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Abstract
[bookmark: _GoBack]The effect of limestone on the hydration of Portland cement has been studied by many researchers. However, a possible influence of adding more soluble carbonates was not explained. Therefore we executed a qualitative and quantitative research on the influence of slightly soluble (CaCO3, MgCO3, dolomite), medium soluble (Li2CO3) and highly soluble (K2CO3 and KHCO3) carbonates on the hydration. 
Blending of Portland cement with differently soluble carbonates was found to influence the hydrate assemblage of the hydrated cement. With the help of the Rietveld analysis, the study indicated that the amount of reacted carbonate in cement hydration at a 15% addition of slightly or medium soluble carbonates does not exceed 5% and is not affected by their solubility; at a 15% addition of the highly soluble carbonate K2CO3 the amount of reacted carbonate was around 6%. 
An increase in temperature (25 to 40°C) gradually affects the rate of hydration and the quantity of stable phase assemblage.
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1. Introduction

Over the last 20 years, the effects of using limestone in Portland cement (PC) have been well studied. The benefits of limestone as a partial replacement for PC are well established. Its economic and environmental advantages of reducing CO2 emissions are well known. 
However, throughout the years, the general provisions which determine the amount of limestone permitted in cement, have remained unchanged. Most Portland cement specifications allow the use of limestone up to 5%. Beyond that, Portland limestone cements (PLC) are categorized on the basis of the percentage of limestone (6-35%) added to the cement. The European Standard (EN 197-1-2000) permits up to 5% limestone regarding it as a minor additional constituent. It also identifies four types of PLC containing 6-20% limestone (types II/A-L and II/A-LL) and 21-35% limestone (types II/B-L and II/B-LL), respectively.[endnoteRef:1]   [1: . EN 197-1, European Standard, Cement – Part 1, Composition, specifications and conformity criteria for common cements, CEN, Brussels, 2000.] 

[bookmark: _Ref316561375][bookmark: _Ref319569582]For a long time, the limestone has been considered as an inert filler. Recently it has been concluded that limestone serves both as an inert filler and also reacts to a limited extend. The reactivity depends on its fineness (specific surface)[endnoteRef:2]  and content.[endnoteRef:3],[endnoteRef:4]  [2: . I. Soroka, N. Setter, Cem. Concr. Res. 1977, 7, 449-456.]  [3: . T. Matschei, B. Lothenbach, F. P. Glasser, Cem. Concr. Res. 2007, 37, 551-558.]  [4: . T. Matschei, B. Lothenbach, F. P. Glasser, Cem. Concr. Res. 2007, 37, 118-130.] 

Matschei et al found that at a low concentration, limestone (a molar ratio of CO2/Al2O3 ≈ 0.66 with a fixed sulfate ratio SO3/Al2O3=1 and an excess of portlandite, T=25°C) reacts completely to various forms of carboaluminate phases. The extension of limestone’s reactivity is controlled by the amount of sulphate in the system. As the sulphate content increases, the likelihood of unreacted calcite increases. 



[bookmark: _Ref316553716][bookmark: _Ref316553642]It is agreed that limestone reacts primarily with the tricalcium aluminate (C3A) to form carboaluminates (hemicarboaluminate, C4A0.5H12 and monocarboaluminate, C4AH11 are the most common) at the expense of hydrates.[endnoteRef:5],[endnoteRef:6] On the other hand, the formation of ettringite (C6A3H32) in PLC, the hydration reaction of C3A in the presence of gypsum, is still questionable. Some researchers found its formation delayed, while others found that ettringite (E) formation proceeded normally.5 Ramachandran and Zhang, for example, found that the formation of E accelerates.[endnoteRef:7],[endnoteRef:8] The E conversion to monosulfate (Ms) will be delayed or stopped when a large amount of carbonate is present in the hydrated paste. This phenomenon occurs due to the fact that some sulfate ions can be interchanged by carbonate ions during the C3A hydration.[endnoteRef:9],[endnoteRef:10] Thermodynamic calculations as well as experimental observations also indicate that in the presence of CaCO3, monocarboaluminate (Mc) and not Ms is stable. And even more, the stabilization of Mc in the presence of limestone caused E to stabilize.[endnoteRef:11] In PLC, there is also an interaction between tricalcium silicate (C3S) and calcium carbonate (CaCO3); the latter accelerates the hydration of C3S and modifies the Ca/Si ratio of calcium silicate hydrate gel (CSH).[endnoteRef:12]  [5: . R. D. Hooten, M. Nokken, M. D. A. Thomas, Portland-Limestone Cement: State-of-the-Art Report and Gap Analysis for CSA A 3000, Cement Association of Canada, Toronto, 2007, 59 pp.]  [6: 6. Vuk, V. Kaučič, J. Maček, A. Meden, J. Am. Ceram. Soc. 2011, 94, 1238-1242.]  [7: . V. S. Ramachandran, Thermochim. Acta 1988, 127, 385-394.]  [8: . V. S. Ramachandran, C. Zhang, Mater. Constr. 1986, 19, 437-444.]  [9: . C. Vernet, G. Noworyta, Proc. Int. Congr. Chem. Cem., 9th, New Delhi, India IV, 1992, pp. 430-436.]  [10: . V. L. Bonavetti, V. F. Rahhal, E. F. Irassar, Cem. Concr. Res. 2001, 31, 853-859.]  [11: . B. Lothenbach, G. Le Saout, E. Gallucci, K. Scrivener, Cem. Concr. Res. 2008, 38, 848-860.]  [12: . J. Pera, S. Husson, B. Guilhot, Cem. Concr. Comp. 1999, 21, 99-105.] 

It is worth noting that limestone does not show pozzolanic properties and, consequently, does not produce CSH.[endnoteRef:13] It has been suggested that when large quantities of carbonate are present, some CaCO3 can be incorporated intpo CSH to form calcium silicocarbonate hydrates.5,[endnoteRef:14] The production of portlandite (CH) seems to be enhanced at early ages partly due to dissolution of limestone and also due to limestone’s ability to act as nucleation sites.5 [13: . K. Sersale, Proc. Int. Congr. Chem. Cem., 9th, New Delhi, India I, 1992, pp. 277-279.]  [14: . S. Husson, B. Guilhot, J. Pera, Proc. Int. Congr. Chem. Cem., 9th, New Delhi, India IV, 1992, pp. 83-89.] 

The important stable phases in hydrated calcite-containing cement are E, Mc and calcite.3 They are calculated to be stable and present in comparable amounts in the temperature range of 25-40°C.[endnoteRef:15],[endnoteRef:16]  [15: . B. Lothenbach, T. Matschei, G. Moeschner, F. P. Glasser, Cem. Concr. Res. 2008, 38, 1-18.]  [16: . T. Matschei, F. P. Glasser, Cem. Concr. Res. 2010, 40, 763-777.] 

The Rietveld Method enables us to determine the amount of anhydrous and hydrous phases in PC to a high degree of precision.[endnoteRef:17] This method employs a point-to-point adjustment of experimental intensities of the whole pattern to the calculated intensities based on the crystal structures (space groups, types of atoms, their coordinates in the unit cell and site occupancies) present in the mixture and it also provides the weight fractions for each crystalline phase.[endnoteRef:18],[endnoteRef:19] [17: . K. L. Scrivener, T. Fuellmann, E. Gallucci, G. Walenta, E. Bermejo, Cem. Concr. Res. 2004, 34, 1541-1547.]  [18: . V. S. Ramachandran, J. J. Beaudoin (Ed.): Handbook of analytical techniques in concrete science and technology, Principles, Techniques and Applications, Noyes Publications, Norwich, 2001, pp. 275-333.]  [19: . R. A. Young (Ed.), The Rietveld Method, Oxford Science Publications, Oxford University Press, 1995, 308 pp.] 

This paper examines the influence of differently soluble carbonates on the hydration of PC in the temperature range of 25-40°C. The quantitative data obtained by using X-ray diffraction to study the hydration products of Portland cement upon addition of slightly soluble (CaCO3, MgCO3, dolomite), medium soluble (Li2CO3) and highly soluble (K2CO3 and KHCO3) carbonates, are compared to similar data from a control sample, based on the same Portland cement paste.

2. The Experimental

2.1. Materials

Ordinary Portland cement, CEM I 52.2 R (Salonit Anhovo, Building Materials, Joint-Stock Co., Anhovo, Slovenia) was used. The cement consisted of clinker and chemically precipitated gypsum, both ground in the laboratory mill. Chemical and mineralogical compositions of cement are shown in Table 1.

Table 1. Chemical and mineralogical analysis of CEM I 52.2 R.
	Chemical analysis
	Mineralogical analysis

	              Measured (wt%)†
CaO                    63.3
SiO2                    20.6
Al2O3                  4.71
Fe2O3                  3.50
SO3                     3.37
MgO                   1.12
K2O                     0.87
Na2O                   0.21
LOI                      1.90
Insoluble            0.37          
	             Calculated (wt%)‡
C3S                    54.9
C2S                    17.7
C3A                    6.6
C4AF                 10.7


†By XRF. ‡By Bogue equations.
*Standard cement chemistry notation: S=SiO2, C=CaO, A=Al2O3, F=Fe2O3.
Compressive strength: 36 MPa (2 days), 56.5 MPa (28 days).

The following carbonates were used:
Calcium carbonate, CaCO3, laboratory reagent, precipitated, 99.1%, Kemika, Zagreb, Croatia. Specific surface area of 0.7 m2/g (micropore area: -).
Natural, ground calcite, CaCO3, 99.6%, Magnesia 448, Magnesia GmbH, Lüneburg, Germany. Specific surface area of 2.1 m2/g (micropore area: 0.3 m2/g).
Natural, ground magnesite, MgCO3, 98.1%, Magnesia 318, Magnesia GmbH, Lüneburg, Germany. Specific surface area of 4.6 m2/g (micropore area: 1.0 m2/g).
Natural, ground dolomite, CaMg(CO3)2,  99.5%, Magnesia 4179, Magnesia GmbH, Lüneburg, Germany. Specific surface area of 1.7 m2/g (micropore area: 0.2 m2/g).
Lithium carbonate (Li2CO3), potassium carbonate (K2CO3) and potassium hydrogen carbonate (KHCO3) were laboratory reagents of p. a. quality.

2.2. Sample preparation

All the starting mixtures (10.00g) contained 85 wt% of Portland cement and 15 wt% of carbonate to facilitate comparison (the amount of hydrating Portland cement was constant). Portland cement and the added carbonate were homogenized, and deionized water (w/s ratio of 0.5) was added. Suspensions were being homogenized with the VibraCell ultrasonic probe (Sonics & Materials, Inc., USA) for 30 seconds, placed in alkali-resistant flasks, capped airtight and hydrated at 25C or 40°C for 3, 7, 28 and 90 days. For reference, Portland cement hydrated under the same conditions.

2.3. Characterization Techniques

X-ray powder diffraction data were collected on a PANalytical X’Pert PRO MPD diffractometer (PANalytical B.V., Almelo, the Netherlands) in CuK1 configuration from 3 to 702 in steps of 0.033 2. Full range of a linear PSD, having 128 channels, was used and the total counting time was 200 s per step. 
Qualitative analyses of powder diffraction patterns were performed by using programs X’Pert HighScore Plus Ver. 2.1.2 and Crystallographica Search Match Ver. 3.0.0.5 with a database PDF-2, Release 2011 RDB (International Centre for Diffraction, Oxford Cryosystems). 
The quantitative phase analyses of the phases with known structures were performed using the Rietveld method by using Topas Ver. 2.1 program (Bruker AXS, Karlsruhe, Germany). The method of internal standard addition was used to determine the absolute content of identified crystalline phases of the hydrated samples. For this purpose, 40% of α-Al2O3, MicroPolish II, 1-μm deagglomerated alumina (Buehler Ltd., Lake Bluff, IL) was added to hydrated samples.
After the specified hydration time, samples were powdered in an agate mortar and analyzed. The XRD phase analyses of the data considered three replications of each treatment, adding up to 384 samples.

3. Results

3.1. Portland Cement (PC)



The following crystalline or partly crystalline phases were identified in the clear Portland cement: CH, E, Mc, partly crystalline CSH, CaCO3 (C), after 28 days of hydration also in vaterite modificiation, calcium aluminium hydrate C3AH6, unreacted clinker phases C3S, C2S, C3A in C4AF, and substances in traces (below 2%): SiO2 (S), gismondine CAS2H4 and carbo silicate tilleyite C3S2(C)2.
At a certain temperature (25 or 40°C) and after the hydration process is finished (3, 7, 28, 90 days), parts of each individual phase are visible – presented in Figure 1. Each value of a given phase content presents an average of 3 measurements taken. There is also a minimum and a maximum value, so one can picture the discrepancy between the three values included in the calculated average.
In the PC samples most of CH (12-14%) is produced, highly preferred-oriented. Its amount is decreased after 90 days of the hydration process, which means that the hydration process is finished. This is also confirmed by the amount of CSH, which does not significantly change after 90 days of hydration and the minimal presence (2% and less) of C3S and C2S. 

After 90 days, even E is no longer being produced; its amount is app. 3.7% at both temperatures. (Less E occurs at 40˘C after any days of hydration.) The occurrence of Ms is obviously hampered in the starting stages of hydration, as the amounts of Mc (app. 4 %) and CaCO3 (app. 1%) are too high and there is not enough Al2O3. The amount of C3A is minimal after only 3 days of hydration (app. 0.15%), and after 28 days the substance is no longer present. E is stabilized in the presence of Mc and C.
Hemicarboaluminate (Hc) was not identified even after the 3-day hydration, in spite of the fact that the samples were kept in airtight containers and were not dried with solvents, e.g. acetone or diethyl ether.6 The reason might be the air carbonization, which can occur in the airtight containers. We presume that all of the Hc converted into the more stable Mc in the 3-day hydration. The increased temperature (from 25 to 40°C) does not influence hydration significantly – it accelerates it a bit. This can be seen in the results of the comparison of the unreacted phases of the cement clinker (C3S, C2S, C3A) after a certain number of hydration days and the increased amount of CH. 

