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ABSTRACT

An experimental investigation was carried out to study the effect
of carbonation on mechanical properties and durability of concrete.
Ordinary portland concretes (OPC) with water/cement ratios of 0.58
and 0.48 and self-compacting concretes (SCC) with water/binder
ratios of 0.40 and 0.36 were used in this study.  Compressive strength
test, splitting strength test, electrical resistivity test, rapid chloride
penetration test (RCPT), open circuit potential method and alternative
current (AC) impedance method were performed to estimate the
properties of concrete.  Test results showed that carbonation may
compensate some concrete properties such as compressive strength,
splitting strength, electrical resistivity and chloride ion penetration.
However, corrosion test results showed that carbonation increases
corrosion rate of reinforcing steel.

INTRODUCTION

Durability is a major concern for concrete struc-
tures exposed to aggressive environments.  Many envi-
ronmental phenomena are known to significantly influ-
ence the durability of reinforced concrete structures [1-
3].  Carbonation is one of the major factors to cause
structure deterioration.  Carbonation is the reaction of
the hydration products dissolved in the pore water with
the carbon dioxide in the air which reduces the pH of
concrete pore solution from 12.6 to less than 9 and steel
passive oxide film may be destroyed and accelerating
uniform corrosion [4].  Carbonation-induced corrosion
can increase crack development and decrease concrete
durability [5].

Carbonation reduces pH value and destroys the
passive film around the steel, but it seems to densify

concrete surface and reduce chloride ion permeability,
reduce surface porosity and hence sorptivity in concrete
[6-8].  Carbonation could have both positive and nega-
tive effects on concrete durability.  Glass et al. pointed
out that the presence of even a small amount of chloride
in carbonated concrete enhances the corrosion rate re-
sulted from carbonation of concrete [9].

The basic factor influencing carbonation is the
diffusivity of the hardened cement paste.  Carbonation
rate is controlled by the ingress of CO2 into concrete
pore system by diffusion with a concentration gradient
of CO2 acting as the driving force.  Factors affecting
diffusion rate include the type and amount of cement,
porosity of the material, time of curing, type and quan-
tity of pozzolanic additions [3,10].  Moreover, several
mechanical properties of concrete such as compressive
strength, surface hardness and resistance to aggressive
agents may change due to carbonation [6].  In this paper,
compressive strength test, splitting strength test, elec-
trical resistivity test, rapid chloride penetration test
(RCPT), open circuit potential method and alternative
current (AC) impedance method  were performed to
study the effect of carbonation on mechanical proper-
ties and durability of concrete.

EXPERIMENTAL  PROGRAM

1. Materials

Type I portland cement with a specific gravity of
3.15 and fineness of 330 m2/kg was used in all mixtures.
Blast furnace slag with a specific gravity of 2.90 (±0.01)
and the surface area of 383 m2/kg was used.  The
chemical compositions of cement and blast furnace slag
expressed in percentage by weight of the constituent
oxides are shown in Table 1.  The coarse aggregate with
a size range of 6 ~ 25 mm was used  The fine aggregate
was river sand with a maximum size of 4 mm and
fineness modulus of 2.72.  Type F superplasticizer (SP)
with a specific gravity of 1.2 (±0.01) was used.  The pH
is 8.0 ~ 9.0 and the content of chloride ion is less than
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1000 ppm.

2. Mixing and Preparation of Specimens

Two groups of concrete mixtures-ordinary port-
land concrete (OPC) with water/binder ratios of 0.58
and 0.48 (N58 and N48) and self-compacting concrete
(SCC) with water/binder ratios of 0.40 and 0.36 (S40
and S36) were designed and tested.  Water/binder ratio
was defined as the weights of water and superplasticizer
divided by the weights of cement and slag.  Details of
mix proportions are given in Table 2.  In this study, self-
compacting concrete (SCC) is defined as a concrete that
has a slump ≥23 cm, a slump flow ≥60 cm, and a filling
height ≥30 cm in box test.  During the first 24 hours the
specimens were left in the molds and cured in water
until the time of testing.  Concrete specimens (100 × 200
mm) sealed on both top and bottom surface were
prepared.  Three CO2 concentration levels of 50%, 75%
and 100%, respectively, were chosen to accelerate car-
bonation test and compare the effect of carbonation on
mechanical properties and durability of concrete.  Test-
ing temperature was kept at 23°C and relative humidity
is 70%.  Let A, B and C represent CO2 concentration of
50%, 75% and 100%, respectively.

3. Experimental Methods

The flowability and workability of SCC were con-
ducted by flow test, slump test, box test and V-funnel
test.  The slump test of concrete performed in accor-
dance with ASTM C143.  The compressive strength was
determined according to ASTM C39.  The splitting
strength test was determined according to ASTM C469.
An accelerated carbonation test was carried out accord-
ing to the method designed by Papadakis et al. (1991)
[11] and the phenolphthalein test for measuring carbon-
ation depth was determined by RILEM CPC-18 [12].

