social infrastructure.
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