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SYNOPSIS

Accelerated carbonation test is performed to explain mechanism of carbonation of
concrete. The depth of carbonation, the weight loss of mortar, the amount of
calcium hydroxide and calcium carbonate, and pore volume and pore size
distribution are measured. Water immersion test and air exposure test after
accelerated carbonation test is also performed to evaluate the diffusion of
calcium hydroxide. The depth of carbonation correlates the amount of evaporated
water, and the amount of calcium hydroxide and calcium carbonate, pore volume
and pore size distribution depend on exposure duration in the accelerated
chamber. The depth of carbonation of mortar decreases due to the diffusion of
calcium hydroxide from uncarbonated portion to carbonated portion under wetting
condition. Based on these test results, the diffusion equations for water,
carbon dioxide and calcium hydroxide are proposed and finite difference method
is used in numerical analysis. The depth of carbonation of concrete can be
predicted by analyzing these diffusion equations.
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1.INTRODUCTION
The carbonation phenomenon proposed by researchers is as follows:

1. diffusion of carbon dioxide through concrete
2. reaction between carbon dioxide (carbonic acid) and calcium hydroxide
3. decrease’'in pH value in concrete

Therefore, carbonation of concrete causes corrosion of the embedded
reinforcement. It is very important to predict carbonation depth accurately in
order to estimate of durability of reinforced concrete.

As is generally, the depth of carbonation is proportional to the square root of
exposure duration:

ze=bvT (1)

where Xc : depth of carbonation
t : exposure duration
b : carbonation coefficient

The carbonation coefficient is a parameter for estimating the rate of
carbonation.  Generally, the carbonation coefficient has been determined by
experimental results, using compressive strength or water-cement ratio as
parameters. However, determining carbonation coefficient requires a great deal
of experiments. And in the case of outdoor and indoor exposure tests, the
process of carbonation is very slow and specimen will be affected by another
factors. Hence, it is very difficult to determine the carbonation coefficient
experimentally.

In this study, an accelerated test is employed to investigate the carbonation

mechanism of concrete. The prediction of depth of carbonation by theoretical
analysis is performed.

2.EXPERIMENTAL PROGRAM

Table1 Mix proportions of mortar.

2.1 Materials and mix proportion [w,

G | admw | apmn | ada | S7C| Plov | lnigial Grine Perict
An ordinary portland cement, kS 745. 9 ]261. 1{1319. 4f1. 77| 119 28
which did not contain any & | 648.6 |291. 81319, 4]2.03] 173 28, 91
mineral additives such as S | 573.6 [315. 5}1319, 4]2 30 214 28, 91
blast-furnace slag and fly &80 542. 3 [325. 4]1319. 4]2. 43| 220 28
ash, was used. Fine aggregate 65 | 514. 2 [334.2]13109. 4]2.57] 241 28, 91
used was standard sand with 5 | 465.9 |349.4]1319. 4]2. 83| 236 28

size ranges of 0.42-0.105mm,
0.840-0.149mm and 0.840-1.680mm. Three size fraction were combined together in
equal amounts by weight to obtain a required gradation.

Mortars with water-cement ratios of 35,45,55,60,65 and 75 percent were
prepared. The sand-cement ratio were determined in such a way that cement

paste-sand ratio by volume was equal for each mix proportion. Mix proportions of
mortar are shown in Table 1.

2.2 Specimen

Specimens were 40x40x160mm prisms in accordance with JIS R5201. Immediately



after initial curing, epoxy resin was coated on surfaces expect for bottom
surface. Consequently, carbonation proceeded through one face.

2.3 Initial curing

All specimens were cured under wet burlap for 24hours, before demolding. The
specimens were thoroughly cleaned off any grease and cured in water at a
temperature of 20 C for the subsequent 27 or 90 days (see Table 1).

