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Abstract

:

The inclusion of high specific surface materials such as calcined clays in cementitious systems enhances the hydration of clinker products at very early ages, but it may also increase water demand; thus, the pursuit of a flowing concrete may demand an increase in the dosage of superplasticizers. The grinding regime can have a major influence on the properties of the cementitious system and could help mitigate the problem of water demand. This paper discusses the impact of grinding alternatives for the production of a binder consisting of clinker, calcined clay, limestone and gypsum. Two main target products will be discussed: (i) LC3, a binder with a formulation of 50% clinker, 30% calcined clay, 15% limestone and 5% gypsum, co-ground all together, and (ii) LC2, a mineral addition with a formulation of 60% calcined clay, 35% limestone and 5% gypsum, ground separately and further blended with Portland cement on a 1:1 basis (mass). The experimental program is carried out in several stages: (i) the binder, (ii) cement pastes and (iii) standard mortars, and concrete grinding aids from the family TEA are used to enhance grinding, and their impact is also be assessed.
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1. Introduction


Cement will continue to be the key material in terms of national and international economic development due to its incidence as a raw material in the construction activity [1,2]. The cement industry is under pressure to assure a preservation of the material and energy resources, as well as to reduce CO2 emissions associated with cement manufacture [3].



In this sense, the substitution of a percentage of clinker through the use of supplementary cement materials (SCM) has been recognized as a way to reduce CO2 emissions and energy costs associated with cement manufacture, while at the same time improving or maintaining its physical, mechanical and chemical properties. Several authors [3,4,5] indicate that energy expenditure in cement production could be reduced by 35% to 40% of the current cost.



On the other hand, the use of calcined clays as SCM is an attractive alternative in cement production, due to their wide availability throughout Earth’s crust [6,7,8], with a relative ease of treatment when activated by thermal processes that require much less energy than that required for clinker production, in addition to their proven pozzolanic properties [9,10,11]. The process is based on the substitution of a large part of the clinker used in its manufacture (30% to 50% substitution) with calcined clay and calcium carbonate, which would reduce CO2 emissions to the atmosphere by 20%–30% compared to other types of cements [3,12].



Based on the above formulations, low carbon cement (LC3), is a new type of cement that can reach 50% clinker substitution using a combination of calcined clay and limestone [11,13,14]. The obvious advantage of calcined clay system with limestone and clinker over traditional blended cements lies in the possibility of increasing the level of clinker substitution without compromising the final properties of the cement [15,16]. This has a direct impact on the reduction of environmental costs associated with CO2 emissions, without implying higher production values, which can even be lower without large investments [17,18].



Grinding, however, could be a potential challenge for these systems. The presence of very hard particles such as clinker and relatively softer materials such as calcined clay and limestone could eventually create trouble in co-grinding. The excess grinding of softer materials could lead to an increase in the demand for water [19]. A separate grinding process could eventually mitigate this problem, in a system where a mineral addition called LC2, consisting of 60% calcined clay, 35% limestone and 5% gypsum, is ground to powder and blended with Portland cement at flexible rates to produce LC3.



The main difference between co-grinding and separate grinding of a multicomponent cement is that during inter grinding the different components interact with each other. The interactions between the components are mainly due to the relative difference in grindability [20,21]. These interactions can help or hinder the grinding process and influence the relative content of each component in different grain size fractions and particle size distributions of the ground products [22,23]. As a result of these interactions, the particle size distribution (PSD) in the co-ground blended cement is different from that of separately ground cement. Schiller and Ellerbrock [20,24] found that the PSD of any constituent is greatly influenced by the grindability of the others. A component that is more difficult to grind concentrates in the coarser fractions, while a component that is easier to grind concentrates in the finer fractions.



Particles play a vital role in relation to rheology and the early hydration process that determines the properties of fresh concrete, such as water demand, heat release, compressive strength and changes in volume at early ages [25,26]. During the co-grinding process of cements with calcined clays, it is not possible to control the fineness of each constituent [27]. As a result of the lower grindability and greater hardness of the clinker, its grinding is insufficient. The finer particles of calcined clay and limestone (softer and more grindable materials) cover the grinding media and the clinker particles, cushioning its grinding, which causes an increase in the content of calcined clay and limestone in the fine fractions and a greater clinker content in coarse fractions [28]. On the other hand, the increase in the proportion of calcined clay causes a lower efficiency in clinker grinding, an increase in the specific surface, deterioration of the rheology and a decrease in compressive strength at early ages.



It should be taken into account that both the LC3 cement and the LC2 mineral addition go through a fragmentation or grinding process, which suffer an agglomeration phenomenon due to the electrostatic charge that affects the fine-grained particles [29]. Grinding aids or grinding intensifiers could eventually mitigate such load. Agglomeration is then avoided and, therefore, less time and resources to obtain the adequate particle size of the final product are required.



The role of grinding aids in LC3 systems is to reduce the agglomeration of cement particles. Their use will also be helpful for the total or partial elimination of the “coating” effect in the grinding media [30], an improvement in efficiency for particle separation due to increased fluidity of fine particles, a decrease in loading problems in storage silos and bulk cement delivery trucks, an increase in quality of bagged storage, as well as, improvements in material handling (blowing in silos, loading trucks, etc.) due to improved fluidity [31,32]. The presence of grinding aids facilitates achieving an adequate specific surface area and a higher grinding capacity index, compared to cements that do not use grinding aids, a fact that is attributed to the elimination or delay of agglomeration phenomena during the grinding process [32,33].



