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Abstract

:

The fabrication of cement clinker releases CO2 due to the calcination of the limestone used as raw material, which contributes to the greenhouse effect. The industry is involved in a process of reducing this amount liberated to the atmosphere by mainly lowering the amount of clinker in the cements. The cement-based materials, such as concrete and mortars, combine part of this CO2 by a process called “carbonation”. Carbonation has been studied lately mainly due to the fact that it induces the corrosion of steel reinforcement when bringing the CO2 front to the surface of the reinforcing bars. Thus, the “rate of carbonation” of the concrete cover is characterized by and linked to the length of service life of concrete structures. The studies on how much CO2 is fixed by the hydrated phases are scarce and even less has been studied the influence of the type of cement. In present work, 15 cements were used to fabricate paste and concrete specimens withwater/cement (w/c) ratios of 0.6 and 0.45 which reproduce typical concretes for buildings and infrastructures. The amount of carbon dioxide uptake was measured through thermal gravimetry. The degree of carbonation, (DoC) is defined as the CO2 fixed with respect to the total theoretical maximum and the carbon storage capacity (CSC) as the carbonation uptake by a concrete element, a family or the whole inventory of a region or country. The results in the pastes where analyzed with respect to the uptake by concretes and indicated that: (a) the humidity of the pores is a critical parameter that favours the carbonation reaction as higher is the humidity (within the normal atmospheric values), (b) all types of cement uptake CO2 in function of the CaO of the clinker except the binders having slags, which can uptake additional CO2 giving aDoC near or above 100%. The CSC of Spain has been updated with respect to a previous publication resulting in proportions of 10.8–11.2% of the calcination emissions, through considering a ratio of “surface exposed/volume of the element” of 3 as an average of the whole Spanish asset of building and infrastructures.
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1. Introduction


Climatic change is a threat for the wellbeing of humanity. Greenhouse effects seem to be increasing the average atmospheric temperature with all the undesirable side consequences of extreme climatic events. One of the pollutants that produces the increase in temperature is known to be carbon dioxide evolved from combustion engines and industrial activity. Cement manufacture is one of the contributors to the increase of carbon dioxide in the atmosphere due to in its fabrication releases around 825 kg of CO2 by ton of clinker produced of which only around 525 kg of CO2 per ton of clinker is due to the calcination of limestone and clays. Then, 300 kg of CO2 per ton of clinker is produced from the combustion of fuel. These concerns helped to promote the formation of the Intergovernmental Panel for Climatic Change (IPCC) [1], created in 1988 by the World Meteorological Organization (WMO) and the United Nations Environment Program (UNEP), to produce reports by experts and scientists on the of climate change, as well as its impacts and future risks.



However, the alkaline nature of the cement-based materials makes part of this carbon dioxide to be again fixed in a process named “carbonation” [2]. This carbonation consists in that the atmospheric CO2 penetrates through the pores of the concrete and/or mortar reacting with the CaO of the cement phases, mainly with the calcium hydroxide (which is around 25% in mass of the pure Portland fraction—that from the clinker—of the cements) but also with the other cement hydrates (calcium silicates—named CSH gel—and aluminum and iron oxides). The carbonation lowers the pH of the pore solution, typically from above 13 to less than 8 [3]. The pH drop produces depassivates, the steel reinforcement promoting its corrosion if the pores contain enough humidity. This pH drop also induces the carbonation of the hydrated cement phases with a decrease or increase of porosity that however it is not of engineering significance. Carbonation advances if the pores are dry as the CO2 gas is not very soluble in water and stops if the concrete is wet. Environmentswith wet–dry cycles are the most risky because they enable the carbonation to progress during dry periods and the corrosion evolves advances during the wet periods. Reinforcement corrosion induces the cracking of the steel concrete cover and affects the steel/concrete bond, which has led in to substantial economic losses due to the need of repairing.



These consequences for the safety and economy of concrete structures made concrete carbonation extensively studied. The rate of advance of the carbonation front (measured through a pH indicator-phenolphthalein-) has been tested in the laboratory and on site and rates of carbonation have been characterized. For the carbonation to advance the transport of the CO2 gas is however not the only process, because as said the carbon dioxide reacts with the cement hydrated phases and then, cement captures back part of the CO2 released during its fabrication.