Phenolphthalein is prepared as a 1% solution in 70%
ethyl alcohol and the solution is sprayed onto the con-
crete surface which has been cleaned of dust and loose
particles.  Phenolphthalein is a colorless acid indicator
which turns red when the pH is above a value of 9.5, that
is, when the concrete is alkaline.  If no coloration
occurs, carbonation has taken place and the depth of the
carbonated surface layer can be measured.  The rapid
chloride penetration test (RCPT) was carried out fol-
lowing the standard ASTM C1202 (1997) [13].  Sodium
hydroxide solution (0.3 N NaOH) and sodium chloride
solution (3% NaCl by mass) were placed in the cham-
bers on two sides of concrete specimen (100 mm diam-
eter and 50 mm thickness), and a direct current voltage
of 60 V was applied.  The current passing through the
concrete specimen was monitored every thirty minutes
over a six-hour period and the total charge passed
(Coulombs) was computed.  The measurement of resis-
tivity of concrete was obtained by the Wenner probes.
The electrochemical corrosion test was performed using
a three-electrode system.  The variation of corrosion
potential (Φcorr.) with time were recorded with respect
to a saturated calomel electrode (SCE) in stagnant
solution at room temperature.  Impedance measure-
ments and data collection were made with a Impedance
Gain-Phase Analyzer and a Nichia model Potentialstat.
Impedance measurements were determined using a
frequency scan from 1.0 × 106 Hz to 1.0 × 10−3 Hz at a
small overpotential 10~20 mV.  When the polarization
resistance was determined, the corrosion current
density and the corrosion rate can be obtained by Stern-
Geary’s equation and Faraday’s law, respectively.

RESULTS  AND  DISCUSSIONS

1. Depth of Carbonation

The carbonation depths were measured at the age

Table 1.  Chemical composition of cement and blast furnace slag (%)

CaO SiO2 Al2O3 MgO Na2O K2O SO3 Fe2O3

cement 63.87 20.89 5.61 2.93 —— —— —— 3.13
blast furnace slag 41.21 32.45 13.67 6.53 —— —— 1.87 1.18

Table 2.  Mix proportions of concrete (kg/m3)

mix No. w/b cement water slag sand aggregate super-plasticizer slump (cm)

N58 0.58 350 203     0 735 1024 0 14
N48 0.48 424 203     0 768    945 0 13
S40 0.40 200 191 300 912    722    9.5 23.5
S36 0.36 400 177 125 924    732 12.0 25
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of 7, 14, 21 and 28 days as shown in Figure 1.  It can be
seen that the carbonation depth increases with an in-
crease of carbonation time and higher CO2 concentra-
tion has a higher carbonation depth for all mixtures.
Concrete specimens of N58 and N48 show higher car-
bonation depths than those of S40 and S36.  The rate of
carbonation increases with an increase in CO2 con-
centration, especially for concrete specimens with higher
water/binder ratios, the transport of taking place through
the pore system in hardened cement paste [14].  Blast
furnace slag addition results in lower carbonation depth
because the pozzolanic reaction and filling effect are
beneficial in minimizing the pore size and volumes,
thus reducing the carbonation rate.  However, the water/
binder ratio is still a key factor affecting the carbonation
depth of concrete.  And the carbonation depth increases
in proportion to the square root of exposure time [5].

2. Compressive Strength

The compressive strengths for different water/
binder ratios of concrete specimens at the age of 7, 14
and 28 days are presented in Figure 2.  It shows that the
compressive strength of carbonated concretes slightly
increases in comparison with non-carbonated concretes.
It is due to CaCO3 occupies a greater volume than Ca
(OH)2, the surface porosity of carbonated concrete is
reduced.  The relationship between carbonation depth
and the compressive strength for various concretes with
100% CO2 concentration at the age of 28 days is shown
in Figure 3.  It shows that the depth of carbonation

decreases with an increase in compressive strength.
This approach appears to be very logical, since both
carbonation and compressive strength are significantly
controlled by the pore structure of concrete.  Fattuhi and
Wierig pointed out that the depth of carbonation de-
creases with increasing compressive strength for all
types of concrete, but these relations depend on the type
of cement and curing [15,16].  Test result has the similar

Fig. 1. Carbonation depth vs time for various concretes with different CO2

concentration.

Fig. 2. Effect of ages on compressive strength for carbonated and non-
carbonated concretes.

Fig. 3. Relationship between carbonation depth and compressive strength
for various concretes.
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trend in comparison with the above-mentioned
investigations.

3. Splitting Strength

The splitting strengths for concrete specimens with
different water/binder ratios at the age of 7, 14 and 28
days are shown in Figure 4.  It is evident that the
splitting strength of carbonated concretes slightly in-
creases compared to the non-carbonated concretes and
the higher water/binder ratio results in lower splitting
strength.  The trend of splitting strength development is
similar to compressive strength development.  Moreover,
the increase of the splitting strength for all mixtures is
very slight.