Figure 1. The quantitative analysis of cement hydration at 3, 7, 28 and 90 days of hydration and temperatures of 25 and 40°C.
The crystallinity of PC samples is app. 42% after 3 days of hydration and is decreased to app. 31% after 90 days of hydration at both temperatures. The exact values are shown in Table 2. 

Table 2. The crystallinity of samples in dependence on the level of hydration and the temperature.
	sample
	days of hydration
	25°C  
%
	40°C
%

	
PC
	3
	42
	42

	
	7
	38
	38

	
	28
	42
	38

	
	90
	31
	31

	


	3
	44
	47

	
	7
	43
	44

	
	28
	49
	41

	
	90
	41
	39

	
Calcite
	3
	43
	43

	
	7
	44
	43

	
	28
	45
	42

	
	90
	43
	41

	
MgCO3
	3
	48
	49

	
	7
	45
	43

	
	28
	50
	45

	
	90
	40
	41

	
Dolomite
	3
	52
	49

	
	7
	47
	50

	
	28
	46
	48

	
	90
	43
	43

	
Li2CO3
	3
	53
	52

	
	7
	54
	51

	
	28
	53
	48

	
	90
	49
	49

	
KHCO3
	3
	50
	50

	
	7
	49
	47

	
	28
	49
	48

	
	90
	44
	44

	
K2CO3
	3
	45
	50

	
	7
	47
	46

	
	28
	48
	47

	
	90
	45
	45




3.2. Slightly soluble carbonates

[bookmark: _Ref319572515]CaCO3, synthetic and natural (solubility at 25°C is 6.6∙10-3g/100g water[endnoteRef:20]) [20: . D. R. Lide (Ed.), CRC Handbook of Chemistry and Physics, 90th Edition, CD-ROM version 2010.] 










Natural CaCO3 (calcite) consists of much smaller particles than synthetic CaCO3 (C), 14% of the specific surface of calcite consists of micro pores. Calcite has a higher kinetic reactivity and so a faster hydration is expected compared to C. In truth, the hydration of the C3S is increased a bit in samples with calcite compared to those with Cat any days of hydration at 25°C and after the first three days of the hydration at 40°C, while the reactivity of the calcite particles does not affect the hydration of C2S, and after 90 days of hydration there was even more unreacted C2S in the calcite samples at both temperatures. The amount of unreacted C4AF is small in calcite-added samples and comparable to those with C. It is interesting, that despite the higher reactivity of calcite, after 90 days of hydration of calcite-added samples, there is more unreacted CaCO3 left, compared to samples with Cat both temperatures. (Samples with C:  10.12% at 25°C, 10.91% at 40°C; Samples with calcite: 11.56% at 25°C, 11.15% at 40°C). The amount of the reacted CaCO3 is around 4 %, while the rest serves as a filling. This value of the reactive carbonate matches with articles published in the past (up to 5%), or even a bit higher than suggested by T. Matschei and coworkers (approximately 2.9%) regarding the amount of Al2O3 and relation to SO3/Al2O3 in PC.3 The amount of E after 90 days of hydration in samples with calcite and Cis comparable. In fact, we got the same results: 3.64% at 25°C, 3.44% at 40°C. Something similar is true for Mc – samples with C: 5.43% at 25°C, 3.64% at 40°C; samples with calcite: 5.47% at 25°C, 4.32% at 40°C. There are no considerable differences between C- and calcite-added samples regarding the amounts of other hydration products, which is clearly seen by comparing Figures 2 and 3. 

The increased temperature (from 25 to 40°C) does not considerably affect hydration. It is just a bit accelerated, which is indicated by the comparison of the reactivity of the cement clinker phases (C3S, C2S) and thus the formation of an increased amount of CH and CSH. The formation of E at 40°C in the early stages of hydration is possibly somewhat hindered, the E contents after 90 days of hydration are comparable at both temperatures. The amount of Mc after 90 days is higher at 25°C than at 40°C in both samples, with added calcite or 

A 15% addition of carbonate dilutes the cement in the first stages of hydration, which can be seen on the smaller amount of CH formed in calcite- and C-added samples. After 90 days the CH contents are comparable. The hydration of the clinker phases (C3S, C2S, C3A) is accelerated in samples with added carbonate. The amount of Mc after 90 days is higher in samples with added carbonate. The amount of E formed after 90 days of hydration is comparable to that in the samples without added carbonate. After 3 days of hydration at 25°C less E is formed in samples with added carbonate, whereas at 40°C there is no difference. After 7 days of hydration the contents of E in all samples (with or without the addition of carbonate) and both temperatures are comparable. It would be difficult to conclude that the addition of carbonate has any significant influence on the formation of E (either impeding the formation or accelerating it).4 
For a clearer demonstration and possible comparison all contents of the main hydration products (CH, E, Mc and CaCO3) are collected in Table 3 in relation to hydration time (3, 7, 28, 90 days) and temperature (25 and 40°C). The minimum and maximum determined contents of the main hydration products are collected bellow, in Table 4 and Table 5.


Figure 2. The quantitative analysis of hydration products in cement with added Cat 3, 7, 28 and 90 days of hydration and two temperatures, 25 and 40°C.

Figure 3. The quantitative analysis of hydration products in cement with added calcite at 3, 7, 28 and 90 days of hydration and two temperatures, 25 and 40°C.

Table 3. The average compositions of hydration products in relation to hydration time and temperature.
	temperature
	25°C
	40°C
	25°C
	40°C
	25°C
	40°C
	25°C
	40°C

	sample
	days of hydration
	CH (wt%)
	E (wt%)
	CaCO3 (wt%)
	Mc (wt%)

	

PC
	3
	12.7
	13.3
	5.6
	4.2
	1.3
	1.3
	3.6
	4.0

	
	7
	12.4
	13.6
	4.2
	3.6
	1.0
	1.1
	3.6
	4.2

	
	28
	13.3
	13.7
	4.8
	4.7
	1.1
	1.8
	4.7
	4.0

	
	90
	11.7
	12.5
	3.9
	3.6
	0.9
	0.9
	4.1
	3.0

	


C
	3
	10.7
	12.4
	4.8
	4.3
	10.9
	12.6
	3.5
	4.3

	
	7
	11.5
	12.3
	4.6
	3.6
	10.5
	11.8
	4.1
	4.0

	
	28
	11.3
	12.2
	3.5
	3.9
	10.5
	10.7
	4.9
	4.3

	
	90
	11.7
	12.4
	3.6
	3.4
	10.1
	10.9
	5.4
	3.6

	

calcite
	3
	10.1
	11.4
	4.7
	4.3
	10.8
	11.2
	3.70
	3.9

	
	7
	11.9
	12.3
	4.4
	3.8
	11.2
	11.5
	4.64
	4.3

	
	28
	9.9
	11.8
	3.3
	3.6
	10.7
	11.4
	4.23
	4.6

	
	90
	11.5
	12.1
	3.6
	3.4
	11.6
	11.2
	5.47
	4.3

	

MgCO3
	3
	10.3
	10.3
	5.2
	5.1
	1.8
	2.4
	3.8
	4.6

	
	7
	10.5
	9.5
	4.6
	4.1
	2.0
	2.4
	4.3
	4.3

	
	28
	9.0
	10.0
	3.3
	4.7
	4.9
	5.0
	4.2
	4.8

	
	90
	9.0
	8.8
	3.5
	4.5
	4.6
	9.6
	4.6
	3.7

	

dolomite
	3
	11.2
	11.6
	5.1
	4.0
	1.8
	1.9
	3.6
	4.0

	
	7
	11.1
	12.7
	4.6
	3.9
	1.6
	1.9
	4.1
	4.7

	
	28
	10.2
	12.3
	3.1
	4.3
	1.6
	2.6
	4.3
	5.3

	
	90
	11.6
	12.2
	3.6
	3.9
	1.7
	2.5
	5.4
	4.6

	

Li2CO3
	3
	8.4
	9.5
	0.8
	-
	4.3
	4.8
	5.4
	5.2

	
	7
	10.2
	10.1
	0.7
	-
	4.5
	5.3
	5.6
	5.6

	
	28
	9.2
	10.5
	-
	-
	6.3
	5.4
	4.5
	5.0

	
	90
	11.6
	12.0
	-
	-
	4.8
	5.5
	5.4
	4.6

	

KHCO3
	3
	6.0
	7.0
	-
	-
	9.7
	10.8
	8.0
	6.8

	
	7
	7.5
	8.5
	-
	-
	10.1
	10.5
	6.7
	4.9

	
	28
	9.4
	11.4
	-
	-
	10.6
	11.6
	5.4
	5.6

	
	90
	10.4
	11.3
	-
	-
	10.9
	12.6
	6.5
	5.6

	

K2CO3
	3
	9.5
	11.5
	-
	-
	4.7
	6.2
	5.3
	5.0

	
	7
	11.0
	12.4
	-
	-
	5.1
	5.5
	3.6
	5.0

	
	28
	9.0
	14.1
	-
	-
	9.1
	5.8
	2.7
	4.3

	
	90
	13.8
	15.1
	-
	-
	5.6
	5.8
	4.6
	3.9


Table 4. The minimum and maximum contents of hydration products in relation to hydration time and 25°C.
	
sample
	days of hydration
	CH (wt%)
	E (wt%)
	CaCO3 (wt%)
	Mc (wt%)

	
	content/ 25°C
	minimum
	maximum
	minimum
	maximum
	minimum
	maximum
	minimum
	maximum

	

PC
	3
	12.34
	13.23
	5.29
	5.93
	0.82
	1.50
	3.47
	3.87

	
	7
	11.87
	13.23
	4.04
	4.33
	0.90
	1.17
	3.46
	3.74

	
	28
	12.65
	14.15
	4.78
	4.91
	0.99
	1.17
	4.37
	5.09

	
	90
	11.22
	12.53
	3.61
	4.25
	0.82
	0.93
	3.95
	4.40

	


C
	3
	10.43
	11.05
	4.61
	4.87
	10.76
	11.16
	3.29
	3.61

	
	7
	11.31
	11.62
	4.43
	4.75
	10.35
	10.63
	4.08
	4.14

	
	28
	10.33
	12.17
	3.17
	3.83
	10.24
	10.96
	4.41
	5.57

	
	90
	11.26
	12.51
	3.21
	4.05
	9.76
	10.52
	5.25
	5.68

	

calcite
	3
	9.41
	10.91
	4.42
	5.11
	9.92
	11.90
	3.51
	3.80

	
	7
	11.72
	12.20
	4.11
	4.73
	10.98
	11.49
	4.59
	4.68

	
	28
	9.59
	10.36
	3.16
	3.38
	10.65
	10.92
	4.04
	4.38

	
	90
	11.05
	11.83
	3.59
	3.70
	11.38
	11.74
	5.22
	5.92

	

MgCO3
	3
	9.23
	11.24
	4.85
	5.49
	1.38
	2.07
	3.51
	4.07

	
	7
	10.26
	10.80
	4.29
	4.99
	1.89
	2.25
	4.20
	4.50

	
	28
	8.46
	9.45
	2.80
	3.63
	4.67
	5.16
	3.99
	4.42

	
	90
	8.75
	9.29
	3.11
	3.65
	4.28
	4.90
	4.42
	4.87

	

dolomite
	3
	10.79
	11.36
	4.93
	5.50
	1.40
	2.37
	3.42
	3.79

	
	7
	10.75
	11.56
	4.29
	5.00
	1.49
	1.67
	3.94
	4.29

	
	28
	10.00
	10.40
	2.83
	3.32
	1.61
	1.67
	4.20
	4.33

	
	90
	10.94
	11.90
	3.38
	3.83
	1.39
	1.83
	5.17
	5.51

	

Li2CO3
	3
	8.04
	8.70
	0.66
	1.12
	4.14
	4.61
	5.08
	5.83

	
	7
	10.05
	10.49
	0.38
	0.97
	4.13
	4.83
	5.44
	5.87

	
	28
	8.82
	9.56
	-
	-
	6.06
	6.59
	4.30
	4.68

	
	90
	11.38
	12.03
	-
	-
	4.39
	5.02
	5.28
	5.46

	

KHCO3
	3
	5.58
	6.33
	-
	-
	9.49
	10.14
	7.28
	8.76

	
	7
	7.23
	7.70
	-
	-
	9.17
	10.61
	6.40
	6.90

	
	28
	9.31
	9.40
	-
	-
	9.69
	10.63
	5.37
	5.51

	
	90
	10.29
	10.61
	-
	-
	10.11
	11.99
	5.63
	7.37

	

K2CO3
	3
	9.34
	9.70
	-
	-
	4.42
	5.02
	5.14
	5.52

	
	7
	10.77
	11.25
	-
	-
	4.90
	5.27
	3.18
	4.21

	
	28
	8.42
	9.82
	-
	-
	6.49
	11.54
	2.48
	2.86

	
	90
	13.21
	14.22
	-
	-
	5.29
	6.11
	4.24
	5.14



























Table 5. The minimum and maximum contents of hydration products in relation to hydration time and 40°C.
	
sample
	days of hydration
	CH (wt%)
	E (wt%)
	CaCO3 (wt%)
	Mc (wt%)

	
	content/ 40°C
	minimum
	maximum
	minimum
	maximum
	minimum
	maximum
	minimum
	maximum

	

PC
	3
	13.27
	13.35
	4.07
	4.34
	1.00
	1.73
	3.85
	4.20

	
	7
	12.25
	14.66
	3.38
	3.73
	0.96
	1.23
	3.65
	4.79

	
	28
	12.88
	14.10
	4.45
	4.95
	1.50
	1.88
	3.84
	4.30

	
	90
	12.25
	12.79
	3.33
	3.77
	0.51
	1.10
	2.87
	3.17

	