Opposite to the carbonation rate, the “degree of carbonation” (DoC), that is the amount of CO2 fixed with respect to the maximum which could be fixed by CaO of the cement phases, has scarcely been studied [4,5,6,7]. In general, the DoC has been assumed but not experimentally tested. Thus, in studies made at national level in different countries on the amount of CO2 that is uptake by the concrete structures produced annually, the DoC has been always assumed. The CO2 recombination would be 100% efficient if all the CO2 released during clinker fabrication reacts during the whole concrete life cycle of the concrete structures. This was the proposal from Steinour [8] and Pade & Guimaraes [9] Tuutti [10] and Bakker [11]: Their formulas were the following (MCO2 and MCaO are the molecular weights of each compound, portlandite [CH], aluminates [AFt and AFm phases]):


Steinour → %CO2, comb=MCO2MCaO·[(%CaO−0.7(SO3))]+(0.71·%Na2O)+(0.4675·%K2O)



(1)






Pade & Guimaraes → CO2-uptake = 0.75 · C · CaO · (MCO2/MCaO)



(2)






Tuutti → CsCx=π⋅(x/t2⋅D)⋅exp(x2/t4⋅D)⋅erf(x/t2⋅D)



(3)






Bakker → teff,n=[td1+td2−(x1B)2+td3−(x2B)2+…+tdn−(xn−1B)2]=∑i=1ntdi−[xci−1B]2



(4)




where: Cx = CO2 concentration at discontinuity (kmol/m3)



Cs = CO2 concentration in surroundings (kmol/m3)



D = Diffusion coefficient of the CO2 (m2/s)



t = Time (s)



A and B are functions that define carbonation and drying rate.



However, to assume 100% of efficiency seems not feasible due several reasons as that the cement does not hydrates 100% or the geometry and sizes of the pores do not enable the gas to reach all cement particles.Then, studies in other countries [12,13,14,15,16,17,18,19] have assumed less amount than 100% of CaO carbonation, although they do not justify the value adopted.



A study on CO2 uptake by concrete has been published by several authors who were involved in previous national studies [20]. The worldwide amplitude of this “global study” [20] is remarkable. The study makes a calculation of the CO2 recombined from 1913 by concrete structures. The study assumes a degree of carbonation of about 80% in the carbonated zone and involves not only the life step of concrete service but also its demolition and recycling as aggregate, as well as the use of cement in mortars and accounting for the clinker dust.Following this work, “a cumulative amount of 4.5 GtC has been sequestered in carbonating cement materials from 1930 to 2013, offsetting 43% of the CO2 emissions from production of cement over the same period, not including emissions associated with fossil use during cement production.”The result of 43% is not of the DoC but of the “carbon storage capacity” that is standardized by the surface/volume ratio of the structures produced and exposed to the atmospheric action. Although the amount of 43% may seem high, Figure 1 shows its comparison with the result obtained in a European study [18]. If the amount of CO2 released due to decarbonation in the kiln is of 52% of the total as indicated in [1] (including kiln dust otherwise is 51%), the recombination of 43% represents 223.6 kg/ton while the 25% of [18] is referred to the total emissions including the fuel represents, 212.5 kg/ton.



Due to the lack of realistic experimental data on the CO2 amount that can be fixed during carbonation, a study was undertaken in Spain [21,22] with two types of concrete and paste specimens (with mix proportions typical for buildings and for public works), fabricated with 15 different cements most used in the country and exposed to three different environments. In present work, we report updated results of the DoC of the pastes with respect to the results presented in (22) and its comparison with the DoC of the concretes. Additionally, we discuss an example of calculation of the “carbon storage capacity” of Spain, made for a particular year, using the experimental values of the DoC found and the procedure of calculation of the European standard for the sustainability of construction works, as will be described further.




2. Experimental


Two types of specimens were fabricated: Concrete cylinders and small prismatic of paste.

	
The concretes cylinders were of 75 × 150 mm in size. The mix proportions for the concretes are in Table 1.



	
Prismatic (10 × 10 × 60 mm) Portland cement pastes made of eight different types of cement and with two cement/water ratios of 0.45 and 0.60 were manufactured. Table 2 shows the standard designation according to EN 197-1:2011 [24] and the chemical composition of the Portland cements determined according to the EN 196-2 [25]. All the specimens were cured at 95% RH for only 48 h in order to reproduce a normal site curing. Later, all of them were removed from the molds and were kept to laboratory room temperature and humidity for additional 26 days. (22 °C and 38% RH average conditions). After this period of time, a third of the set of specimens remained in the lab (indoors condition), whereas the other two-thirds were moved to the outdoor (sheltered and unsheltered from rain). The average environmental values during the four years of exposure were of 16 °C and 57% RH. A view of the exposure site unsheltered from rain is shown in Figure 2.








