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ABSTRACT

Besides chlorides, concrete carbonation may proemt®sion of the reinforcing steel in concrete. In
urban tropical locations, away from the marine svinent, carbonation may be the single cause of
corrosion in reinforced concrete elements. Previousstigations in reinforced concrete buildings
have showed significant concrete carbonation ajtdy 20 years of service. As lower mechanical
strength is required for concrete elements involiredhousing construction than that required for
concrete buildings, faster carbonation rates apeeed in concrete houses than those observed in
concrete buildings. This investigation is aimedhat impact of carbonation in concrete elements used
for building and housing construction. Four differevater/cement ratios were used employing high
absorption limestone aggregate. Plain and reintbroencrete specimens were exposed in a 4%
carbon dioxide chamber at 60% relative humidityteAffull carbonation, reinforced concrete
specimens were transferred to a 95% relative hdynidnamber. The corrosion behavior was
monitored using a linear polarization resistancehméue. Results indicate that the lower the
water/cement ratio the lower the carbonation ra&spde the high concrete porosity observed in all
concrete mixtures due to the use of high absorpitio@stone aggregate. Estimates of the lengtheof th
corrosion initiation period based on the measusrtianation coefficients are presented.
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1 INTRODUCTION

Reinforcing steel is protected in concrete striggufrom the atmospheric environment due to the high
alkaline environment provided by the pore solutfphl>12.5 units). However, it may corrode if this
protection is lost. The protection may be lost ttuehe neutralization of the concrete pore solution
surrounding the reinforcing steel. This neutralatof the pore solution is also called concrete
carbonation. Concrete carbonation is the resuthefreaction of hydrated cement compounds with
atmospheric C® Carbonation reduces the pH of the concrete putgien (pHx 8 units), developing
uniform corrosion in the reinforcing steel. Thisfarm carbonation-induced corrosion accelerates the
crack formation if the right conditions of tempena and humidity are present. In places with trabic
climate, atmospheric conditions may encourage thdon dioxide aggressiveness due to high
humidities and temperature [Velegaal 1998]. Carbonation rate depends on several fa¢Bakker
1988], such as the type and amount of cement, pppafsthe material, type and amount of pozzolanic
additions, etc. [Moreno 1999, Moreno & Sagiiés 1998]

Previous investigations in reinforced concrete dings made with high absorption limestone
aggregate have showed significant concrete carlmonafter only 20 years of service [Cast&bal
1999, Morencet al 2002]. Those concrete buildings, with compressivength values in the range of
20 to 30 MPa, had carbonation coefficients in #rege 5 to 8 mm/yer According to the literature,
more than 6 mm/ ye4indicates a bad quality concrete [Ho & Lewis 1987]

Another indication of concrete quality is the valofethe porosity of concrete. The porosity results
obtained in those concrete buildings ranged fro6%8to 30.4% [Castret al. 1999, Morencet al
2002]. According to the literature [Troconis-Rincénal 2000], values exceeding 15% of porosity
are considered bad quality concrete. These higbsjigrvalues are attributed to the high absorption
limestone aggregate employed.

The question remains whether good quality conaratebe obtained with the use of high absorption
limestone aggregate. Therefore, this investigaitoaimed at the impact of carbonation in reinfored
concrete elements with high absorption limestongregates used for building and housing
construction.

2 METHODOLOGY
2.1 Specimens and Materials

Four different concrete specimens were used. Im&nted concrete prisms 50 mm by 100 mm by 200
mm were used to monitor the corrosion process. e reinforced with two corrugated steel bars
(rebars #3), 9.5 mm in diameter, and an interni@re@ce electrode made of activated titanium rod
covered with mix-metal oxide (ATR) was placed ie thiddle of each specimen [Cas#toal 1996].
Specimens were prepared in triplicate (Fig. 1l)adilition, plain concrete cylinders 150 mm by 75
mm diameter were used to monitor the carbonatiogness. Plain concrete cylinders 50 mm by 100
mm diameter were used for porosity measurementgkia concrete cylinders 300 mm by 150 mm
diameter were used for compressive strength detetions.