C
	3
	12.11
	12.54
	4.07
	4.40
	12.41
	12.78
	4.27
	4.30

	
	7
	12.15
	12.46
	3.26
	4.05
	11.77
	11.83
	3.86
	4.03

	
	28
	11.65
	12.80
	3.62
	4.16
	10.46
	10.83
	3.97
	4.68

	
	90
	12.08
	12.76
	3.29
	3.69
	10.60
	11.20
	3.60
	3.68

	

calcite
	3
	11.17
	11.81
	4.15
	4.41
	10.76
	11.62
	3.84
	4.07

	
	7
	11.24
	13.71
	3.53
	4.34
	10.55
	12.97
	3.91
	4.73

	
	28
	11.02
	12.43
	3.53
	3.75
	10.60
	11.91
	4.55
	4.68

	
	90
	11.70
	12.45
	3.37
	3.55
	10.67
	11.88
	4.18
	4.42

	

MgCO3
	3
	10.07
	10.68
	4.96
	5.17
	2.25
	2.58
	4.28
	4.72

	
	7
	9.11
	9.86
	4.02
	4.24
	2.16
	2.85
	3.84
	4.62

	
	28
	9.66
	10.18
	4.30
	4.85
	4.68
	5.67
	4.74
	4.86

	
	90
	8.52
	9.37
	4.26
	4.67
	8.87
	9.98
	3.56
	3.88

	

dolomite
	3
	11.47
	11.83
	3.85
	4.19
	1.72
	2.06
	3.66
	4.23

	
	7
	12.33
	13.12
	3.81
	3.98
	1.81
	1.97
	4.47
	4.80

	
	28
	12.07
	12.59
	4.21
	4.35
	2.25
	3.09
	5.08
	5.44

	
	90
	11.72
	12.42
	3.73
	4.02
	1.82
	3.09
	4.16
	4.86

	

Li2CO3
	3
	8.90
	9.89
	-
	-
	4.44
	5.02
	4.67
	5.58

	
	7
	9.59
	10.59
	-
	.
	4.97
	5.69
	5.28
	5.77

	
	28
	10.31
	10.75
	-
	-
	5.10
	5.75
	4.91
	5.04

	
	90
	11.57
	12.77
	-
	-
	5.33
	5.79
	4.32
	5.07

	

KHCO3
	3
	6.60
	7.29
	-
	-
	10.53
	11.06
	6.64
	6.88

	
	7
	8.14
	8.92
	-
	-
	9.91
	11.13
	3.21
	6.63

	
	28
	10.91
	11.63
	-
	-
	11.43
	11.94
	5.55
	5.66

	
	90
	11.00
	11.69
	-
	-
	12.27
	13.00
	5.15
	6.35

	

K2CO3
	3
	10.66
	11.91
	-
	-
	6.00
	6.38
	3.86
	6.39

	
	7
	11.96
	12.65
	-
	-
	5.11
	5.94
	4.62
	5.34

	
	28
	13.95
	14.42
	-
	-
	5.51
	6.03
	4.06
	4.59

	
	90
	14.64
	15.56
	-
	-
	5.62
	5.99
	3.53
	4.52





CSH can include CO32- anions in its structure, and consequently calcium silicocarbonate hydrates can be formed. We have not identified any with an XRD analysis, but we assume their formation. If the hydration of clinker phases in samples with added calcite or C is accelerated, slightly more SCH should form in these samples than in clear PC samples. Actually we have identified less CSH during the hydration in samples with calcite compared to PC samples probably just due to formation of calcium silicocarbonate hydrates. After 90 days of hydration the CSH contents in the samples with added calcite are comparable to those in the samples of clear PC, whereas the CSH contents in the samples with added Cwere still lower compared to samples of clear PC, especially at 25°C. 
The crystallinity of samples with added carbonate does not depend on temperature, after 3 days of hydration it is around 44% and after 90 days of hydration it is around 41%. Exact values are collected in Table 2. After 3 days of hydration the crystallinity in samples with added carbonate and samples with PC is comparable, whereas after 90 days of hydration the crystallinity of samples with added carbonate is higher than that of PC samples (around 10%).

MgCO3 (solubility at 25°C is 0.18g/100g water20)
The hydration products in samples with added MgCO3 are the same as the hydration products in PC samples, with the difference that due to the dissolution of MgCO3 in the presence of CH, the additional formation of Mg(OH)2 occurs after 28 days of hydration at 25°C or after 7 days of hydration at 40°C. (The reaction: MgCO3 + Ca(OH)2 → CaCO3 + Mg(OH)2) After 28 days no vaterite forms at 25°C as well as at 40°C. Hydration products and their contents at 3, 7, 28 and 90 days of hydration and both temperatures are demonstrated in Figure 4.


Figure 4. The quantitative determination of hydration products in cements with added MgCO3 at 3, 7, 28 and 90 days of hydration and two temperatures, 25 and 40°C.


Figure 4 and the above reaction clearly explain that the amount of reacted MgCO3 increases with temperature (after 90 days of hydration: 25°C 7.52%, 40°C 11.71%). Consequently, at a higher temperature Mg(OH)2 is formed earlier (after 7 days) and in larger amount (90 days hydration: 25°C 0.58%, 40°C 1.95%). The same holds for CaCO3 and more CH is being used (see Table 3). The hydration of the clinker phases (C3S, C2S, C3A) is accelerated. The increased temperature (from 25 to 40°C) accelerates the hydration of C2S after 3 days, whereas the amount of reacted C3S is lerger after 90 days of hydration. In samples with added MgCO3 after 90 days of hydration C3S: 25°C 1.30% ,40°C 1.17% and C2S: 25°C 1.35%, 40°C 0.27% remains. Because CH is being used for the dissolution reaction, there is less of it in samples with added MgCO3 than in samples of clear PC (see Figure 2). More of it is used up during the hydration time at both temperatures (25°C at 28 days, 40°C at 7 days) for the dilution reaction than is formed during the hydration of calcium di-/tri-silicates. The formation of semi-crystalline CSH is unhindered by the addition of MgCO3 and is quantitatively comparable with clear PC samples at both temperatures and all hydration stages (after 90 days of hydration: samples with MgCO3 25°C 5.68%, 40°C 5.99% ; PC samples 25°C 5.19%, 40°C 5.99%). We could not identify partial formation of calcium silicocarbonate hydrates, but predict them. After 90 days of hydration the E contents at both temperatures are comparable to both samples without and with added MgCO3 (see Figure 2). After 90 days of hydration there is a slightly higher amount of formed Mc at both temperatures in samples with added MgCO3 compared to samples of clear PC (Table 3). I can thus conclude that a 15% addition of MgCO3 at both temperatures does not significantly affect the formation of E and Mc, but it does accelerate the hydration of the clinker phases (C3S, C2S in C3A). In samples with MgCO3 after 90 days of hydration there is a lot of slightly soluble calcium carbonate (CaCO3+MgCO3) present (25°C 12.05%, 40°C 12.88%), for which I gather that it is unreacted (that is, it serves as a filling) and together with Mc it only stabilizes the E. The amount of reacted calcium carbonate after 90 days of hydration is around 3.7%, which is even slightly less than in samples with added Cor calcite. For all samples with the addition of different soluble carbonates are considered that the part of reactive carbonate depends on the molecular weight of added carbonate so it can be calculated from the following equation:

W(reactive carbonate) = 15 % (or inital carbonate content added in the sample) – 			1
The added carbonate which is converted into inert CaCO3 is considered to be unreactive.

The SiO2, gismondine, C4AF, C3AH6 and tilleyite portion are small and comparable to samples of clear PC.
The crystallinity of samples with added MgCO3 does not depend on temperature and after 3 days of hydration it is approximately at 49% and after 90 days of hydration it is around 41%. The exact values are collected in Table 2. The crystallinty in the samples with added MgCO3 is always higher than in PC samples and after 90 days of hydration the values are around 10% higher than in samples of clear PC. 

Dolomite


Hydration products in samples with added dolomite are the same as hydration products in PC samples, with the difference, due to the dilution of dolomite in water, that besides crystallizing CaCO3 on the surface of the dolomite grains MgCO3 crystallizes as well (after 3 and 7 days of hydration at both temperatures). I predict that a small quantity of MgCO3 then reacts with CH (as in the samples with MgCO3), although after 28 as well as 90 days of hydration via the Rietveld method I did not identify the formed Mg(OH)2, due to insufficient quantities. Moreover, we confirmed that there was no dedolomitisation reaction, no expansion reaction between the dolomite and the base (CH): CaMg(CO3)2 + Ca(OH)2 = Mg(OH)2 + 2CaCO3 even after 90 days of hydration at an increased temperature, 40°C.[endnoteRef:21] After 28 days vaterite is not formed both at 25°C and 40°C. Hydration products and their contents at 3, 7, 28, 90 days of hydration and both temperatures is clearly visible on Figure 5. Figure 5 clearly shows the amount of diluted dolomite, which after 90 days of hydration is around 5% (25°C 4.74%, 40°C 5.68%). Thus, after 90 days of hydration in samples with added dolomite there was a lot of unreacted carbonate present (unreacted dolomite+CaCO3: 25°C 11.93%; 40°C 11.79%). We anticipate that it acts like a filling and at the same time, together with Mc, stabilizes E, the portions of which, in samples with or without the added slightly soluble carbonate, are comparable after 90 days of hydration at both temperatures and are around 3.5% (see Table 3). The amount of reacted carbonate after 90 days of hydration is thus around 1.4% at both temperatures, which is even lower comparable to samples with added MgCO3 or samples with added C/ calcite.  [21: . S. Gali, C. Ayora, P. Alfonso, E. Tauler, M. Labrador, Cem. Concr. Res. 2001, 31, 933-939.] 



The amounts of formed Mc after 90 days of hydration in all samples with added slightly soluble carbonate are comparable (see Table 3). As with other samples with added slightly soluble carbonate the hydration of the clinker phases is accelerated (C3S, C2S, C3A) and after 90 days the amounts of unreacted di-/tri- silicates are small (C3S: 25°C 0.69%, 40°C 0.66% and C2S: 25°C 2.05%, 40°C 1.24%). The amount of the formed CH is around 12%, after 90 days of hydration, its contents are comparable to those in the samples with added calcium carbonate or C (see Table 3), because CH is not being used up like in samples with added MgCO3. Furthermore, in samples with added dolomite the formation of partly crystalline CSH is unhindered and is after 90 days of hydration at both temperatures quantitatively slightly higher than in samples of clear PC or other slightly soluble carbonates (25°C 6.74%, 40°C 7.16%). However I assume partial formation of calcium silicocarbonate hydrates but we could not identify them. The amount of SiO2, gismondine, C4AF, C3AH6 and tilleyite are small, their contents do not exceed 1%. The increased temperature (from 25 to 40°C) somewhat accelerates the hydration speed and increases the degree of reactivity of the clinker phases C3S and C2S. The amount of stable hydration products (CH, Mc, C) is changed slightly during the hydration process, the differences being minor (see Table 3).
The crystallinty of the samples with added dolomite does not depend on temperature. After 3 days of hydration it is around 50%, after 90 days it is around 43%. The exact values are collected in Table 2. The crystallinity is in the samples with added dolomite always higher than in PC samples and after 90 days of hydration the values exceed the samples with clear PC by 12%. 


Figure 5. The quantitative analysis of hydration products in cements with added dolomite at 3, 7, 28 and 90 days of hydration and two temperatures, 25 and 40°C.

3.3. Medium soluble carbonate

Li2CO3 (solubility at 25°C is 1.30g/100g water20)


A 15% addition of the moderately soluble carbonate Li2CO3 affects the cement hydration. With the applied Rietveld method the following phases were identified: CH, E (3 and 7 days hydration at 25°C) Mc, partly crystalline CSH, CaCO3, Li2CO3, calcium aluminum hydrate C3AH6, unreacted clinker phases C3S, C2S, C4AF and compounds in traces (under 2%): hydrogen aluminum silicate HAlSi3O8, lithium sulfate hydrate Li2S2O6(H2O)2, SiO2, gismondine CAS2H4 and carbosilicate tilleyite 3CaO∙SiO2∙2CaCO3. The hydration of the clinker phases of C3A and C2S[endnoteRef:22] is accelerated, whilst the hydration of C3S at both temperatures is decelerated (see Figure 6). What remains after 90 days of hydration in samples with added Li2CO3 is 2.44% of C3S at 25°C and 1.78% of C3S at 40°C. (C3S in PC after 90 days: 25°C 1.33%; 40°C 1.28%.) Consequently, the amount of formed CSH is increased and the differences between samples with and without the added Li2CO3 increase with the level of hydration. After 90 days of hydration in samples with Li2CO3 at 25°C there is 8.58% and at 40°C there is 8.22% CSH. (PC 25°C 5.19%; 40°C 5.99%.) After 90 days of hydration around 4% Li2CO3 is reacted (25°C 4.07%, 40°C 3.8%). Lithium with sulfate ions forms the lithium sulfate hydrate Li2S2O6(H2O)2. At both temperatures the contents during the hydration remain low, under 1%, but apparently high enough to not allow the formation of E or Ms, probably due to the lack of availability of sulfate ions. E only occurs in small amounts (under 1%) at 25°C during the beginning stages of hydration (after 3 and 7 days), whereas at 40°C it does not even occur. The amount of the formed Mc increased, the exact values are collected in Table 3. A part of the aluminum is used for the formation of hydrogen aluminum silicate HAlSi3O8 (the contents during the 90 days of hydration at both temperatures do not exceed 1%). We propose that a part of Li2CO3 dilutes in CH, through which CaCO3 precipitates (its contents increase with hydration levels and increased temperature and are collected in Table 3), as the contents of CH after 3, 7 and 28 days of hydration are too low with regard to the high amounts of formed CSH or the reactivity of di-/tri- silicates. After 90 days, the amount of formed CH at both temperatures (around 12%, the exact values are collected in Table 3) is comparable to samples with added slightly soluble calcium carbonate and C. In samples with Li2CO3 after 90 days of hydration there is a lot of carbonate present (Li2CO3+CaCO3: 25°C 15.72%; 40°C 16.74%), for which we propose that its role in the later stages of cement hydration is predominantly an inert filling. After 90 days of hydration there is no reactive carbonate present in the samples with added Li2CO3, which means that all dissolved Li2CO3 (about 4%) is transformed into stable/ inert CaCO3.  [22: . P. Gu, J. J. Beaudoin, J. Mater. Sci. Lett. 1997, 16, 696-698.] 