At predetermined times, carbonation progress was measured through phenolphthalein (Figure 2) and samples were removed from the carbonated zones of both concretes and pastes in order to determine the CO2 fixed. For the sake of calculation of this recombined CO2, thermogravimetric analyses (TGA) were performed at different ages (zero, 28 and 90 days and 1 and 4 years) with a STA 449F3 Netzsch thermogravimetric analyzer. Fifty milligrams of hydrated and carbonated cement powder, with a grain size lower than 100 µm were heated from lab temperature to 950–1000 °C at 4 °C/min with an inert atmosphere of nitrogen. Weight losses were recorded as a function of the temperature. This experimental technique allows determining the amount of carbon dioxide, portlandite and combined water contained in the CSH gel. The water contained in the CSH gel is the water loss registered from 110 °C to the beginning of the portlandite decomposition (around 400 °C). In order to standardize the thermogravimetric results, all of them were expressed as cement grams after calcination at 950–1000 °C, i.e., ignited mass, without water and calcium carbonate.



Calculations


The carbonation rate, VCO2 is the factor linking the depth of carbonation (x) and the square root of the time (t0.5) following:


xCO2=VCO2·t



(5)







The corrosion specialists name often the depth of carbonation as a “degree of carbonation” as it gives the proportion in volume that is carbonated of the concrete element.



In present paper, however the degree of carbonation (DoC) is reserved for the proportion of CO2 combined or fixed by the hydrated cement phases with respect to the amount of CO2 released duringclinker production due to limestone calcination.


DoC=CO2 fixed in the carbonated zoneCO2 released in the clinkerization



(6)







The CO2 fixed in the carbonated zone can be calculated through the following expression (K is the clinker content, here taken as 0.955 of the cement assuming a 4.5% of CaSO42H2O added to it, %CO2 is the amount found in the TG analysis)


CO2 fixed=%CO20.955



(7)







While the CO2 released during clinkerization is calculated by means of (being the relation in mass MCO2/MCaO= 0.785):


CO2 realeased=%CaO0.955×0.785



(8)









3. Results


Figure 3 shows the CO2 fixed by the pastes tested in the work of Galán [21] and the proportion fixed by other authors. In the study describedin [21], the reaction rate was measured and proved that after 2–3 years there wasnegligible new CO2 reaction in the carbonated zone.At this age, the amount of CO2 uptake has already reached a maximum and, as indicated in the figure, it may exist less hydrated pastes that may reach a high proportion of carbonation.



For the pastes tested, Figure 4 shows the relation between the CaO content of the cements and the CO2 fixed during the fouryears, referred to the proportion of clinker in the binder. The proportion was taken to be 0.975 of total because the CaSO42H2O content was assumed to be 2.5% in each cement. The figure shows that the amount of CO2 uptake is proportional to the CaO content providing in each cement family the values of CO2 fixed vary due to the different humidity in each exposure site. The pastes exposed to the higher humidity (unsheltered from rain) are those fixing higher amount of CO2.



In Figure 5 is illustrated the effect of the humidity taking the pure Portland (type I cements [24]) as example. The uptake of CO2 is smaller in indoor conditions and increases as the average annual humidity content is higher. Thus, the highest CO2 uptake is found for the outdoor exposure unsheltered from rain. This ranking is systematically found for all pastes and concretes.



Regarding whether the CO2 uptake wasdifferent in pastes and concretes; Figure 6 shows the comparison. The relation wasbetter in the case of the w/c = 0.60, perhaps because the degree of hydration and the porosity is higher with the higher w/c ratio. With respect to the cement type, the higher values wereexhibited by type I pure Portland cements, while the minimum wascombined by the cements having slags in the smaller proportion. This was likely due to their clinker proportion in the binder was found to be very low (those cement types having a higher slag proportion are in the same range).



The DoC of all the pastes after fouryears of exposure are given in Figure 7. The DoC is higher than 100% in the case of cements CEM III/B and CEM III/Cbecause in these slag cements, the amount of clinker is only of 27% and 12%, respectively. The high values indicate that the added slag is also uptaking CO2. This result is in agreement with the higher carbonation depth found in slag cement-based materials [26]. The rest of cements present degrees of carbonation that are smaller than 100% including cements CEM III/A and CEM II/A-S that also have slag as mineral addition but in smaller proportions than CEM III/B and CEM III/C.