Four water/cement ratios were used (0.8, 0.7, (6@, 0.55, that correspond to 15, 20, 25, and 30
MPa). The cementitious material was Ordinary Podl&€ement with no mineral additions. Crushed
limestone was used as coarse and fine aggregate,absorptions of 5.5 and 4.7 %, respectively
[ASTM C 642 2004]. Mixture designs were preparedoading to ACI specifications [ACI 211 1997]
and the specimens were cast following ASTM stangmotedures [ASTM C 192 2002]. Concrete
specimens were cured by immersion in lime saturasger for 15 days.
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As carbonation proceeds a slow rate, a carbonatiamber was set up to accelerate the process. To
ensure enough maturity at the time of the acceddrdst, the specimens were allowed to condition at
the lab environment for 80 days as a pretreatmathtizen exposed to a 4% génvironment (~60%
RH) in the carbonation chamber for ~100 days, extmpmixture 0.55 that was exposed for longer
time (176 days) to ensure complete carbonation.

After carbonation, the instrumented specimens \péeed in a moisturizing chamber (>90% RH) to
increase the corrosion rates.
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Figure 1. Sketch of the reinforced concrete specimens.
2.2 Porosity Measurements

Two concrete specimens were employed per mixtursigdeto measure concrete porosity.
Measurements were performed according to ASTM C [@8R4]. Acceptance criteria are less than
10% is considered good quality concrete, more tha% means bad quality concrete [Troconis-
Rinconet al 2000].

2.3 Compressive Strength Measurements

Three concrete specimens were employed per mixesgn to measure compressive strength.
Measurements were performed according to ASTM (26064].

2.4 Carbonation Depth Measurements

Two plain concrete specimens per mixture desigrewemoved from the carbonation chamber at
different times. A ~50 mm slice was split from eagecimen and a 1% phenolphthalein solution was
sprayed on top of the broken surfaces followingRileEM criteria [CPC-18 1988]. Non-carbonated
concrete reacted with the phenolphthalein solusibowing a dark pink color. Carbonated concrete
remained colorless. Carbonation depth was measiredyht different points using a caliper. Each
measurement was corrected from radial measurementa cylinder into carbonation depth
measurements that would be obtained in a semii@fplane [Moreno 1999]. Once corrected, the
average was obtained for each cylinder, and thatress averaged with the result from the other
concrete specimen, obtaining an average from eath i specimens. After that, carbonation
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coefficient was estimated using the time of acedéxt exposure and corrected for the initial
carbonation occurred during the conditioning petfibvtbreno et al 2007]. Acceptance criteria are
less than 3 mm/yefris considered good quality concrete, more tham@ymar means bad quality
concrete [Ho & Lewis 1987]. After taken the carbtima measurements, the remaining portion of the
non-instrumented concrete cylinders were place# mathe carbonation chamber.

2.5 Half Cell Potentials

Half cell potentials were measured for each relgairest the internal reference electrode during the
carbonation period after calibration against aremdl copper-copper sulfate electrode placed on the
external concrete surface. Corrosion criteria usad that of the literature [Troconis-Rincén al
2000].

2.6 Concrete Electrical Resistance

Electrical resistance of the concrete was monitarsidg an AC electrical resistance meter with a
Wenner probe. The electrical resistance was meastom one rebar to the other using a two point
array.

2.7 Corrosion Rates

Linear polarization resistance tests using a patstait were performed during the carbonation aed th
moisturizing periods without removing the specimésn the chambers. The tests were conducted
starting from the open circuit value in the negatidirection (-10 mV), to minimize possible
capacitive effects, at a scan rate of 0.01 mM\[Saguéset al 1997]. One rebar (X-bar) was always
used as working electrode (WE), the other rebatbdN- was used as counter electrode (CE).
Corrosion rates were obtained multiplying 26 mVtbg inverse of the polarization resistance from
the test. Acceptance criteria are, less than 0/tfAis considered meaningless corrosion, more than
0.5 pA/cnf means active corrosion [Troconis-Rinagral 2000].

3 RESULTS AND DISCUSSION

Table 1 shows the average results of compresgigagih and porosity values obtained from the tests.
Compressive strength values were above the desigmpressive strength. Density was in the range
for normal concrete although close to the loweritliPbsorcion and porosity were high but as
expected based on the absorption values of theegaps employed. According to the mentioned
criteria, these porosity values would qualify tlemerete mixtures as of bad quality, even for the lo
water/cement ratio of 0.55.

Table 1. Average compressive strength, absorcion, porasiti/density of concrete mixtures.