The portions of SiO2, gismondine, C4AF, C3AH6 and tilleyite are relatively minor, not exceeding 2%. The increased temperature (from 25 to 40°C) somewhat accelerates the hydration speed and increases the degree of reactivity of the clinker phases. The amount of stable hydration products (CH, Mc, C) is changed slightly during the hydration process, the differences being minor, around 1% or less (see Table 3).
The crystallinity of the samples with added Li2CO3 does not depend on temperature. After 3 days of hydration it is around 53% and after 90 days of hydration it is 49%. The exact values are collected in Table 2. The crystallinity in the samples with added medium soluble carbonates is always higher than in PC samples. After 90 days of hydration the values are 18% higher compared to samples with clear PC. This is attributed to the high amounts of the present carbonate (Li2CO3+CaCO3) in samples with added Li2CO3.


Figure 6. The quantitative analysis of hydration products in cements with added Li2CO3 at 3, 7, 28 and 90 days of hydration and two temperatures, 25 and 40°C.

3.4. Highly soluble carbonates

KHCO3

A 15% addition of the highly soluble carbonate KHCO3 significantly affects the cement hydration due to the high solubility and its important role in changing the pH-value (towards making it less basic). With the applied Rietveld method the following phases were identified: CH, Mc, partly crystalline CSH, CaCO3, K2SO4, calcium aluminum hydrate C3AH6, unreacted clinker phases C3S, C2S, C4AF and compounds in traces (under 2%): SiO2, gismondine CAS2H4 and carbosilicate tilleyite 3CaO∙SiO2∙2CaCO3. The hydration of the clinker phases (C3A in C2S) is accelerated, whereas the hydration of C3S is decelerated. It reaches contents comparable with those in PC only after 90 days of hydration at 25°C and at 40°C after 90 days of hydration there is some more reacted C3S than in PC. (90 days hydration: KHCO3 25°C 1.52%, 40°C 0.40%; PC 25°C 1.33%, 40°C 1.28%.) The amount of formed CSH is increased and the differences compared with clear PC only increase with hydration stages. The amounts of the formed CSH are at both temperatures comparable and are slightly higher at 40°C (See Figure 7). After 90 days of hydration in the samples with KHCO3 there is 7.56% CSH at 25°C and 7.76% at 40°C. (PC 25°C 5.19%; 40°C 5.99%.) Already after 3 days of hydration at both temperatures no KHCO3 is visible. The hydration products make it clear that part of KHCO3 reacts with gypsum (CaSO4∙2H2O) at both temperatures, during which K2SO4 and CaCO3 is formed. Apparently the entire available sulfate in gypsum is used for the formation of K2SO4 during the reaction, thus I predict that the formation of E or Ms is hindered. After 90 days at 25°C in samples with KHCO3 there is 3.40% K2SO4 present and at 40°C there is 3.31% K2SO4 present. The amount of formed Mc increased, the values are collected in Table 3. The CH contents are low at both temperatures during the hydration process (see Table 3) compared to the high amounts of formed CSH or the reactivity di-/tri- silicates. I anticipate the KHCO3 dissolving in CH and furthermore the CH reacting with H2CO3 during which CaCO3 is formed (the contents are collected in Table 3). Thus, in samples with KHCO3 after 90 days of hydration there is 25°C 10.92% CaCO3 present and 12.57% at 40°C. The amount of reactive carbonate is around 3%. 
The amounts of SiO2, gismondine, C4AF, C3AH6 and tilleyite are small, not exceeding 2%. At a higher temperature (from 25 to 40°C) the amount of the reacted clinker phases C3S and C2S is higher, which is consequently shown on a higher amount of hydration products (CH, CSH) – Figure 7. At 40°C the amount of CaCO3 is slightly higher during the hydration process as there was more CH available, which could then react with H2CO3. 
The crystallinity of samples with added KHCO3 does not depend on temperature. After 3 days of hydration it is 50% and after 90 days of hydration it is 44%. The exact values are collected in Table 2. The crystallinity in samples with added KHCO3 is always higher compared to PC samples and after 90 days of hydration the values exceed those of clear PC samples by 13%. 


Figure 7. The quantitative analysis of hydration products in cements with added KHCO3 at 3, 7, 28 and 90 days of hydration and two temperatures, 25 and 40°C.

K2CO3

A 15% addition of the highly soluble carbonate K2CO3 significantly affects the cement hydration. With the applied Rietveld method the following phases were identified: CH, Mc, partly crystalline CSH, CaCO3, K2SO4, K2CO3, calcium aluminum hydrate C3AH6, unreacted clinker phases C3S, C2S, C4AF and compounds in traces (under 2%): SiO2, gismondine CAS2H4 and carbosilicate tilleyite 3CaO∙SiO2∙2CaCO3. The hydration of the clinker phases (C3A and C2S) is accelerated, whereas the hydration of C3S is decelerated in the first stages of the hydration (3 and 7 days), but after 28 in 90 days of hydration it is accelerated at both temperatures. (90 days hydration: K2CO3 25°C 0.88%, 40°C 0.37%; PC 25°C 1.33%, 40°C 1.28%.) The amount of the formed CSH is increased and the difference after 90 days of hydration is 5 % higher compared to clear PC samples. (K2CO3: 25°C 10.63%, 40°C 10.47%; PC: 25°C 5.19%, 40°C 5.99%.) The hydration products make it clear (see Figure 8) that K2CO3 at both temperatures reacts with gypsum (CaSO4∙2H2O), at which point K2SO4 is formed. The entire available sulfate is apparently used for the formation of K2SO4 and thus the formation of E or Ms is indirectly hindered. After 90 days at 25°C in samples with K2CO3 there is 5.03% of K2SO4 present and 4.82% at 40°C. A part of K2CO3 remains unreacted, but the amount after 90 days of hydration at both temperatures is small, not exceeding 1.5% (25°C 1.29%, 40°C 1.22%). The amount of formed Mc is minimally increased after 90 days of hydration at both temperatures, the values are collected in Table 3. The CH amounts in the beginning stages of hydration (3 and 7 days at 25°C and 3 days at 40°C) are low compared to the high amounts of formed CSH or reactivity of di-/tri- silicates. Thus I predict that a part of K2CO3 dilutes in CH during the beginning phases of hydration, during which CaCO3 is formed. After 90 days of hydration at 25°C and 28 days of hydration at 40°C the CH is not being used up anymore and so the contents of CH exceed those in clear PC (see Table 3). In samples with K2CO3 after 90 days of hydration there is around 7% calcium (K2CO3+CaCO3: 25°C 6.91%; 40°C 7%) present for which I predict that it serves as an inert filling during the later stages of the cement hydration process. The amount of reactive carbonate is after 90 days of hydration and the both temperatures around 6%.
The amounts of SiO2, gismondine, C4AF, C3AH6 and tilleyite are small, not exceeding 2%. At an increased temperature (from 25 to 40°C) the reactivity of the clinker phase C2S is slightly higher, whereas the majority of the reacted C3S is only visible after 28 days of hydration (see Figure 8).
The crystallinity of the samples with added K2CO3 does not depend on temperature. After 3 days it is between 45 and 50% and after 90 days of hydration it is 45%. The exact values are collected in Table 2. The crystallinity in samples with added K2CO3 is always higher compared to PC samples and after 90 days of hydration the values exceed those of clear PC samples by 14%. 


Figure 8. The quantitative analysis of hydration products in cements with added K2CO3 at 3, 7, 28 and 90 days of hydration and two temperatures, 25 and 40°C.

4. Discussion
Results presented above show that the addition of differently soluble carbonates does have an influence on cement hydration, the higher the solubility the more obvious the differences are (see Figure 9). 

[image: ] 
Figure 9. X-ray diffraction patterns of 90-day hydrated samples at 25°C/ 40°C and phases identified: a-CH; b-E; c-Calcite; d-Mc; e-C3S; f-C2S; g-C4AF; h-C3AH6; i-CSH; j-SiO2; k-Mg(OH)2; l-MgCO3; m-Dolomite; n-Hydrogen Aluminium Silicate; o-Lithium Sulfate Hydrate; p-Li2CO3; r-K2SO4.
Hydration process and the contents of stable hydration products do not change significantly in the temperature range 25 to 40°C. The hydration of the clinker phases (C3A, C3S and C2S) is at 40°C somewhat accelerated and the amount of stable phases (E in slightly soluble carbonates, Mc, CH, calcite and CSH) of cement hydration is slightly changed. Presence of stable phases in our samples confirm T. Matschei calculations3.

Slightly soluble carbonates (C, calcite, MgCO3, dolomite) accelerate the hydration of the clinker phases C3A, C3S and C2S. Medium soluble (Li2CO3) and highly soluble (KHCO3, K2CO3) carbonates accelerate the hydration of C3A and C2S, whereas the hydration of C3S is decelerated:
· in samples with added Li2CO3 even after 90 days of hydration;
· in samples with added KHCO3 at 25°C even after 90 days of hydration, at 40°C in the first stages of the hydration (3, 7 days), after 28 and 90 days the amount of unreacted C3S is smaller than in PC samples;
· in samples with K2CO3 in the first stages of the hydration (3, 7 days), after 28 and 90 days the amount of unreacted C3S is smaller than in PC samples. 
The amount of reacted carbonate in cement hydration at a 15% addition of slightly or moderately soluble carbonates does not exceed 5% and is not affected by their solubility. At a 15% addition of the highly soluble carbonate K2CO3 a higher amount of carbonate is used up during the hydration process and after 90 days it is around 6%. At the addition of the highly soluble carbonate KHCO3 the change in the pH value also plays a role in addition to the solubility and great amounts of CaCO3 are formed in samples due to the reaction between H2CO3 and CH (after 90 days they exceed 10%). The rest of the carbonate serves predominantly as an inert filling.

In PC samples as well as samples with differently soluble carbonates the stable hydration products are Mc, E (at the addition of slightly soluble carbonates), C, CSH and CH. While the samples were prepared with PC which had a molar ratio SO3/Al2O3 = 0.9 and even after 3 days of hydration in all samples Mc and Hc were not identified, we conclude, that the molar ratio CO2/Al2O3 is equal or higher from 1. That means that all our samples (also include samples of pure PC) had excess of reactive carbonate after 3 days of hydration already. 

The amount of Mc after 90 days of hydration at the addition of any kind of carbonates is slightly higher than in PC samples. With the presence of differently soluble carbonates Mc is stabilized and in turn causes E to be stabilized in slightly soluble carbonates, whereas the formation of E in moderately and highly soluble carbonates is hindered.  The amount of E in samples with or without the added slightly soluble carbonates is comparable and after 90% days of hydration the content is around 4%. It is well known that the addition of carbonate affects the change of the Ca/Si ratio in CSH, but it cannot cause the formation of new CSH gel, as it has no pozzolanic qualities. Scientific writings show us that a part of the carbonate is incorporated in the CSH, at which point calcium silicocarbonate hydrates are formed but we could not identify any with Rietveld method. We do, however, predict their formation, as with the addition of slightly soluble carbonates (C, calcite, MgCO3) we can identify comparable CSH contents only after 90 days of hydration compared to clear PC samples, even if the hydration of di-/tri- silicates is accelerated. The amount of identified CSH increases with the solubility of the added carbonates and after 90 days of hydration with the addition of the slightly soluble carbonate dolomite the CSH contents exceed those of PC samples by 1%, with the addition of the medium soluble carbonate Li2CO3 and the highly soluble carbonate KHCO3 it is even higher for about 2%, with the addition of K2CO3 the CSH contents are higher for about 5%. Even though the quantification of CSH with XRD analysis is more difficult and harder to determine due to its semi amorphous nature, we can conclude based on the gathered data that the addition of carbonates affects its formation during the hydration – in the way of changing the Ca/Si relation and/or partial inclusion of CO32- into its structure.
The crystallinity of the samples does not depend on temperature and after 90 days of hydration is always lower than after 3 days of hydration both in PC samples as well as at the addition of differently soluble carbonates. After 90 days of hydration the crystallinity in PC samples is 31%, after the addition of slightly soluble carbonates the crystallinity is higher for about 10%, after the addition of moderately soluble carbonates for about 18% and after the addition of highly soluble carbonates for about 14 % (when compared to clear samples of PC). 