2.4 Test procedure

After initial curing, the specimens were transferred to a chamber to accelerate
the carbonation process. The exposure condition was maintained at a temperature
of 40°C, a relative humidity of 50 percent, and 7 percent by volume of carbon
dioxide. Tests were carried out at various exposure durations ranging from 0 to
10 weeks depending on the rate of carbonation. A slice with about 25mm thickness
was split off from specimen at each date of testing. An indicator solution was
immediately sprayed on the surface of the slice. The solution used contained 1
percent phenolphtalein in 99 percent ethyl alcohol. The specimen was
transferred to a chamber again after the specimen was coated by epoxy resin.
Weight of a specimen was measured at the same duration using a specimen with the
same mix proportion and the same initial curing as the specimen for carbonation
test. The depth of carbonation of the specimen immersed in water and exposed to
alr was measured after exposure in the chamber for 2 and 7 weeks. The test
condition of water immersion was at a temperature 20°C and that of air exposure
was at a temperature 20°C, a relative humidity of 60 percent, and O percent by
volume of carbon dioxide. The porosity of carbonated and non-carbonated portion
of mortar was measured with a mercury porosimeter over the range 75-75000 3.
Amount of calcium hydroxide and calcium carbonate was measured by X-ray
diffraction method. To quantify the amount of calcium hydroxide and calcium
carbonate, each peak was divided by the peak of ZnO for some of the powdered
specimen. Calcium hydroxide and calcium carbonate were measured by the
thermogravimetry. )

3.EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Relationship between the depth of carbonation and water evaporation

Fig.1 shows the depth of carbonation and weight loss of specimen under
accelerated condition. Calcium hydroxide (molecular weight is 74) reacts with
carbon dioxide to form calcium carbonate
(molecular weight is 100). Therefore,
the change in weight of specimen is not
caused only by evaporation of moisture.
However, the amount of calcium
carbonate is negligible at the beginning
of carbonation process. Consequently,
weight loss of specimen can be
considered to be caused by the water
evaporation. Carbonation process closely
correlated to moisture evaporation (see
Fig.1). The relationship between the
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specimen was equal, the depth of



carbonation was equal independent of
water-cement ratio and initial curing
period [1). That is, rate of
carbonation was determined by the
diffusion characteristic of water in
mortar. Because the diffusion
coefficient of carbon dioxide in air_(O
°C, 1 atm) and in_water is 0.138 cm“/s
(2], and 1.74X10~° cn?/s (20°C) (3], the
diffusion of carbon dioxide in water is
negligible as compared with that in air.
In Fig.2, the depth of carbonation of
the specimen with water-cement ratio
of 35 percent was larger than that
with another mix proportions. This was
due to that there is less space for
production of calcium hydroxide because
of less water-cement ratio and less
calcium hydroxide produced during
initial curing. Therefore little carbon
dioxide can diffuse in mortar with pores
saturated, and when the capillary pores
of mortar are interconnected from inside
to surface by water evaporation, carbon
dioxide proceeds into the pores and
carbonation is occurred.

3.2 Diffusion of calcium hydroxide

Fig.3 shows changes in the depth of
carbonation of mortar immersed in water
or exposed to air after 2 and 7 weeks of
accelerated exposure. The depth of
carbonation decreased with increasing
duration [1]. This was due to ‘"counter-
diffusion" of calcéium hydroxide [4].
Decrease in the depth of carbonation of
mortar immersed in water was larger than
that exposed to air. Therefore, the
counter diffusion of calcium hydroxide
was accelerated by presence of water.
It is reported that the rate of
carbonation of concrete exposed outdoors
was lower than that exposed indoors
[5). Slow rate of carbonation of
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Fig.2 Effect of evaporated water on the depth of carbonation.
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Fig.3 Depth of carbonation of mortar immersed in water and
exposed to air.
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concrete exposed outdoors in comparison with indoor concrete was exhibited by
counter diffusion and restoration of alkaline condition. One of the reason why
the retardation of carbonation was occurred in the case of mortar exposed

outdoors was the restoration of alkaline content by the counter diffusion.
contents in pore solution, potassium

should be noted that other alkaline

It

hydroxide and sodium hydroxide, was neglected in this study. Calcium hydroxide
represented alkaline components in pore solution.