For the sake of a better appraisal, in Figure 8 are given the values of the DoC of Figure 6 but without the CEM III/A and CEM III/B cements. The DoC of these cements together with the CEN III/A and CEM II/A-S are given in Figure 9.



The values of DoC represented in Figure 7 are compared in Figure 10 with those obtained in concretes made with the same cements. Those on the left represent the pastes of w/c = 0.45 and on the right shows those with w/c = 0.60. The regression coefficient is above 0.7 for the pastes of w/c ratio of 0.45 which is high while for 0.60 pastes the regression coefficient is almost the unity. Both regressions improve if the values of CEM II/B-LL are removed (not represented). This cement contains limestone in higher quantity than the other cements and it has a DoC apparently higher than the corresponding by theCaO content of its clinker.



For the sake of having a representative general value of the DoC which could be applied as an average value, some values obtained from a statistical treatment are given in Table 3. For all cements except those containing slags (which, opposite other mineral additions can themselves bind CO2). Figure 11 shows theses values compared to those found for concretes. The average value of DoC of the pastes is 50.73%, a bit smaller than that found for the concretes which was of 62.5%. This discrepancy may be due to the large scatter found in general due to the different exposure sites and the different binders tested. This is reflected in the high coefficient of variation found which in the pastes was of 42.36% and in the concretes was of 38.25%.




4. Discussion


In this chapter, the previously found experimental values of the DoC will be used for an example of a calculation of the release of CO2 by a country (Spain) as afunction of its concrete yearly production. This example updates previous Spanish studies [22].



The wider study on the amount of CO2 that can be fixed by the cement-based materials during their service life is the so-named “global study” [20], because it involved not only a country or region, but because researchers of all continents were exchanging data and was made a calculation from 1913. As mentioned previously, this study can be improved by adding new data in several aspects, including having experimental values of the DoC, which were only assumed in the “global study”. In reference [20], the assumed value was that the DoC is 80%, which is reached by certain cement types, but not in all types.



In the perspective of the greenhouse effect, the IPCC has accounted only for the emissions (see Figure 12) without considering the possibility of uptake of the released CO2. However, as known, a percentage of that emitted CO2 can be fixed again. That is, it seems logical to consider the whole life cycle of the material. In this respect, and focused to the environmental labelling of cement products, the European Standardization organization (CEN) has issued a standard [27] where each product and for a family of them provides a methodology of accounting for the CO2 uptake. In this methodology the key aspect is the relation between surface/volume of the element in consideration. As larger the surface is with respect to its volume, more CO2 would uptake the element.



For the sake of showing an example and based on the data presented next, we are going to recalculate the CO2 storage capacity (CSC) in Spain because the previous publication [22] was made using data of only one year of carbonation with DoC’s between 15 and 20%, These values are smaller than those resulting after the almost fouryears of exposure. For this recalculation we will use the methodology of the mentioned CEN standard [27] although adapted to the case of the whole inventory/asset of elements of a country and not of a particular element of family.



The steps for the calculation of the CO2 storage capacity in a country are:

	
Calculation or assumption of an average value of the DoC of the types of cements produced in the country,



	
Calculation of the CO2 combined by weight of cement (proportion of clinker in the cement) of each cement type in its proportion used in the further products,



	
For the concretes, multiplication of the CO2 combined by weight of cement by the amount of cement/m3 concrete,



	
Calculation or assumption of the rate of carbonation in the different exposures (calculation of the proportion of structures exposed indoor or outdoor),



	
From the average rate of carbonation, calculation of the “equivalentcarbonatedlayer” that will be carbonated in the concrete elements and mortars, and calculate the amount of recycled aggregates:

	
In contrast to studies in other countries, due to the lack of accurate values of recycled concrete percentage, this period is not going to be considered in present calculations.



	
If the country has these statistics of recycled concrete and other uses, their life phase for further depth of carbonation should be added.