5. Conclusions

We can conclude that blending of PC with differently soluble carbonates was found to influence the hydrate assemblage of the hydrated cement. With the help of the Rietveld analysis the study indicated that Mc and not Ms were stable in the presence of any carbonate. Even more, the Mc was stabilized in the presence of slightly soluble carbonates, consequently causing the stabilization of E. The amount of Mc after 90 days of hydration at the addition of any kind of carbonates is slightly higher than in PC. In the presence of either medium or highly soluble carbonates E is not formed or its formation is delayed. Their amount is comparable in samples with or without slightly soluble carbonates. Carbonates accelerate the hydration of the clinker phases C2S and C3A, whereas the hydration of C3S is accelerated in slightly soluble carbonates and decelerated in moderately and highly soluble carbonates. The amount of reacted carbonate in cement hydration at a 15% addition of slightly or medium soluble carbonates does not exceed 5% and is not affected by their solubility; at a 15% addition of the highly soluble carbonate K2CO3 it is around 6%.  An increase in temperature (25 to 40°C) gradually effects one, the rate of hydration and two, the quantity of stable phase assemblage (E in slightly soluble carbonate-blended cements, monocarboaluminate, calcite and portlandite). 
The crystallinity of the samples is independent on the temperatures (25 to 40°C) and is after the 90 days of hydration always lower than after 3 days of hydration in the samples of clear PC and in the samples to which carbonate was added. 
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wt %