3.3 Change in micro-structure

Fig., shows the change in pore volume of mortar with radius of 3000-75000 X



under accelerated condition. Water-
cement ratio of the specimen was 55
percent and initial curing period was 91
days. Pore volume was larger for the
nearer layer to surface of the specimen.
The carbonated mortar has low porosity
because of production of calcium
carbonate, and carbonation proceeds from
surface to inside. Therefore, outer
portion of the specimen will become
denser, which is opposed to experimental B =
results in Fig.4. This phenomenon was 10 L

caused by the difference in the rate of Distance from the Surface (mm)

water evaporation depending on the ) .

radius of pores. Theprate gf wvater Fig-5 Pore Volume (75750 A).
evaporation from pore with large radius was higher than that with small radius
[6]. The large pore in the layer near to surface was dried up at the first stage
of accelerated test. As the carbonation reaction only took place in the presence
of moisture, the carbonation reaction did not take place in the large pores
(over 3000 X) in the near layer to surface, and porosity was high as a result.
In the large pores in inside layer, the carbonation reaction can be taken place.
On the contrary, in the small pores near to surface, the carbonation reaction
took place because of presence of more moisture under desiccating. (see Fig.5)
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3.4 Mechanism of carbonation

From the experimental results, the mechanism of carbonation was proposed as
follows:

1. If the pores in mortar are filled with water, carbon dioxide
cannot diffuse in mortar, and hence carbonation reaction do not
take place.

2. When the specimen was dried, the diffusion of carbon dioxide takes
place through the pores not filled with water. Carbon dioxide is
dissolved into pore solution and the carbonation reaction takes place.

3. The concentration gradient formed by carbonation reaction causes the
counter diffusion of calcium hydroxide from uncarbonated portion to
carbonated portion of specimen.

4. The carbonation reaction do not take place when the pore solution
dries out.

4 .NUMERICAL ANALYSIS

4.1 Formulation of differential equations

Differential equations for diffusion were formulated in consideration of the
mechanism of carbonation proposed in this study. Equations were based on
diffusion of four main components in carbonation process, water, carbon dioxide,
carbonic acid and calcium hydroxide.

aC./at=3/2x (D,aC,/3x)+ KC:C, (2)
3C:/3t=23/2x(D;3C,/2x)~ K:g (Ci, Cs, C») (3)
aC,/at=K,g(Cy, Cs CI—K.C:Co (2)
aC./at=3/ax(D.,aC./3x)— K,C:C, (5)

where subscripts 1,2,3 and 4 represent water, carbon dioxide, carbonic acid and



carbonate.
C : concentration
D : diffusion coefficient

calcium

K

K, : solubility factor of carbon dioxide
g%C1,02,03) : function of C;,C, and 03

Boundary conditions are given as follows:

for x=0 (non sealed face)
Dlacllax=f (C."‘ C:)

: the rate constant of carbonation reaction

C:=C,
aC./2x=0
where f : surface coefficient
Ce : relative humidity in atmosphere
Cg : relative humidity at surface of specimen
Co : concentration of carbon dioxide in atmosphere
for x=40mm (sealed face)
aCi/ox=0
3C,/0x=0
6C./8x=0

The numerical analysis used in this paper was based on following assumptions.