	
Regarding the calculation of the carbonation of the current year, an addition has to be made on the proportion of CO2 that is combined from structures made the previous years (building asset, Casset),



	
Calculate in the same manner that made for normal building or public structures, the secondary uses of cement, that is, inventory of cement for mortars (Cmortar) and the proportion used as recycled concrete (Crecycled) and other uses (Cother uses) at present and historically back:


M=∑1n(Casset+Cmortar+Crecycled+Cother uses)



(9)












In order to apply Equation (9) in a reliable manner, it is convenient to know the real or experimental degree of carbonation (DoC), because, depending on the cement type and environmental conditions, such DoC will vary as was shown in Figure 7 and Figure 8.



A calculation example of this methodology is presented next, taking the production of concrete in Spain of 2016 of 16.4 million of m3 of concrete. Assuming 325 kg cement/m3 of concrete, a DoC = 0.625 (found in the concretes), a ratio “surface/volume” of 3, a carbonation rate of 3 mm/√year, 100 years of service life and 0.95% of clinker/binder, from Equation (9) it would result:


CO2 storage capacity=[C·UK·DoC·kt·m3year·m2m3]=0.003×0.625×3×100×0.49×325×0.95×16,400=146,908.12 tons of CO2year



(10)







The emissions produced by those m3 of concrete was:


CO2 emitted=C·UK·Tnm3=325×0.95×0.49×16,400=248,115











Then, the CO2 storage capacity of Spain would have been, at least (considering that all the cement produced was CEM I), of:


CSC=146,908.122,481,115×100=5.92%











However, the updating of the values published in [22] give a higher value than this 5.92% taken as example of 2016 production, because the consideration of a larger production of several years andthe life cycle of 50 years for buildings and 100 years for public infrastructures. Thus, the values of DoC considered initially in Spain in the mentioned studies [22] were of 15% and 20%, and the relation of surface to volume in concrete elements of around 3. This resulted in values of the CSC of 2.3–3.6% for concrete for buildings and of 1.8–3.2% for concrete for public works. Now, considering the averaged DoC value found in the concretes of 62.5% (around threetimes higher than that at 1 year) for being more realistic than in the pastes. Multiplying it by the surface/volume ratio of 3 (3.6 × 3) for the concrete for buildings and by 3.5 times (3.2 × 3.5) for concrete for civil works, the new values of the Spanish uptake of CO2 (carbon storage capacity) then comprise 10.8–11.2% of the calcination emissions. Some other studies [28], consider different surface/volume (S/V) ratios than 3, therefore, higher percentages could be expected.




5. Conclusions


The conclusions that can be deduced from present results are:

	
The cements bind CO2 in direct proportion to their CaO content, being the humidity in the pores a controlling factor of the amount of uptake.



	
The highest CO2 uptake happens in the unsheltered from rain condition while the smallest in indoor conditions.



	
The CO2 uptake seems complete at 2–3 years of exposure.



	
Small paste specimens uptake a slightly less amount of CO2 than the concrete cylinders of 75 × 150 mm. The w/c ratio of 0.6 has a very high regression coefficient between pastes and concretes while the w/c ratio of 0.45 with more dense concrete, exhibits a higher scatter in the relation.



	
The carbon storage capacity of Spain with the inventory of structures published in (22) and an averaged surface/volume ratio of 3 is updated to 10.8–11.2% of the calcination emissions. Higher surface/volume ratios as considered by other countries (which consider until a value of 8) will increase this proportion accordingly.
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Figure 1. Values of kg of CO2 released during clinkerization referred to the limestone calcination. The 43% of the Global study (in the middle) is similar to the 25% of the total emission proposed in Report TR-ECRA 0004/2008 [23]. 
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Figure 2. (a) Paste and concrete specimens exposed to the atmosphere unsheltered from rain; (b) determination of the carbonation front through the pH indicator. 
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Figure 3. Relation between degree of carbonation and age of the sample. 
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Figure 4. Relation between CaO content in the clinker and CO2 fixed by the pastes. The values in vertical appear due to the pastes were held each type in three different exposure sites. 
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Figure 5. Effect of the exposure class in the proportion of CO2 fixed by carbonation. 






Figure 5. Effect of the exposure class in the proportion of CO2 fixed by carbonation.