CaCO3
3 days 25°C	0.30836013809624419	0.11071637194889483	0.2572137148723197	0.19854580905341512	7.7793121120513259E-2	0.12364903107100567	0.2986789839754298	3.3468258223029956E-2	8.4063662382585669E-2	6.5677098634120301E-2	0.10002394364038664	0.1400417219484752	0.3132298375656255	0.14697362814456127	0.14104365877209801	0.17447817617904882	6.0424728977878706E-2	0.19369266417745834	0.20751825503269394	3.0734603502627744E-2	5.0718252880490589E-2	0.1068124159739956	6.8872914838624955E-2	7.6960037214816424E-2	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	C4AF	C3AH6	Tilleyite	Vaterite	10.741725879781981	4.7597440766933721	10.902732313125655	3.5366945350180976	0.23805440797376901	3.4866741945204649	5.317914033396808	0.27738368001977803	3.832670759476795	0.72477497289759152	0.40192856295591922	0.26735581557893245	7 days 25°C	0.15134832405577647	0.16065276057215794	0.13917795768657015	6.3017662759777604E-2	0.1027832817793648	3.0360579488888817E-2	0.14083108447339576	3.4146689279254377E-2	0.11944066190335878	3.8624592590675799E-2	0.12386642904042788	8.7671262858393537E-2	0.15134832405577825	0.16065276057215794	0.13917795768657015	6.3017662759777604E-2	0.1027832817793648	3.0360579488888817E-2	0.14083108447339576	3.414668927925435E-2	0.11944066190335967	3.8624592590675827E-2	0.12386642904042783	8.7671262858393537E-2	11.464024842939192	4.5907020216559014	10.492940268914413	2.3339172031406052	0.23963598477783277	4.1137103331834695	4.2421355274587329	0.19251560006195823	4.2464049867009095	0.28239346980669688	0.49624738142138014	8.7671262858393537E-2	28 days 25°C	0.89987552963498985	0.34752492692757952	0.45031255963919037	0.22891247097468836	3.5047964756149297E-2	0.68170128201314828	0.25823964961293155	2.8786742284311564E-2	0.28169116734404387	0	0.22726779328962066	0.71186187473306017	0.63079216340037403	0.93765868168205735	0.31519044285969278	0.2694503459023494	0.34621794286597396	2.8506149016394422E-2	0.47317846679710307	0.44410189669255162	4.2012504017970617E-2	0.3995428797845646	0	0.21972907508313733	0.37822107371113889	0.3796384207672891	11.267627079020981	3.4830517394642371	10.511074447700427	1.3921235695124656	0.32325663382668085	4.8846484300565622	2.9743402622823019	0.12120413388416777	4.1810414555686046	0	0.57523947228175587	0.6105121954211522	0.74241868844033665	90 days 25°C	0.7706154626461732	0.40732396790071501	0.39391150179323731	4.7173414253767754E-2	2.277127576542734E-2	0.24409366599606042	0.23513465100934705	8.7088775004132896E-2	0.78009248763232275	0.13979485510284004	4.7349626902385422E-3	0.23599964412394958	0.47360501798440602	0.42536881493102952	0.36635060777774875	2.7600871207573596E-2	1.7871400109907232E-2	0.1852721217014599	0.20247550917885615	4.3544387502066441E-2	0.39272671901804657	0.20230371405455264	8.5180094381915872E-3	0.20483239305536927	11.73533262794731	3.6379496310412573	10.122058079955808	0.76275219328466815	0.23414061049676468	5.4340944642734037	1.5937296240774437	4.3544387502066441E-2	4.5018417163683377	0.20230371405455264	0.86179834860088367	1.655372904895658	3 days 40°C	0.19370268692298431	0.14500535197194431	0.23109208448009433	0.2759182003292282	2.8049617045695668E-2	1.21383786224456E-2	0.27123035289837016	0	0.24721891779462002	4.5985368607256161E-2	0.10730938622441544	0.12525110602728481	0.23147522697163225	0.17850848933700902	0.14459761170539132	0.30752058610939503	2.360109196221466E-2	2.0720541187063013E-2	0.15596611342588584	0	0.34099259001962423	2.6855210510658645E-2	9.7151722475826929E-2	0.14826093085166345	12.345409486544661	4.2528946938785834	12.550155049861951	3.0524816162686634	0.24052443155586331	4.2886026150603271	4.7696845911883807	0	4.4144592115038677	0.36167166944868151	0.71280065504105916	0.14826093085166345	7 days 40°C	0.17024050828492854	0.44562610304969308	2.9903450874542159E-2	7.2531801845493238E-2	2.484673816014013E-2	5.5069433152915348E-2	0.31814129781715028	0	0.21009506405629796	2.9063799015602132E-2	0.21735394587722956	0.49445516924741628	0.13864313460287114	0.3438383033959167	3.465376858679825E-2	5.0548880103614025E-2	4.1385622327975907E-2	0.10864956371208523	0.21375437312162004	0	0.25144032311417508	2.291255971003342E-2	0.3967461147692522	0.28309200142677171	12.292581124231029	3.5999208681741344	11.799811085796518	2.3103995608238606	0.23790995202013085	3.9729850244667602	2.8775635770181602	0	5.448234350342986	0.35045310919695832	0.71588533303890534	0.42972353414526099	28 days 40°C	0.62974868527221517	0.21939013148024777	0.16362782781531671	0.12251735994036617	4.9464303953936972E-2	0.41498550551509705	8.8257324509972257E-2	7.3281875713496286E-2	0.48299215317258604	7.5817709503077479E-2	3.6287128064746987E-3	0.22990443870639093	0.108509724402577	0.52171771930006727	0.31789093289662507	0.20948996233971151	9.4779846685008273E-2	7.4733571513512703E-2	0.29029373015018578	0.15203333312288914	3.8526255199658355E-2	0.34009827896754796	6.0814805444765474E-2	1.9580217899366481E-3	0.14638285186548802	0.11266784487539336	12.168278279541994	3.9384607243975012	10.664969828645619	1.2345888551204693	0.26404441028480036	4.2618773685394915	1.5563805873155891	0.12923769877756702	5.0570933450187994	0.27125216157761656	1.0927965617438995	0.32410411111274767	0.27586416187637991	90 days 40°C	0.40995994592331719	0.24543333404133483	0.28579115962468116	3.9945145859458409E-2	3.0450877229209083E-2	4.4251389923412709E-2	0.16406319976905737	5.5598629711007083E-2	0.48147646180662829	0.10015101472458871	0.13652936703285379	0.10930077691453938	0.27372255451920324	0.15315576299015143	0.30777843116762149	2.4484450614215114E-2	2.2595184380750977E-2	3.8039523226685912E-2	9.7116441898930317E-2	9.664173813424419E-2	0.62238733381019706	5.1043622026803709E-2	7.4681103971449447E-2	5.4650388457269689E-2	12.351458403575805	3.4399862687773712	10.909953791877941	0.56586817899345931	0.26852193243846456	3.6371579630554471	0.99140215618464467	9.664173813424419E-2	5.425621552286902	0.30087396926003657	1.4515295695462622	5.4650388457269689E-2	phases
wt (%)
CALCITE
3 days 25°C	0.78103005239040257	0.38236312319922749	1.1124219440300429	0.18438245582111978	2.9341208384957018E-2	0.10857363604834491	0.61073117441696212	1.7555045202601621E-2	1.3242841697136525	4.9797457173597071E-3	0.16762190150396333	0.21295102775250924	0.72331723139098969	0.30680896075669306	0.86033929753648586	0.3309884094071025	5.4215202258629136E-2	0.18094613021541806	0.33677078491562984	2.031917209749684E-2	0.71743921139809963	3.344659524517013E-3	0.20964434486139294	0.11604844465623942	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	C4AF	C3AH6	Tilleyite	Vaterite	10.132355774381246	4.7232034635861178	10.783168607151055	2.7195271641720322	0.19813867302122676	3.6951180912488781	5.2824971720397285	0.18639243467880454	3.5013303458632024	0.59949883148555039	0.31161808480209602	0.46557687365111938	7 days 25°C	0.29997022071475499	0.35836490876737503	0.31637242906945318	0.22569838727574876	8.2476107215986555E-2	4.6213156992283899E-2	3.4013134110455923E-2	0	8.0845264924577886E-2	2.8342351277375832E-2	0.16241022094402258	0.64627872004580833	0.1816663816351074	0.25993054208801514	0.19593272341077217	0.19317637963897605	4.135427434215963E-2	4.6759567734934393E-2	3.5228926837360675E-2	0	6.9366432265985711E-2	2.5034064780987297E-2	0.29907271227392224	0.363174973376445	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	C4AF	C3AH6	Tilleyite	Vaterite	11.904626634420744	4.3729828449763843	11.172305435557194	2.0994438046417643	0.22701201590211315	4.6364767058380947	4.7577247671035829	0	3.8841909790812217	0.32599912301726014	0.48297145209772063	0.6858658098973166	28 days 25°C	0.43908256483481267	9.3633177119364142E-2	0.177748921039246	9.0947290579655116E-2	1.8648985202976032E-2	0.14154404365613704	0.24006170680409333	0.17226945336488514	0.43328898861576182	0.20405698425826796	9.3302949547985015E-2	0.26664297289495265	6.068401042174032E-2	0.32923059338286897	0.11865333429894687	8.9305165684720578E-2	6.0309323241786394E-2	3.3666821686901161E-2	0.19592197581570314	0.22905733275726137	8.6134726682442556E-2	0.30474465307908627	0.10202849212913397	9.8454035335094003E-2	0.19759110141626823	5.3527538817884857E-2	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	C4AF	C3AH6	Tilleyite	Vaterite	9.9186342420710556	3.2823455834405557	10.738803345132832	1.0124793190979162	0.12848908298979481	4.2338368339037382	2.3840298305741321	8.6134726682442556E-2	4.4486828135585492	0.10202849212913397	0.68023047764157329	0.82916614056768312	0.54846827669874987	90 days 25°C	0.3247369962091522	5.7379459356967644E-2	0.17606652942469303	5.9511719566902266E-2	0.12046721842380248	0.45139609736529618	0.19963112200213207	0	0.28936896915177179	0.18956230085527415	2.9980180364643338E-2	0.49635761294178582	0.44697914357791113	5.2539947168214418E-2	0.18087959235489315	5.877507897021006E-2	0.1072232286865141	0.24434349760888807	0.10709014446943943	0	0.28335828748228487	9.4781150427637073E-2	5.2908856734024567E-2	0.35615227788042625	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	C4AF	C3AH6	Tilleyite	Vaterite	11.500339866667474	3.6426303333637766	11.5632559592555	0.59492955719535379	0.32635820502077234	5.4656557221886182	2.1551593463626992	0	6.6677715402976929	9.4781150427637073E-2	0.45746573612034741	0.92084625535716869	3 days 40°C	0.41715415156093094	0.15703421639391557	0.44339144917299222	0.19208452564384748	1.4886774660786001E-2	0.13814390255068121	0.40627927836967359	0	0.7484609148262642	0.19432131654353874	6.418795963052093E-2	0.20267181099572823	0.21503255062576976	9.9476111528842281E-2	0.41651666740178683	0.14109545821410308	2.1313321539310232E-2	8.9765701969091172E-2	0.27166981585060768	0	0.95514743121146184	0.28447988225766002	0.11823751612828826	0.21570979902429999	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	C4AF	C3AH6	Tilleyite	Vaterite	11.388842074435294	4.2515019388089064	11.180837655056109	2.3563281727688508	0.19421375443974312	3.9319879241913136	4.3950327429423472	0	3.9606572509585689	0.28447988225766002	0.65023884812962018	0.35492959993901613	7 days 40°C	1.4392642466105592	0.46905676269884822	1.5078426986343096	0.49324690191790399	7.0378052308108174E-2	0.42713626336349009	0.16448111555869982	0	0.67513699356239609	9.420877909050529E-2	0.18594901337134784	0.1219025976672623	1.0324997089123755	0.33710093231279359	0.90911113605370275	0.26468333095239371	3.8566952583486303E-2	0.39809154193450969	0.22272694347422783	0	0.56832906568174391	6.4814733349072229E-2	0.20369770785579855	0.23529923417510965	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	C4AF	C3AH6	Tilleyite	Vaterite	12.273364386819855	3.8720077110605029	11.458294015431134	2.2787581234946934	0.20298122136244956	4.3038157096820235	2.6519477646834098	0	4.8666010090316378	0.27190509219040382	0.81254336284931339	0.36683064919828023	28 days 40°C	0.63931247376206279	0.12802316282413173	0.53840458063695706	0.12519458497039881	0.10873484981336282	7.4629064640150844E-2	0.44154741882011228	8.5616128130765579E-2	1.0915962235856371	4.782292064424648E-2	0.29060065435469207	0.74815150070124425	0.16938926816263356	0.77118037493679559	8.9972207316807662E-2	0.77163348977603619	0.15705026887908136	5.6936041895285033E-2	5.5237021140598586E-2	0.36129092078024327	0.11028466942194942	1.0994751972659569	3.7266624634683304E-2	0.41614789660469464	0.52613388481077172	0.25263179548576853	11.788269758608948	3.6204452762559534	11.367505276373864	1.1663652475745911	0.12845564174305321	4.6078012077460837	1.6494806594056062	0.11028466942194942	5.083537612315161	0.26297841311933318	0.84627790862261232	0.77313923824680364	0.44483788347114017	90 days 40°C	0.32441358604655335	0.10686696373314408	0.72098143843869167	1.4098225540503384E-2	3.4031761940179095E-2	9.8429058801200675E-2	0.13332030756566771	0	0.82250401309515908	0.11551848794868838	2.0510052960272862E-2	0.11338811228183032	0.42742139522970923	7.1748053562700864E-2	0.48903351225881586	9.1616016086566998E-3	5.2087350392953174E-2	0.1471435554462257	9.6245655107135564E-2	0	0.50198517157586764	5.9909615500588792E-2	1.9843892392324591E-2	0.1039224547486419	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	C4AF	C3AH6	Tilleyite	Vaterite	12.129810873917714	3.4425662017695355	11.154847699128304	0.43359557919514363	0.2975932786047446	4.324619919466719	1.8647205617174978	0	6.0628608912188193	0.19240420167288055	0.4276334002695375	0.34849592215052311	phases
w (%)
MgCO3
3 days 25°C	0.96780453816540302	0.30163560015855762	0.23286997997467007	0.31584269643869201	4.4860765531810731E-2	0.29809229185483055	0.26947050630779845	3.8494554589313446E-2	0.10554040848907498	0.68076090902288833	4.8419264316458488E-2	0.20675257353883131	0.78111401971123584	1.0453372091400155	0.34129134972233377	0.45442504946147988	0.34505243439158484	4.3844338137018768E-2	0.26440295864251473	0.39868088946638025	3.8730360897437949E-2	0.19439000860270372	0.8032154286705051	9.6195614447546096E-2	0.11066148495884093	0.58634782858593115	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	C-S-H	MgCO3	C4AF	C3AH6	Tilleyite 	Mg(OH)2	10.271423581178329	5.1902030172291953	1.8378844120335966	3.2117616709344632	0.30440602436344499	3.7706786546039783	5.2974878126725651	0.20202392500431077	5.0004664812172388	10.81401809488907	0.58725417695119553	0.34663117149001549	1.042330779482177	7 days 25°C	0.26415719468733201	0.38411174756740518	0.20709823512547576	0.36225621575589795	6.2865228668195633E-2	0.17986377376564366	0.20533087218462942	0.11471965668439216	0.34324288208107134	0.43812413320637766	0.12926916752210083	9.4262895081938192E-2	0.13493408683412134	0.26892990744125811	0.31660892790811523	0.15237719894385093	0.18659625349792375	4.3534951890158102E-2	0.11794519680793858	0.33740383093318949	5.7359828342196079E-2	0.38522170455620852	0.26015107257012637	0.10192251431052871	0.1047592953173016	0.1569262558988252	10.532831541374254	4.6094955428610787	2.0407231267356218	2.5042257321870061	0.18844399191254821	4.3157789499565515	4.2053380334968695	5.7359828342196079E-2	5.1204057283225071	10.177363499102448	0.27400199933711694	0.44914600500202462	0.58508270577712951	28 days 25°C	0.4854004215965233	0.3734951112178253	0.29854556235328289	0.11719625189720428	0.10829731454037414	0.18495145336891916	0.26263141410303215	0.17693737379491942	0.62032611478142829	0.44950204424483076	0	4.8457536353387287E-2	0.13311920949346856	0.14612117737667069	0.50054321850714345	0.45225531029991561	0.19089896622324076	7.5360990114422544E-2	5.7736424178864459E-2	0.24961491059175467	0.20971963363877588	8.8468686897459695E-2	0.61988803391062763	0.41016344243697844	0	3.0219712997145931E-2	0.16776190798081192	7.3060588688335329E-2	8.9618693812420425	3.2519309669539171	4.8571972583953587	1.6804763269003793	0.19297139522571274	4.2388954381364732	3.680123672360891	8.8468686897459695E-2	5.1214048360836095	8.5680266749559504	0	0.43710467182173773	2.7766903238387819	7.3060588688335329E-2	90 days 25°C	0.31530926048095154	0.17870380657298535	0.33482934737894432	0.10700688163130345	7.382969959734631E-2	0.29786387029853589	0.3891912592434521	0	0.45857366514727271	0.16216943846165943	3.3034337693779836E-2	5.9990412718585073E-2	0.95664058464968282	9.7233155376818647E-2	0.22272839604311478	0.35679851371284688	0.28662826067914082	0.15511355673522975	4.5091937715274671E-2	0.15800835337738661	0.2163407934250936	0	0.75878812164398468	0.12117454839386266	3.0851137551829916E-2	6.6816118885664633E-2	0.65968753416434667	0.13975715663046018	8.9746061808935309	3.4672631858961704	4.5679522581329932	1.2983768709724461	0.2257841344786139	4.5749287187034566	1.3493574358552116	0	5.6827049474449618	7.4774826324167805	0.22796550207548794	0.69490143153714312	1.0933488063963608	0.57735104587298103	3 days 40°C	0.38383976809824993	9.0700498753227166E-2	0.17386410232192517	0.15446023619230065	6.3698842768158348E-2	0.15310899257915089	0.4483363494696011	3.3534984314017524E-2	