1. Micro-structure of mortar is uniform before exposure to the accelerated
chamber.
2. The diffusion of carbonic acid is neglected.
3. The heat of carbonation reaction is neglected.
4. During the accelerated test, hydration reaction of cement was neglected.
= 0.5+
i Initial Curing Period
4.2 Diffusivity of water §, 0.4 ° g?gg;':
The diffusion coefficient, D, and the 5 03 o
surface coefficient, f, was determined 2
by measuring water evaporaion from § 0.2} S
specimen at the first stage of s .///4
accelerated test [7]. Fig.6 shows the ‘g oal D==0.214+0.007W/C
relationship between water-cement ratio = Q/////D r=0.98
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temperature of 20 °C. The relationship
between water-cement ratio and surface
coefficient is shown in Fig.7. Diffusion
coefficients and surface coefficients
increase with increasing water-cement
ratio. Fig.8 shows that the relationship
between pore volume (75-75000 &)
measured immediately after initial
curing and diffusion coefficient.
Diffusion coefficient increased with
increasing pore volume exponentially.
There was poor correlation between pore
volume and surface coefficient.

Temperature dependence of diffusion
coefficient follows Arrhenius' low as
follows (8]:
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D=Aexp(-Q/RT) (6)

where D : diffusion coefficient
A : constant
Q : activation energy
R : gas constant
T : absolute temperature

Thus the following equation is obtained
for different temperature:

D'=Dexp(-Q/RT'+Q/RT) (7)

where D! : diffusion coefficient at a
temperature of T!

Q was determined by experimental results
for different temperature of 20 and 40
°C. Q was 8500cal/mol-K independent of
water-cement ratio. Because the above
dependence of diffusion coefficient on
pore volume and temperature was
formulated, the diffusion coefficient of
mortar under various conditions will be
determined.

Diffusion of water in concrete is non
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linear [9][10]. The diffusion Fig.9 Efféct of relative humidity on diffusion coefficient.

coefficient depends on concentration of
water in mortar (relative humidity or
rate of water content). The relationship
between relative humidity and diffusion
coefficient was formulated, referring to
BaZant et al [10].(see Fig.9)

90<H<=100  D=D
50<H<=90 D=D;(0.002375H-1.1375)
H<=50 D=0.05D,

where H : relative humidity
Dy : diffusion coefficient
for H=100 .

Dy was determined by weight loss of
specimen at the first stage of
accelerated test.(in 4.2) The surface
coefficient was assumed constant for
various humidity.

mortar, relative humidity must be translated into water content. Water content
was defined as the ratio of amount of water in mortar at specified time to
amount of water in saturated mortar. The relationship between relative humidity
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Fig.10 Relationship between relative humidity and water

content in cement paste.

As Eq.(2) is for relative humidity in order to know the amount of water in

and water content was expressed as Fig.10 [11]. This relationship was explained

by capillary-condensation [12]:
logqyo(P/Pg)=-20V/rRT (8)

where P : vapor pressure in pore



Pyt saturated vapor pressure
(P/Pg): relative humidity
¢ : surface tension of water
: molecular volume
: pore radius
: gas constant
: absolute temperature

HoH <

Eq.(8) means that air phase is in
equilibrium with liquid phase at (P/Ps),
relative humidity in pore with radius of
r. Because rate of water evaporation
from pores with large radius was higher
than that with small radius as pointed
out above. Relative humidity decreases 100 T
with decreasing water content of mortar.
The schematic diagram of water in pores
can be seen in Fig.11. Fig.12 shows the
relationship between relative humidity
and water content used for numerical
analysis.

Fig.11 Schematic diagram of water in pore.
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This relationship depends on
temperature, because the pore radius
which is in equilibrium with the
humidity becomes smaller at higher
temperature. This relationship depends °sv Eﬁt
also on pore size distribution, but \ . \ L
pore size distribution measured in this 0 10 20 30 40 50
study were almost same. Therefore the Exposure Durction (doys)
same relationships were used for all mix Fig.13 Prediction of water loss.
proportions.

Water Loss (g)

Diffusion coefficient, surface coefficient and the relationship between
relative humidity and water content determined by these above methods were used
in the numerical analysis. Water loss of mortar was calculated using diffusion
equation (2) by the implicit-type finite difference method because this
equation was non linear. It can be observed that the calculation fitted to
experimental results in Fig.13. Calculations were accurate enough to predict
water loss of mortar.