4. Electrical Resistivity

In general, the corrosion rate is related to corro-
sion current and electrical resistivity around steel bar.
The corrosion rate of steel can be examined indirectly
by measuring the electrical resistivity of concrete.  Fig-
ure 5 shows the relationship between the resistivity of
concretes with various water/binder ratios.  It can be
seen that the resistivity increases with an increase of
carbonation time.  The conductivity in concrete is due to
the presence of water in the capillary pores, which
contains dissolved salts and acts as an electrolyte.  De
Ceukelaire and Van Nieuwenburg indicated that there is
a solid volume increase of around 11% in conversion of
Ca(OH)2. to CaCO3, this involves an expansion of solid

volume in the paste and hense a reduction of porosity
[17].  This would explain the increase of the resistivity
of carbonated concrete by decreases of porosity and
sorptivity.  However, it must be pointed out that the
resistivity of S36 concrete specimen is lower than that
of S40 concrete specimen before the age of 14 days.  The
cement contents of S36 and S40 are 400 kg/m3 and 200
kg/m3  respectively.  But the blast furnace slag contents
of S36 and S40 are 125 kg/m3 and 300 kg/m3 respectively.
It may be that blast furnace slag brings about the poz-
zolanic reaction and is more beneficial than cement to
increase the cohesiveness of paste at early ages, thus
increasing the resistivity of concrete.

5. Rapid Chloride Penetration Test

The RCPT is a convenient test method to evaluate
concrete permeability.  The relationship between the
charge passed and the carbonation depth for four series
of mixes is shown in Figure 6.  It is clear that the total
charge passed decreases with an increase of carbonation
depth.  The total charge passed of non-carbonated OPC
is higher than 10,000 coulombs, but it decreases sharply
after carbonation.  However, the total charge passed of
S40 and S36 decreases slightly because the total charge
passed of non-carbonated SCC are 2,000 and 6,000
coulombs, respectively.  Ihekwaba et al. demonstrated
that a carbonation front was found to reduce chloride
ion diffusion [1].  Some researchers have found that
carbonation reduces chloride binding [18].  It indicates
that carbonation improve the permeability of concrete
due to the decreases of surface porosity after carbon-

Fig. 4. Effect of ages on splitting strength for carbonated and non-carbon-
ated concretes. Fig. 5.  Effect of carbonation time on resistivity for various concretes.
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ation and has a lower chloride ion penetration.

6. Open Circuit Potential

The corrosion reaction of reinforcing steel in con-
crete associated with the corrosion potential was de-
fined in ASTM C876 [19].  The standard method gives
criteria that the corrosion potential is more positive than
−120 mV versus the SCE reference electrode (−200 mV,
Cu/CuSO4), there is less than 10% probability to corrode,
and the potential is more negative than −270 mV versus
the SCE reference electrode (−350 mV, Cu/CuSO4),
there is greater than 90 % probability to actively corrode.
For the corrosion potential between −120 mV and −270
mV, the corrosion reaction is considered uncertain.
Open circuit potential measurements for specimens in
3.5% NaCl solution and their variation with time are
shown in Figure 7.  It shows that, as time increased, all
non-carbonated concretes−N58, N48, S40 and S36 are
more than 90% probability to corrode as corrosion
potential measured in 136,96,144 and 168 hours
respectively.  In addition, all carbonated concretes are
over 90% probability to corrode after carbonation.  It
may be the reduction of the pH value of the pore water
causing chloride ion easily to diffuse or fill the concrete
and corrosion may follow.  That is, carbonation acceler-
ates chloride-induced corrosion of reinforcement.  The
presence of a small mount of chlorides in carbonated
concrete enhances the rate of corrosion induced by the
low alkalinity of carbonated concrete [9].

Fig. 6. Relationship between total charge passed and carbonation depth for
various concretes.

Fig. 7. Relationship between OCP and exposure time for carbonated and
non-carbonated concretes.

7. Alternative Current Impedance

Figure 8 shows the relationship between the corro-
sion rate and exposure time.  It shows that the corrosion
rates of carbonated concretes are higher than those of
non-carbonated concretes and SCC has a lower corro-
sion rate than OPC.  It indicates carbonation increases
the rate of corrosion of reinforcement.  No significant
difference was found in open circuit potential for SCC

Fig. 8. Relationship between corrosion rate and exposure time for carbon-
ated and non-carbonated concretes.
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and OPC.  However, AC impedance test results have
illustrated different corrosion rates among all mixtures.

CONCLUSIONS

Within the scope of this study, the following con-
clusions can be drawn.
(1) The carbonation depth increases with an increase in

exposure time and higher CO2 concentration results
in higher carbonation depth for all mixtures.

(2) The compressive strength and splitting strength of
carbonated concrete at the age of 28 days are slightly
higher than those of concrete without carbonation.

(3) The electrical resistivity of concrete increases with
an increase in exposure time and the amount of
charge passed significantly decreases with an in-
crease in carbonation depth.  However, carbonation
of concrete enhances the rate of corrosion of rein-
forcement from the electrochemical corrosion test
results.
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