0.17793688461033064	0.36046550111397657	0.1954016397524706	5.7021941886306049E-2	5.2276149667585758E-2	0	0.22366749190871005	0.11397696197433493	0.1645906502944996	0.16759020746377828	4.9092672560229589E-2	0.28941991798967504	0.24769897311963085	4.4173974794563947E-2	0.12571275086566214	0.25908186850262993	0.14123861978047225	8.0938899266226993E-2	4.527805638107868E-2	0	10.296766504084216	5.0759799515109565	2.410554353487699	3.4112244826762743	0.31899389011134371	4.565342649966218	4.7455810933267655	0.20804257116488323	5.5177237891547266	10.60343279410916	0.4841710687244416	0.55926245911445049	0.53234153459135403	0	7 days 40°C	0.39547872573089826	0.10612369838584712	0.42394744038866738	0.19669116553538002	1.1720542304503423E-2	0.35367649581648575	0.12651439418895594	7.8224247831277433E-2	0.30847887811971297	0.32923184147781193	8.4266597825122358E-2	5.6964737959249057E-2	0.30642877184876482	0.26473530351014685	0.35785371152442913	0.10949717748918264	0.2680104263922547	0.16273978430480085	8.7375306520684481E-3	0.42840432379140214	0.13864018680677725	9.9041385754830902E-2	0.57595906726521839	0.54722773526495949	0.10758500477505001	5.0302906630808497E-2	0.53092913489580562	0.26577817150745547	9.4629684585410114	4.1309572995260115	2.4295969051438084	2.7741652156708851	0.26498678817137306	4.2638770814997029	3.4072455280530676	9.9041385754830902E-2	4.5684878215176097	8.8009336589109477	0.34970391894144193	0.71572436567287367	1.1146086601183576	0.60733878256361551	28 days 40°C	0.4854004215965233	0.3734951112178253	0.29854556235328289	0.11719625189720428	0.10829731454037414	0.18495145336891916	0.26263141410303215	0.17693737379491942	0.62032611478142829	0.44950204424483076	0	4.8457536353387287E-2	0.13311920949346856	0.14612117737667069	0.50054321850714345	0.45225531029991561	0.19089896622324076	7.5360990114422544E-2	5.7736424178864459E-2	0.24961491059175467	0.20971963363877588	8.8468686897459695E-2	0.61988803391062763	0.41016344243697844	0	3.0219712997145931E-2	0.16776190798081192	7.3060588688335329E-2	9.9889351337070575	4.659439916948755	5.028677885110663	1.963745418855444	0.29102905248379746	4.7804831077957184	1.4083945624261143	9.6023949741888368E-2	5.8567368681653216	7.3181053020619595	0.26986109689582516	0.80253966904411744	1.4432536790853259	1.1509879847251976	90 days 40°C	0.5370032204309485	0.21246541627753857	0.39036982265260711	3.848406380716507E-2	2.8127402221925557E-2	0.15643020520242468	5.8489982832623078E-2	0	0.17308351786240195	0.19930966265016758	2.1196786237393489E-2	6.9817863415397863E-3	2.5521360628821807E-2	0.22593825174008475	0.30710455259128011	0.2028343274834965	0.72252116131985211	6.986370405049569E-2	2.8998692147408106E-2	0.16676063992374424	8.6632332617264163E-2	0	0.21768519396785635	0.30466467693938259	2.5410901269915409E-2	6.6970794364296093E-3	1.5182771725853597E-2	0.23078004516917261	8.8303296745942532	4.4604734397382408	9.5887252775939888	1.1658195708020342	0.24355052208385342	3.7269579166472355	0.2719198352695027	0	5.9931360745110362	3.2850120555177038	0.23626540968634088	1.0829415097356023	0.1246649203266899	1.9496173038154707	phases
w (%)
DOLOMITE
3 days 25°C	0.23570248539741634	0.36282038723157495	0.58288772859715876	4.5919214290197186E-2	4.729771616823597E-2	0.22830170398226768	0.50820861024740793	0.1527962534143204	0.32647129715691037	0.25732317957176321	8.7633497788963177E-2	0.18740383947807138	0.12142496023166666	0.57418978469446091	0.33251064092703331	0.20395731531514105	0.39539664067797475	4.3980923800511107E-2	6.9319755833763375E-2	0.13775008795661359	0.34522762766826354	7.9526823412948311E-2	0.45353821554145757	0.25188041399422367	0.16875257913733266	0.14314513785083571	0.10313919777497843	0.79612157328907185	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Dolomite	MgCO3	C4AF	C3AH6	Tilleyite	11.122126643784689	5.1341719328255797	1.7909325964608882	3.1933540261402151	0.32907279869846623	3.5603784174679922	5.9477442384755799	0.3310574538826751	5.3277276669438232	12.162903811029411	0.4743443942722772	0.80823823946459716	0.48466547311930669	0.96904888173700898	7 days 25°C	0.50257257601858463	0.38990144846684682	7.7961721493959191E-2	9.172920141970442E-2	2.1928690772011594E-2	0.17863960210653751	0.21026366929924656	4.9407480542156518E-2	0.42575563076648049	0.11826683962858553	6.9520684803583976E-2	0.31772976176733991	4.6117806927797766E-2	0.50527757815362662	0.31063677812193013	0.32043437463419178	0.10522817950118912	0.15725726843983456	2.0186982725578284E-2	0.17171433906310885	0.33431775705298783	3.2336831182182335E-2	0.52036189809058175	0.20425498856161362	7.0776627462433017E-2	0.23735125477709129	3.756865094056433E-2	0.46509820920018624	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Dolomite	MgCO3	C4AF	C3AH6	Tilleyite	11.059451378156043	4.6136048872387612	1.5964204019129238	2.0388878329972284	0.31654379664336779	4.1135839701899402	4.6411753169878587	0.23345816428407443	5.5490195818702164	11.213203391234117	0.25423560750677893	0.23735125477709129	0.40547352856597674	0.96239426220114066	28 days 25°C	0.23738927435595158	0.26000327642908294	4.2281757001705111E-2	4.7992195607424293E-2	3.4080931145949234E-2	5.6211171042765962E-2	0.76988897080635121	8.7987880758630121E-3	0.27085314218621726	0.36580693264948749	0	1.964672599324057E-2	0.22932445996881123	0.1867076066784612	0.17216817038581489	0.23382001257264973	2.1771258193042931E-2	4.3854163232686094E-2	5.8206576906938257E-2	7.5744358867662065E-2	0.65345186348254325	9.6994870895077342E-3	0.38128979485027337	0.29803275390889183	0	1.5495430094034278E-2	0.1250102372217704	0.22416107431909593	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Dolomite	MgCO3	C4AF	C3AH6	Tilleyite	10.167589258502083	3.0628584864220891	1.6301742244660353	1.0687149816514896	0.42507033248394571	4.273110802846344	3.5680556258991367	6.6210935696407958E-2	4.7770191703529337	8.9280265395387151	0	5.9431819156639344E-2	0.50732260439499954	0.7263643613877041	90 days 25°C	0.3371914293992635	0.20121082337703911	0.16414305349130331	8.457925141812328E-2	3.4549403520838406E-2	0.11833853882630674	0.11766964459288021	0	0.26287115589768284	0.21852500096126981	0	0	2.8078906255848024E-2	0.39663017298279413	0.62324557227220545	0.25553928129627934	0.27962609352017687	4.3467604169663887E-2	2.9989012796815429E-2	0.22840144353892011	0.16128130950266928	0	0.2662720934903815	0.25865075980752295	0	0	3.6692331152543667E-2	0.27338992974938614	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Dolomite	MgCO3	C4AF	C3AH6	Tilleyite	11.562431107375645	3.6307958377386975	1.6674645036846989	0.6910057668119064	0.30252525648471251	5.3940114777464467	2.0542345743352843	0	6.7358632321123073	10.262827335797098	0	0	0.47925779353239112	0.58450030429363531	3 days 40°C	0.19334355417482563	0.17592837933594563	0.17200343199322199	0.16727339128328511	3.2321218024990883E-2	0.22799007548700523	0.11585672212192577	0.10632438504579297	0.30972883623195813	0.26270263882185318	8.7532852854015075E-2	0.17760846786694962	0.2106341711913966	0.12212835754579898	0.16802712777349171	0.16051419567952596	0.16783350609015191	0.14356694686650906	3.3887789212698027E-2	0.34759692287163269	6.5154522868191123E-2	0.18064425606918963	0.19727094440194648	0.4641302287364546	8.6882282453568077E-2	0.105373477233872	0.2778130439418689	0.18103973608204005	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Dolomite	MgCO3	C4AF	C3AH6	Tilleyite	11.63669128903075	4.0098521747736031	1.8912021429196699	2.6677788735250778	0.29117001917785484	4.0068043024411573	4.8100325716486791	0.18064425606918963	5.272945696708061	11.569234430991321	0.29963489569398621	0.33200825687172641	0.65521948734518887	0.84762774001517671	7 days 40°C	0.38865511727724567	8.9021090832129612E-2	8.7716869552273202E-2	0.18202974392398952	6.7473938252570698E-2	0.13902385019742791	0.17646715658316081	4.8809873959716615E-2	9.7109194744885663E-2	0.33995809724347836	5.0750255240870623E-3	0.28654238785678227	0.10109754695746109	4.2086340456966909E-2	0.40279045922116197	7.9566720047657302E-2	7.2877547831674772E-2	0.19873916240089806	6.4567363648467907E-2	0.19628188278684267	8.8566065774069891E-2	2.7391674442988012E-2	0.11098028139745519	0.29748433542402175	6.7540390518560367E-3	0.1807321581382248	0.13846880581876098	6.0343673067866588E-2	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Dolomite	MgCO3	C4AF	C3AH6	Tilleyite	12.730646202970446	3.8875499426970794	1.8839410344084697	2.1506091935104732	0.30879665410634971	4.6621889083023964	3.6815606504036364	0.17193554022418336	6.1469327455708198	11.731946831103251	0.2425502769301128	0.32153870267100509	0.69033234127851095	0.914893736439223	28 days 40°C	0.27026703049874001	8.1475092439125874E-2	0.4678599208018408	0.18352698740068596	8.3322108102445225E-2	0.16579748415460216	0.17544085475471594	0.17311126532500576	0.2344908673346966	0.54180596802093994	0	6.9261778506795407E-2	7.9277134011867312E-2	0.57994978237760586	0.25683748783679583	5.9197825746721833E-2	0.36942090928217208	0.31282603820487354	7.2591660540396119E-2	0.19663294677031562	0.11852709229016223	8.6555632662502879E-2	0.32005467923771125	0.35326206635980917	0	4.5029420167970249E-2	5.0218073383452189E-2	0.52476456796215132	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Dolomite	MgCO3	C4AF	C3AH6	Tilleyite	12.323999181105355	4.265136392299623	2.6182342333626711	1.4837767668655257	0.41641418613766573	5.2725092472818993	1.8137055713382744	8.6555632662502879E-2	6.7490649181455611	11.397971963970731	0	0.15610949144462719	0.59894812196082892	0.94865535294508652	90 days 40°C	0.26284989389053592	0.16686415447476	0.61398189005109005	3.6293049353881446E-2	7.5724181930734658E-2	0.26433617982957092	0.19211146024115733	9.666070107962442E-2	0.41263575059483859	0.54565977641087215	0	2.7405623673819407E-2	4.3856031365780646E-2	0.16957575056395519	0.44260965803809071	0.1237607502217557	0.65506712140724943	4.9463997758540046E-2	0.10728316175438335	0.43002918268366308	0.16666556984571645	0.12435931183193143	0.24855552719328333	0.79010138245789641	0	3.2111111640544282E-2	8.519928751387329E-2	0.21164632046614149	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Dolomite	MgCO3	C4AF	C3AH6	Tilleyite	12.159293424379316	3.8536521453763091	2.4723427831244864	0.66216797993620657	0.30406400274575068	4.5925727591846313	1.2390219287869688	0.12435931183193143	7.1589543357320906	9.3157437323610583	0	0.19173667652111237	0.60909857737830186	0.41629448056943391	phases
w (%)
Li2CO3
3 days 25°C	0.3519114804941097	0.29966874485685002	0.27353758754450208	0.44082186647353971	2.1804761421197305E-2	0.4612624934286309	0.72140562591268154	7.1053309583691493E-2	0.4626373995593962	0.24807159404037016	2.2367672367227476E-2	0.19127357707237846	0.18516409013630619	0.12922184239643397	0.23101222811475552	0.30942192167409388	0.1643383789187508	0.20328537809079705	0.78164278655177455	1.1341572519544652E-2	0.29616065047395601	1.0776174351940488	8.9024187711346237E-2	0.52214318216599054	0.24886741938554025	2.1815566971844613E-2	0.19305979497712661	0.21869861660386791	7.8537644390494488E-2	0.22411857094122634	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Li2CO3	Hydrogen Aluminum Silicate	Lithium Sulfate Hydrate	C4AF	C3AH6	Tilleyite 	8.3478035684818472	0.82033125514314964	4.3392377167000795	8.1350235441544765	0.28119040766092823	5.3713945114022854	4.8001166931340897	0.33371994312838388	5.6919918019344671	10.388384327598096	0.64403778919406662	0.63132066454234392	0.93483590986369347	0.58172605018759582	1.3813549216436982	7 days 25°C	0.26405179377291788	0.28602341010945909	0.32145874198046531	0.36467784146384652	2.3751171675217009E-2	0.2554176304784832	0.49985465203470048	1.9482109204719933E-2	0.44558662867562404	0.21480538735037769	8.0040702541515407E-2	0.14163763431076204	0.39461246715555809	1.7997811283610221E-2	0.15400903933599541	0.16987692528760867	0.30882956242711074	0.38532558752417678	0.4218859093477958	4.1946676469552274E-2	0.17751695664332878	0.50605594083785155	2.3978227563992788E-2	0.26440100937611621	0.12558156009154686	0.12148223803540736	0.15246718221429023	0.32777189217346231	2.2701187009949164E-2	0.30353595667157385	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Li2CO3	Hydrogen Aluminum Silicate	Lithium Sulfate Hydrate	C4AF	C3AH6	Tilleyite 	10.221404072554726	0.68428179635373632	4.5104482685534988	6.7580319296948907	0.26463967467422006	5.6134123434940379	3.2313940617235475	0.15457030892977561	6.5491449251044145	11.854079465537383	0.60012638790527006	0.82692030248546045	0.69234145265293934	0.51222361301321784	1.4729506410127156	28 days 25°C	0.40843403081365892	0	0.26391050000647631	0.30773187403385105	2.4663598304872081E-2	0.20689494673745656	0.25491761405439872	1.9376332030962562E-2	0.97326610980012607	0.82713323087480006	2.1839334086404316E-2	0.2475533234645273	5.009820465793946E-2	6.1535488301086239E-2	9.4105004311023865E-2	0.32620958756709584	0	0.26434790981486689	0.17342939738588647	1.3735172820174668E-2	0.17760244169055284	0.20615850530495661	2.8507544846780739E-2	0.71170123362604887	0.51448883135042855	3.3640873551818384E-2	0.26529605292387926	6.4003904218313978E-2	6.1376927525326141E-2	8.5444959640852858E-2	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Li2CO3	Hydrogen Aluminum Silicate	Lithium Sulfate Hydrate	C4AF	C3AH6	Tilleyite 	9.1509375992306037	0	6.328441512518058	4.6781981071718457	0.23155768928344611	4.4754204715941084	1.4868242906717937	8.3379764855754782E-2	7.4748654939685908	11.811593956201648	0.43253455309837396	0.52165305132926354	0.3928129586621209	0.50422014840084362	2.0142273713788184	90 days 25°C	0.40302881325309059	0	0.23116467179350764	1.2767676794160465E-2	4.3539239699872473E-2	8.0974251704960309E-2	0.25756207105271822	7.2468058161175714E-2	0.19059270574594933	0.45277327861421135	3.3944739162949933E-2	0.16100711927096401	2.7547187509450122E-2	0.19875798772951553	0.30701697355384661	0.24169155163509615	0	0.40709298849797371	1.6327685429453176E-2	3.5192793525382737E-2	0.10014943044021773	0.26972967778233026	5.2748506594338773E-2	0.23200297502053679	0.3191519273595258	1.9835465455881718E-2	0.21046557197266402	4.0852975878662962E-2	0.13106870416478733	0.18841084511092698	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Li2CO3	Hydrogen Aluminum Silicate	Lithium Sulfate Hydrate	C4AF	C3AH6	Tilleyite 	11.62401767398913	0	4.7929807319114897	2.4387328959435255	0.20465801547574972	5.3817870205774581	1.2327350278637443	0.20166685969971207	8.5763946940249536	10.929552843739822	0.40288242994614515	0.59351253646292745	0.1461908911134854	0.46144671103763951	1.6487773972300561	3 days 40°C	0.42479450549217646	0	0.22543414758276548	0.40101308600787	4.6756797131793815E-2	0.36126444588624995	0.21354674065572699	4.3390327722217209E-2	0.34399399858620328	0.25878068726798276	9.1185240976476956E-2	0.41442161665525568	0.24901537288360742	0.11012700171425283	0.50052726790895918	0.57392746954371354	0	0.35242973976254355	0.32850773883760009	5.2869037954085041E-2	0.54257594149579003	0.14330841397332295	5.6120784594758305E-2	0.40641785384947582	0.46370676650039044	6.3120905858262688E-2	0.40007173770631432	0.15103531831952299	5.9536420809082502E-2	0.48566110715322997	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Li2CO3	Hydrogen Aluminum Silicate	Lithium Sulfate Hydrate	C4AF	C3AH6	Tilleyite 	9.4700537050214333	0	4.7907061399706246	8.0110810004987769	0.30732369375432783	5.2157335624425576	3.4071787104879756	0.19802818879104755	6.0320524727160345	10.85720078418723	0.81669815572821258	1.0068482246145856	0.46987532073366989	0.5978058850019039	1.0288239301114406	7 days 40°C	0.52102888537407743	0	0.3759799776839845	0.55005654299462758	5.6578844431042274E-2	0.17339205163748517	5.7790284627059485E-2	5.2153151183134488E-2	0.57724211742450215	0.88169023392315538	6.0473104802977296E-2	0.14094504332055102	0.17620833332349228	7.8059991909610105E-2	