4.3 Diffusivity of carbon dioxide

Kobayashi et al [13]-[15) reported that diffusion coefficient of oxygen through
mortar and concrete was related exponentially to pore volume with over 10 um



in radius, and that diffusion
coefficient decreased with increasing
water content. As carbonation depends on
extent of desiccation for mortar, the
influence of water content on diffusion
of carbon dioxide, should be
investigated. Fig.14 shows the
relationship between diffusion
coefficient of oxygen and pore volume
within the range 75-75000 & of radius.
The effective pore volume is defined as
total pore volume subtracted by volume
of water in pores. By regression
analysis, this relationship could be
expressed as below.
D=0.43(3.62x10'3)V  (9)
where D : diffusion coefficient of
‘oxygen in mortar (cm“/day)
V : effective pore volume (cec/cc)
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Fig.14 Effect of pore volume on diffusion coefficient.
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obtained. b ! . )
s o 0.5 1.0

D=0.33(3.62x1013)V_0.33 (10)
where D : diffusion coefficient of
carbon dioxide ,
V : effective pore volume

The second term in Eq.(10) was obtained
in according to the assumption that
diffusion of carbon dioxide in mortar
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Fig.16 Prediction of carbonation depth of mortar.

The carbonation process leads to decrease in pore volume due to the production
of calcium carbonate. Therefore, the effective pore volume depends on the
production of calcium carbonate. Fig.15 shows the relationship between the
amount of calcium hydroxide and pore volume. Decease in calcium hydroxide is
synchronized with the formation of calcium carbonate by carbonation reaction.

_'31_



The relationship between calcium hydroxide and pore volume was formulated as
follows by the least square method.

0.6<C,,<1.0 ¥ =(c,'-0.1)V
C;'<=0.6  V'=0.5V

where V, : pore volume immediately after initial curing (ecc/cc)
V', : pore volume after carbonation (ec/ce)
CA : the ratio of concentration of calcium hydroxide at specified time to
the concentration immediately after initial curing.

It is important to know the amount of carbon dioxide dissolved to pore solution
as carbonic acid. Henry's law was used for this problem [16].

Pp=KXg  (12)

where Pp : partial pressure of B
Xp : mole fraction of B
K : Henry's constant

In the case of carbon dioxide, K is 150 (at 20°C 1 atm). Concentration of
carbonic acid can be determined by Eq.(12) because Pg is C, in Eq.(3). But, in
practice, Henry's law can not be applied to high ;ﬂ?value solution like pore
solution. Henry's law is for equibrium condition. For high pH value solution,
the solution can not be achieved to equibrium condition with maintaining pH
value. But it is required for the analysis to determine concentration of
carbonic acid. To be exact, rate equation for adsorption which is proportional
to difference between partial pressure in liquid phase and in air phase must be
solved. The rate of absorption is influenced by rate constant of reaction, the
diffusion coefficient and fluidity of solution. Therefore, it is scarcely
possible to determine the rate of absorption. In this study, it was assumed that
dependence of rate of absorption on the partial pressure followed Henry's law,
because rate of dissolution became larger with higher partial pressure of carbon
dioxide. On the implicit-type finite difference method, dependent variable
(concentration in this case) changes abruptly just after t and maintains
constant value until t+4t. Therefore, concentration of carbon dioxide in air
phase will maintain a value during 4t . If the requisite time for carbon dioxide
to be absorbed in pore solution is negligible in comparison with 4t,
concentration of carbonic acid in liquid phase will maintain a constant value.
That is, consumption of carbonic acid is compensated by carbon dioxide in air
phase during 4t. Therefore, carbonation reaction is regarded as the first-order
reaction depending only on concentration of calcium hydroxide in spite of the
assumption in Eq.(4) and (5), which carbonation reaction is the second-order
reaction. The absorption of carbon dioxide into pore solution is influenced by
contact area between air phase and liquid phase. Parameter K, is therefore
regarded as function of water content (see Fig.11). Supposed that water content
is in inverse proportion to the contact area, the following equation is
proposed.