[image: Sustainability 10 04806 g005]







[image: Sustainability 10 04806 g006 550]





Figure 6. Comparison of the CO2 fixed by the pastes with respect to the concretes. The proportion is a bit higher in the concretes and the relation is more scattered in the case of w/c ratios of 0.45. 
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Figure 7. Degree of carbonation of all the pastes tested during 4 years in three different exposure conditions. 
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Figure 8. Degree of carbonation of the same pastes than in Figure 3 without cements with blast-furnace slag named CEM III/B and CEM III/C. 
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Figure 9. Degree of carbonation of cements with slags: CEM III/A, CEM III/B, CEM III/C and CEM II/A-S. 
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Figure 10. Comparison of the DoC of pastes and concretes made with the same cement types and w/c ratios. 
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Figure 11. Comparison of the values of the degree of carbonation (DoC) found in the pastes and the concretes tested. 
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Figure 12. Fabrication with release of CO2 and life cycle of cement (fabrication, building, demolition and recycling) based materials during which they uptake part of the CO2.
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Table 1. Concrete mixes.
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Mix A: Building Works

	
Mix B: Civil Works






	
Cement

	
300 kg

	
Cement

	
400 kg




	
Gravel 6–12 mm

	
1144 kg

	
Gravel 6–16 mm

	
949 kg




	
Sand 0–2 mm

	
820 kg

	
Sand 0–2.5 mm

	
297 kg




	
Water

	
180 kg

	
Sand 0–5 mm

	
614 kg




	
w/c

	
0.6

	
Water

	
180 kg




	

	
w/c

	
0.45
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Table 2. Cement chemical composition (%).
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	CEMENT
	SiO2
	Al2O3
	Fe2O3
	CaO
	SO3
	MgO
	Na2O
	K2O
	Cl−





	CEM I 42.5 R
	20.18
	4.49
	2.64
	63.83
	3.45
	2.28
	-
	0.95
	0.010



	I 42,5R/SR
	20.45
	3.45
	3.59
	62.77
	3.20
	1.39
	0.09
	0.61
	0.003



	CEM II/A-L 42,5R
	18.33
	4.81
	3.22
	62.01
	3.15
	0.83
	0.18
	0.69
	0.010



	CEM II/A-S
	21.72
	7.53
	2.81
	60.11
	3.01
	2.00
	0.43
	0.83
	0.002



	CEM II/A-M (V-L) 42.5 R
	22.02
	10.04
	2.39
	57.15
	3.16
	2.56
	0.47
	1.16
	0.001



	CEM II/A-V 42.5 R
	21.63
	5.81
	3.97
	56.31
	3.48
	1.94
	0.71
	0.96
	0.030



	CEM II/A-P 42.5 R
	31.45
	6.26
	3.36
	52.64
	2.60
	0.20
	-
	-
	0.030



	CEM II/B-LL 32.5 N
	16.83
	4.30
	2.20
	55.96
	3.06
	2.40
	0.24
	0.86
	0.035



	CEM II/B-M (S-V) 42.5 N
	25.00
	8.70
	2.50
	54.20
	2.76
	2.72
	0.45
	0.52
	0.050



	CEM II/B-V 32.5 R
	29.19
	10.25
	2.53
	48.58
	2.92
	2.82
	0.20
	1.10
	0.001



	CEM II/B-P 32.5 N
	26.24
	8.58
	6.62
	49.23
	3.40
	6.21
	1.36
	1.07
	0.006



	III/A 42,5N/SR
	26.60
	8.50
	2.50
	55.60
	2.10
	4.80
	-
	0.70
	-



	III/B 32,5N/SR
	26.40
	10.60
	2.47
	45.95
	2.72
	3.12
	0.27
	0.70
	0.011



	III/C 32,5N/SR/BC
	30.04
	10.12
	1.16
	46.82
	3.80
	5.80
	0.06
	0.37
	0.075



	CEM IV/B 32,5N
	32.23
	12.32
	4.20
	41.05
	2.64
	2.14
	0.41
	1.59
	0.003
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Table 3. Degree of carbonation of the cement pastes.
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	Degree of Carbonation in Cement Pastes
	Average Value
	Standard Deviation, s
	Coefficient of Variation (%)
	Lower Limit: Aver.—1.645s

(5% Reliability)





	All cements

except CEM III

Including old concretes
	50.73
	21.49
	42.36
	15.38



	Only type I cement (OPC)
	52.19
	11.10
	21.28
	33.93



	Only type I with old pastes
	37.17
	22.03
	59.27
	15.38



	CEM III/A
	82.35
	19.60
	23.80
	50.11



	CEM III/B
	120.49
	21.17
	17.57
	85.67



	CEM III/C
	356.03
	78.77
	22.13
	226.45
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