0.10808737271583002	0.47443575559417006	0	0.3504422739238251	0.57422946026426747	8.6838582641551212E-2	0.3225922455671304	5.1853406944645464E-2	3.3676972888811468E-2	0.48759190259817142	0.82513548761786382	8.9891547217565981E-2	0.21081287163913953	0.10132085861978601	5.2052463104010682E-2	0.10892174187892567	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Li2CO3	Hydrogen Aluminum Silicate	Lithium Sulfate Hydrate	C4AF	C3AH6	Tilleyite 	10.066856225856961	0	5.3174049236771728	6.2937223141139667	0.18841246095961559	5.5998813188728001	1.8060903825094217	0.24748978985515538	5.9641156462588434	11.272008872630785	0.83337702439598915	0.91542329118731836	0.6871696323800548	0.53138327799877605	1.1602113824708917	28 days 40°C	0.28902745702676569	0	0.35877676071741327	0.15045799075097355	2.101443261158964E-2	7.7036800972478225E-2	0.19363967432455276	2.1165938692977351E-2	0.1704468185206629	7.4193067231551169E-2	1.9834838730458104E-2	0.15306493694929924	3.5999043290040278E-2	8.442608231429094E-2	0.23938566190366617	0.15147419205299961	0	0.29280707107032278	0.1279084071715415	1.4617046480679075E-2	4.6636712259547686E-2	0.31144315916644361	2.3664984992022978E-2	0.21245327878839326	0.14247627785436379	1.4891892587910127E-2	0.16652163940757181	5.0958869932892337E-2	0.11694271492294334	0.21146986884579788	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Li2CO3	Hydrogen Aluminum Silicate	Lithium Sulfate Hydrate	C4AF	C3AH6	Tilleyite 	10.459905531181459	0	5.3930150138008495	3.685682360126219	0.24197971544817976	4.9615403648336054	1.0515812092095842	8.9413522006965326E-2	7.2287614430972402	11.498187885149406	0.66768093866483758	0.65963566701963938	0.47362803645752166	0.53961188144757266	0.85485784698787437	90 days 40°C	0.77159548692063318	0	0.25041779917391072	0.45959774203684645	9.9488187645557113E-2	0.48098470080982558	4.440060512355376E-2	4.5940456816707581E-2	0.65763589529259825	0.81936315636336765	2.385655151712085E-2	5.424124947796527E-2	5.6067665047587589E-2	0.19233399163165299	0.47713430776466548	0.42647228005867355	0	0.20701943070768003	0.3347043205962259	9.0940506548269268E-2	0.26700596825889278	7.5815457727484603E-2	2.3691992824934283E-2	0.33557083907278695	0.52922526310994833	2.0751141833978193E-2	5.5910233706195744E-2	4.1202093961594854E-2	0.16262176072713497	0.3007009987754925	CH	E	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	Li2CO3	Hydrogen Aluminum Silicate	Lithium Sulfate Hydrate	C4AF	C3AH6	Tilleyite 	11.999487935412345	0	5.5371293706374116	1.7815817999116523	0.13854649443536787	4.5889690193752948	0.49701161294286383	0.17304708746394604	8.2238830319650269	11.197727148608747	0.58550009343774134	0.79335101348631631	0.46759820171049721	0.85805642014003347	1.9126862841676846	phases
w (%)
KHCO3
3 days 25°C	0.330445913998755	0.40268558023369749	0.1294708405238616	1.9601742232373764E-2	0.80905953417226062	0.36640288454583647	0.12044906419402904	0.38282276068442034	6.6082848830236518E-2	0.13007060029908668	9.1943659132013633E-2	0.50347773934603723	0.42312080595388402	0.24031574135726608	0.20007098286274783	2.3749249745138035E-2	0.66726372713771998	0.4755085096941345	0.19785544000189501	0.50968852890513272	7.7206652665558373E-2	0.10084253503968077	6.6528843045691954E-2	0.26388945138814801	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	6.0005758496257462	9.7352590322314594	8.9178137470346961	0.32305049995921581	7.9473823800778698	5.0505419058236098	0.19785544000189501	5.6833244254627635	2.8631183609189175	0.8134645593589136	0.64302057049632344	1.527605841180921	7 days 25°C	0.18954593683726007	0.52144285298525084	0.33938616248766529	8.3912487660297186E-2	0.24795580600700973	0.35074079324228435	0.14067275456512818	0.41151254942617488	2.157731056705714E-2	0.17572018063935513	3.9829319430123244E-2	0.15356966793834614	0.28672276114306694	0.91535413039282965	0.58503132231735488	0.10783011665889444	0.25510062260599309	0.28925941276553768	0.10645939723045994	0.76698225103169548	4.1925424582948345E-2	0.11742932559815528	5.6714661655189236E-2	0.23863479419655598	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	7.5153338722541774	10.088310944814642	6.2861140994295681	0.25960603085822126	6.6567664162152118	4.4536110586095665	0.35673717500823771	7.3281859547353987	3.5261846838422071	0.58002056010138558	0.71430725424778185	0.98474968855660483	28 days 25°C	5.5907238639539614E-2	0.38796055710555954	0.43827560488446649	0.10347951560468388	7.5034083471423152E-2	0.36174657500249152	3.7995799015254433E-2	1.8188425441084917	0.96584646539468055	8.4006481360080487E-2	4.454778810919513E-2	0.29321961779200156	3.6867498080678018E-2	0.55276214295111359	0.24195756175488059	9.1671307108601385E-2	6.1185527644672888E-2	0.5981201384110455	7.2612514523546542E-2	2.0491204260538778	0.64903990225326602	7.6652242804759463E-2	8.0205325674570283E-2	0.18951549159679532	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	9.3452439752993097	10.245030367435055	3.0675700724931101	0.25831418729651068	5.4305874209966776	2.8996193987786341	7.2612514523546542E-2	7.9147555912678342	3.897491808194816	0.54306013042157109	0.79016249204933875	0.62940392275474988	90 days 25°C	0.21000702306161401	1.067588892473843	0.16632996320152804	1.6592931429087909E-2	0.9261598291313593	0.52323108539121999	0.37824431450844626	1.2174514057014516	0.29823843705871855	7.8259767554164916E-2	0.10447273298973248	0.9593617650572922	0.10973355388617989	0.81821503364247405	0.13166228518146217	2.7198140135602233E-2	0.81889372799730964	0.50594299772563578	0.25547634338596759	0.65947590428123171	0.45579128424248916	0.11691551722501009	0.11056820882823304	0.50796472695342465	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	10.40330297304885	10.924073051183434	1.5232627466945659	0.31243301734015144	6.4457999419415977	0.80384487025994711	0.38207240494479605	7.5556819386202889	3.3992396367456847	0.42375909724808575	0.64751012509498818	0.95704068405738651	3 days 40°C	0.31561701514574292	0.24729610149456605	0.14650739357041598	3.2737219987982236E-2	0.10750870437188098	0.26490282852066471	6.477900898448985E-2	0.44100792767789532	0.44192286300731398	0.24180938947678832	8.7068101770311546E-2	0.52632038996558306	0.37198782823741627	0.28041131271746345	0.1930933688788663	3.405168302454803E-2	0.1232074270592598	0.13831016929503193	0.11030342604420393	0.37459580415754434	0.34732616432361585	0.13811813099571824	0.11648691165422653	0.63742246204712028	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	6.9697097477311765	10.808164451283695	7.4363261448370368	0.35736720333713795	6.7680652102001	4.7253940153136647	0.28885080293324611	5.6689392740116489	3.2812938710408495	1.5465470879357623	0.64247783275978332	1.3226583409185795	7 days 40°C	0.47782345024027251	0.58794457806594203	0.39383864111916189	5.1994538611095431E-2	1.7357273785209832	0.4828938821109654	3.029675608336635E-2	1.6505979897642087	0.76234300634417362	0.24617484897077846	0.12301049256051166	0.35636777306765433	0.30350860736389329	0.63024259449456821	0.34723396366038983	3.6553727103769085E-2	1.6892021079438351	0.59772281368034896	4.5611111510286795E-2	1.6069361635039474	0.48597310162019847	0.47423611890382	0.19700356886100068	0.24498879001335666	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	8.4461944993627629	10.541664703626603	5.1474262169824145	0.30581015910829268	4.8977833989345143	3.7661775711165095	0.33750441754452448	7.689616024733545	3.7674188162309026	1.1372461292593601	0.73841857198902205	0.52567915936095755	28 days 40°C	0.27113008947002548	0.30144250237939474	0.30496454929081507	3.4278696685264454E-2	4.6914759865389399E-2	4.9445214060947595E-2	5.4195137029737384E-2	1.2278433817640284	0.25532666768967793	0.12658584064979173	0.13445197712005041	0.38993858821477656	0.44608824156495608	0.20834709395443696	0.18920417455582772	3.1275410220687638E-2	6.623909006727402E-2	6.7367556483810098E-2	9.6588345731587033E-2	1.2296644323036565	0.50846361812028196	0.12307521648668041	8.647258420694548E-2	0.31473901867563886	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	11.358670084291921	11.638157845144498	2.3799702899793846	0.26362882947065858	5.6180027032101973	1.5770287206888491	0.31658159581596096	8.3381963256549891	3.9687741142390802	1.2230414669085501	0.88394811576280097	0.58169826632454169	90 days 40°C	0.37087433891615085	0.43323434068266842	5.9879160756542649E-2	5.9264335736102514E-2	0.79779565961247911	0.12677665353982143	7.338173328382297E-2	0.95489095879204289	3.622890727734962E-2	4.7311306533598385E-2	7.5738073816752016E-2	6.6924387621863035E-2	0.31992088865738744	0.29295529515842311	6.7893193623900783E-2	5.5259804817924529E-2	0.40264952204720839	0.18422967567053944	4.3007589391573287E-2	0.55284316056797778	7.177361543644345E-2	5.4875555153559352E-2	9.631137113939181E-2	9.2499238461502487E-2	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	11.317965159065826	12.566806385602755	0.40473987878189277	0.37105357215354201	5.5489004204825489	0.49581285944168202	0.29985318682454215	7.761362222949006	3.3097123765176413	1.1075214462722842	0.68637755135320477	0.28618608242734789	faze
w (%)
K2CO3
3 days 25°C	0.19536965751588653	0.34238974010878032	0.34484302163215119	3.6240858480154514E-2	0.19829191661648782	0.39129326332211178	4.0791118135401094E-2	0.61462903894987697	8.7869378508911744E-2	0.2535032182554563	0.2643074543642468	0.48349945048177212	0.16206928615675942	0.25788070234304428	0.40267184501952347	4.2545112089175607E-2	0.18207943403290905	0.65662056908700883	7.191042943387943E-2	0.91356859403139712	4.6331959980262738E-2	0.15324691044734295	0.13903081908786008	0.31951761088001396	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	K2CO3	9.5039818080828642	4.6796438704836509	6.4767526327559013	0.36366181791887242	5.325945055035187	4.8822571450923462	0.31261124705443666	7.6665637550525858	4.6505123337074652	0.38390820618416743	0.29732778675038668	0.88938669446510976	7 days 25°C	0.22333339133391483	0.14704573925676279	0.54834712426363907	7.162029875451939E-2	0.60300890674221819	0.29950161938344877	3.760294879673054E-2	0.68474022560629955	0.14197898660987907	0.2404346452580608	0.46974027969878585	0.20558781451162667	0.23814928145466641	0.26277149355640184	0.21612767441413094	0.398060622494671	9.0914749494850872E-2	0.42602605057908471	0.17901646564334328	2.0253977780869348E-2	0.40895187855853443	0.24549614474007164	0.38231428402176093	0.23487013984939295	0.10494393743702202	0.25996469645951525	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	K2CO3	11.030995792621823	5.1192443180286995	4.6074573939475174	0.24641498001582826	3.6052160817317329	4.2268818413925358	0.31667629221148247	9.430864418970307	5.3685604324772571	0.59674645621094247	0.23487013984939295	0.6643322127131478	1.8782030266733429	28 days 25°C	0.8363264325866524	2.4158696727516666	0.43210164375439453	9.5980809523534938E-2	0.13009691517925592	0.11398265467232793	9.0912244114417562E-2	1.9960309448359208	0.34506731985879835	9.2206458306319294E-2	0.41345086161272027	0.38845997872201399	0.84117677971494365	0.56255791004053179	2.6412273041616015	0.24306766347574094	0.10082569367881655	0.25047950585040724	0.20830210678058991	8.4069292972407617E-2	1.8239786481848199	0.27885712969858334	9.1035840863435746E-2	0.29966515740680361	0.2073001002652759	0.91298016759444711	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	K2CO3	8.9815457121700693	9.1284655953487341	2.0144141340422483	0.27066809408592007	2.7259818462219259	1.9980660697703634	0.38564163203370949	8.0944622628926961	4.1942916482147199	0.36628040384739191	0.67907673003903379	1.3203287485843058	2.0709716407572505	90 days 25°C	0.4727693591925437	0.486441513703471	8.5896176175114469E-2	8.6612622526325012E-2	0.58507293595475218	0.31995325022059673	1.5442439486257176E-2	0.29095388693423452	0.32366991485126206	0.32193496882014006	0.3688943254453661	0.42589881787197803	7.2329520786272194E-2	0.53497633368842124	0.32839736557145738	0.12354421322993914	4.3642906530382219E-2	0.31220924779386205	0.21562302969129188	2.8164318937466626E-2	0.41910614336365803	0.22333996916556043	0.2123018879255506	0.49948405293301218	0.47929591697861001	0.13171333074774538	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	K2CO3	13.749144376855469	5.6210171211049875	0.88356328328434486	0.29567241869864552	4.5530200586046732	0.95433022052930505	0.18025109352176347	10.634992059011712	5.0336273824460349	0.34428124739607613	0.49948405293301218	0.92984614413661104	1.2876704792137277	3 days 40°C	0.42074109119838532	0.22638882282186046	0.87172784566767803	8.5628994988988905E-2	1.3714594126259838	0.39339598785228214	0.14243871967782964	1.4915407229277537	0.24725526169298817	0.37184947789142664	3.1050949965093277E-2	0.75382911176213885	0.84624402060766801	0.83434320624914093	0.14958851568180975	0.5909352160367991	0.10664657376834563	1.1538227924406153	0.24910509699471639	0.21819175317681125	0.89154256375583074	0.2901353327500038	0.38256145787208584	5.880266986081728E-2	0.46787084576560573	1.0821272578511758	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	K2CO3	11.492212245719822	6.150078883457641	6.8518809253187598	0.41218072438130532	5.0155741059257286	3.7906656719433811	0.21819175317681125	7.8798428147254853	4.9458414700988511	0.65303431251306654	0.74029756141844427	0.87858888429450233	1.0821272578511758	7 days 40°C	0.28883101127516042	0.44654216146098058	0.30445710275085069	7.3146158410162643E-2	0.35324076268511906	0.1669004137338348	7.9362746550240781E-2	0.48035412175783776	8.759970737170697E-2	6.4118003634812126E-2	0	0.29766177550461448	0	0.40388346691288035	0.37728200162498027	0.18760350889247945	7.2703448566010298E-2	0.36967208051639577	0.19280451134599863	0.1431921474851536	0.36186752391011545	0.16487207181407815	5.6581539277489545E-2	0	0.20667364926518561	0	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	K2CO3	12.365625510463971	5.4895991428868465	4.6711361175881327	0.37846616043041714	4.9869585126772007	3.2457988616284847	0.25119884765265782	8.290689987678233	4.5971909123937884	0.55692052232833711	0	1.1292308798626174	0	28 days 40°C	0.29883538318632219	0.27214828188778561	0.17104080361965934	5.795709001117505E-2	0.31119813518273887	0.19077949622698442	5.0961437847994423E-2	0.41912475138813221	9.5106685128006241E-2	0.22372728488308058	8.3572321062117205E-2	0.97590407854148498	0.15161118108704708	0.17116208286623014	0.24369063093156562	0.13717294646248224	6.490286361119868E-2	0.21271020303061494	0.15464602389214877	4.3173282937542287E-2	0.21750226509838733	0.11175158203522795	0.19454153925883721	6.4962567561310414E-2	0.87368046398588617	9.9404392135438169E-2	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	K2CO3	14.123237982044934	5.7575259035758721	1.7728334529648777	0.28699901307576914	4.2757857220814923	1.3879884709188059	0.15695836165075239	10.671506371874566	4.8618903529216624	0.71663726284988793	0.55908887738855484	1.0485221135643779	1.4745672355225807	90 days 40°C	0.47036653811785634	0.21417275605593833	9.3372755792381745E-2	8.5744819804679684E-2	0.57411625276798439	0.80148699114773725	2.2836787445963125E-2	0.6327302595597839	0.12795223629321484	6.0624533688258597E-2	2.0683742068540067E-2	0.82491610680621874	0.16787274138040775	0.45547799413647816	0.15872749493483518	8.1994155828834347E-2	8.690141640515478E-2	0.41093910052526272	0.41511285524089403	3.9445108431388154E-2	0.8319287926595873	0.15299953176737002	8.1741955584599069E-2	3.4033458324903121E-2	0.65670554504190548	0.11540986703405332	CH	CaCO3	C3S	SiO2	Mc	C2S	Gismondine	CSH	K2SO4	C4AF	C3AH6	Tilleyite	K2CO3	15.091008945319169	5.7786606053027292	0.36823259537818692	0.21238636623793072	3.9433419412119495	0.93761159410082329	0.27248858669225778	10.471503808037323	4.8228323076871034	0.52093927999931489	0.84711851116838599	0.65670554504190548	1.2178847834220135	phases
w (%)
25
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