Ky=Ko (1) (13)

where W : water content
KO : solubility parameter when W=1.0.

4.4 Diffusivity of calcium hydroxide

Diffusion coefficient of calcium hydroxide was determined from water immersion



test (3.2).
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Fig.17 Calculated concentration of calcium hydroxide and
calcium carbonate.
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ions. Therefore, the rate constant, Kq) Exposure Duration (doys)

was determined by substituting pertinent .
value for K1 to fit with carbonation Fi9: 19 Effect of temperature on depth of carbonation exposed
depth of accelerated specimen with a outdoors.

water-cement ratio 55 percent and initial curing period 28 days. As calculated
condition was, 4t=0.1 days and 4x=0.5mm in Eq.(2)-(5). K, determined was
115.7cm3/mol-s. Calculated value fitted with test results in the case of another
water-cement ratio in Fig.16. Fig.17 shows calculated concentration of calcium
hydroxide and calcium carbonate. Concentration of calcium hydroxide at the
surface of specimen was higher than inside. This was because water required for
carbonation reaction was evaporated at the surface. This phenomenon was
recognized in test results. of concrete [17].

4.6 Simulation

Fig:18 and 19 show the influence of temperature on the rate of carbonation.



Concentration of carbon dioxide was 7
and 0.03 percent in Fig.18 and 19. Rate
of carbonation was higher at higher
temperature. As the degree of dependence
of the rate constant on temperature was
unknown, analyzed values were calculated
using the same K, value at 40°. In
practice, the temperature influence will
be more remarkable.

Fig.20 shows the influence of
concentration of carbon dioxide on the
rate of carbonation. Larger depth of
carbonation was observed in the case of
higher content of carbon dioxide.

Fig.21 and 22 show the influence of
relative humidity of environment on the
depth of carbonation. Concentration of
carbon dioxide was 7 and 0.03 percent in
Fig.21 and 22. In Fig.22, depth of
carbonation was the largest at relative
humidity of 50 percent and was smaller
at more or less than 50 percent of
relative humidity. This phenomenon was
recognized in test results [18]. Low
humidity allows evaporation of most
water and then halts chemical reaction.
High humidity retards the diffusion of
carbon dioxide through the pore network
in mortar. However, the critical
humidity for depth of carbonation to
show maximum was about 20 percent in
Fig.21. Under accelerated condition,
carbonation will proceed before the
specimen will dry out. Test results of
accelerated test do not always show the
same trend of natural exposure test.
Under the "distorted" condition such as
accelerated test, exact result can not
be attained when the environment
influence on carbonation was estimated
experimentally.

5.CONCLUSION
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Fig.20 Effect of concentration of carbon dioxide on depth of
carbonation.
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Fig.21 Relationship between relative humidity and depth of

carbonation under the condition of high concentration
of carbon dioxide.
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Fig.22 Relationship between relative humidity and depth of

carbonation exposed outdoors.

The following conclusions can be obtained from this study:

1. The rate of

carbonation increases with increasing water evaporation

from specimen. If the amounts of water evaporation is equal, the depths
of carbonation show the same independent of water-cement ratio and

initial curing periad.

The

carbonation reaction takes place only in the presence of moisture.

The change in pore volume takes place due to change in volume of pores
in specific range of pore radius because the rate of water evaporation
from pores with large radius is higher than that from small pores.



3. The diffusion of calcium hydroxide takes place in the presence of
water, and then restoration of alkaline condition is shown in
carbonated portion.

4. The depth of carbonation can be predicted in consideration of diffusion
of water, carbon dioxide and calcium hydroxide. The influence of
environmental conditions on the rate of carbonation can be estimated by
the numerical analysis proposed.

5. The test results of accelerated test do not always show the same trend
of natural exposure test.
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