Mixture Compressive Absorption Porosity Density
strength (%) (%)
(MPa)
0.80 18.0 10.1 23.4 2.27
0.70 21.7 12.9 23.1 2.24
0.62 26.1 11.9 24.1 2.23
0.55 30.9 12.2 22.9 2.23

Table 2 shows the results from the carbonationtdemasurements. Concrete specimens were fully
carbonated when the carbonation depth was 37.5Dme.to the fact that mixture 0.55 was a better
mixture than the others, carbonation depth waglatgrmined at 51 days but at 112 days, instead. By
day 51, mixtures 0.7 and 0.8 were fully carbonated.
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Table 2.Carbonation depth measurements and standard idegidtnm).

Days of exposure at 4% GO

Mixture 15 37 51 112
0.80 157 10 375 - - -
0.70 137 16 242 14 375 - -
0.62 108 13 202 13 231 1.0 na
055 78 12 146 14 n.a. 223 13

Table 3 shows the carbonation coefficients at 4% €@ironment. Each coefficient was obtained

from day 0. As the test is destructive in nature different specimens were employed in each test, a
average was calculated in order to minimize thesgrpental error. The higher the water/cement ratio
of the mixture, the higher the carbonation coeiiti Therefore, there is a correlation between the
water/cement ratio and the carbonation coefficidagpite the high porosity of all mixtures.

Table 3.Carbonation coefficients at 4% G€xposure (mm/ye&.

Days of exposure at 4% GO

Mixture 15 37 51 112 Average
0.80 77.0 -- -- -- 77.0
0.70 68.0 83.5 -- -- 75.8
0.62 54.0 71.2 57.0 n.a. 61.7
0.55 39.1 51.7 n.a. 42.8 44.5

Table 4 shows the carbonation coefficients tramséar to ambient COexposure (about 400ppm),
following the procedure published elsewhere [Morezioal. 2007]. According to the literature,
concrete mixtures 0.80, 0.70, and 0.62 should msidered of low quality. Concrete mixture 0.55
should be considered medium quality concrete; @ $® consistent with previous results employing a
0.50 mixture made with river rock as aggregate ql{as to 4.2 mm/ye&) [Moreno 1999].

Table 4. Transformed carbonation coefficients at ambienj &posure (mm/ye&y.

Mixture Kawco2 Ko.04%co2
0.80 77.0 8.4
0.70 75.8 8.2
0.62 61.7 6.7
0.55 44.5 4.8

Assuming a concrete cover of 25 mm and 19 mm diemeginforcing steel, 30 mm could be
considered as average carbonation depth for actwesion. Thus, the end of initiation time for
active corrosion may be reached after 14 yearsnfetures 0.80 and 0.70, 20 years for mixture 0.62,
and 39 years for mixture 0.55. The estimated 14 2hgears for corrosion initiation are consistent
with the previous results from concrete buildinGas$troet al 1999, Moreneet al. 2002].

Figure 2 shows the average potentials as a funaidime. Potentials from mixtures 0.8, 0.7, and
0.62 showed a transition of more than 300 mV towaode negative values after 20 days of exposure.
Mixture 0.55 has a less pronounced potential chaftge 70 days of exposure.

After moving the specimens to the humidity chamlilee, potentials dropped ~150 mV in the less
positive direction. The potentials tended to stabilin the range -500 to -600 mV, which is the
expected range for steel in concrete under actvesion.
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Figure 2. Average potentials as a function of exposure time.

Figure 3 shows the average concrete resistancetiwi¢gh As the carbonation proceeded, the electrical
resistance increased. However, once in the humatigmber, the resistances dropped to very low
values. It is noticeable that the final values wiekersely correlated with the water/cement ratie
higher the water/cement ratio, the lower the caecresistance.
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Figure 3. Average concrete resistance as a function of expdsne.

The apparent corrosion rates are presented idFis observed in previous investigations, cornesio
rates during the accelerated carbonation periog wery low. It is only after the specimens were
moisturized than the onset of corrosion developed active corrosion rates were achieved. As
opposed to the electrical values, corrosion rateewlirectly correlated with the water/cement ratio
the higher the water/cement ratio, the higher thal fcorrosion rate. Extremely high corrosion rates
above 1pA/cm® were recorded only for the highest water/cemetib raf 0.8. According to the
literature, if constant this value would be enouglerack the concrete cover after only 2 yearsimaga
this estimate is consistent with the previous itestiom concrete buildings [Castet al 1999,
Morenoet al 2002].
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Figure 4. Average corrosion rates as a function of exposnore.

4 CONCLUSIONS

« The lower the water/cement ratio the lower the cadbion rate despite the high concrete
porosity.

< Highest corrosion rates were observed at the highagr/cement ratio.

e Good quality concrete may be obtained even whemgusiushed limestone aggregate of high
absorption.
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