There are different types of grinding aids such as aliphatic amines (triethylenetetramine (TETA)) and tetraethylenepentamine (TEPA)) and alcoholamines (diethanolamine (DEA), triethanolamine (TEA) and triisopropanolamine (TIPA)). Glycol compounds are represented as ethylene glycol (EG) and diethylene glycol (DEG). In addition, there are more complex compounds such as aminoethylethanolamine (AEEA) and diethylenetriamine hydroxyethyl (HEDETA). Phenol and phenol-derivatives are also used as grinding aids [32,33].



This paper presents a study carried out to investigate the impact of grinding on cements containing a blend of calcined clay and limestone.




2. Materials and Methods


This research presents the evaluation of the impact of the grinding regime for LC3 cement and LC2 mineral addition, with and without grinding aids. A commercial grinding intensifier (TEA-A) treated at laboratory scale was used for the analysis. A group of instrumental and analytical research techniques were applied, such as the evaluation and analysis of cement particle size by PSD, its effect on rheology and heat of hydration, as well as on the physical-mechanical properties of pastes, mortars and concretes.



2.1. Materials Used for Pastes and Mortars


Clay: The clay used was obtained from the mining area of the city of Cuenca (see Table 1). In this mining area, a mixture of clay minerals of the 1:1 type is identified. Thermogravimetric analysis (TGA) was used to quantify the kaolinite content of the clay by using the tangent method between 400 °C and 600 °C. A total of 50 mg of powdered sample was analyzed using a Mettler Toledo TGA/SDTA 851 balance with a heating rate of 10 °C/min from 30 °C to 1000 °C under constant dinitrogen flow of 30 mL/min. The content of clay minerals of the kaolinite group was estimated as 55.27%. The Loss on ignition (LOI) of the clay was also quantified by TGA and from the weight loss between 30 °C and 1000 °C. The CaCO3 content in the limestone was calculated from TGA as well, from the weight loss between 600 °C and 800 °C. The experimental protocols for LOI and CaCO3 quantification by TGA were the same as for kaolinite quantification.



X-ray fluorescence (XRF) measurements were performed by an external company using a Bruker AXS S4 Explorer spectrophotometer (Billerica, MA, US) operating at a power of 1 kW and equipped with a Rh X-ray source. Crystals used were OVO55FC for Na with 0.46° divergence collimator, PET for Al and Si with 0.23° divergence collimator and LiF220, with 0.23° divergence collimator for all other elements.



Table 1 presents the chemical composition of all raw materials used for the experimental program



	
Clinker: Mineralogical composition (provided by the clinker supplier) was C3S = 62.04%; C2S = 14.34%; C3A = 7.07%; C4AF = 8.48%



	
Limestone: CaCO3 content is higher than 94%, so it could be considered a high-purity limestone.



	
Gypsum: SO3 is around 40%, (86.09% of gypsum).






Grinding Aids: a product supplied by the company GCP was used. The active principle is a mixture of alkanolamines and triethanolamine, all designed as Portland cement dispersants which, according to the manufacturer, reduce the attraction forces that occur between the cement particles during the grinding process. Further, it reduces the residence time in the mill and prevent particles from coating mill equipment or re-accumulation, thus helping reduce operating costs. Table 2 presents more details.




2.2. Materials Used for Concrete


Cements used: The cements were: cement LC3-50 2:1 (50% clinker and calcined clay–limestone, ratio 2:1) crushed by inter-grinding. Combinations of Portland cements with the mineral addition LC2 2:1 (combination of calcined clay, limestone and gypsum, calcined clay–limestone, ratio 2:1). The combinations used were (Portland cement/LC2) 55%/45%, 70%/30% and 85%/15%, a first reference was a pure Portland cement (OPC) and a second reference was a mixture where the Portland cement was replaced by 10% of a commercial mineral addition (SikaFume). Table 3 shows the physical properties of the cements used, which were ground for 50 min by inter-grinding and 30 min by separate grinding. It is verified that the addition of calcined clays increases the specific surface.



Aggregates: The aggregates used to produce the concrete specimens were provided by the aggregate supplier in the city of Cuenca. They were obtained by crushing pebbles. Figure 1 shows the particle size distribution of the aggregates used in the manufacture of concrete. Both aggregates meet the specifications of Ecuadorian standards [34,35,36,37,38,39].



SikaFume (SF): Silica fume, also called silica fume or active silica, is an inorganic product consisting of very fine spherical particles that originates from the reduction of quartz with carbon during the processes of obtaining silicon metal and ferrosilicon in electric arc furnaces. The dust is collected in bag filters, consisting of spherical particles of amorphous SiO2 in a variable percentage between 85% and 98%. It is used as additions for high-strength concrete. This product was supplied by the company SIKA



Superplasticizer Admixture (SP): MasterRheobuild® 1050 (company BASF, Ludwigshafen, Germany), which is a high-range water-reducing admixture formulated to produce concrete with a fluid and plastic consistency. This type of admixture makes it possible to obtain concrete with a low water–cement ratio. This admixture complies with ASTM C 494 specifications for type A and F admixtures.




2.3. Experimental Procedure


2.3.1. Impact of Grinding Strategy on the Properties of Cement Pastes


Samples were prepared at laboratory scale; all raw materials underwent a drying process at 200 °C to constant weight. Then, they were weighed and subsequently ground in a ball mill (ball mill, manufacturing in Cuenca, Ecuador). The experimental program at this stage focused on evaluating the impact of grinding with and without grinding aids. The studies were done on LC3 cement and LC2 mineral addition (LC2 2:1) blended with lab-made Portland cement (94% clinker, 6% gypsum). In addition, laboratory tests were carried out in order to assess the physical and mechanical properties of the cements evaluated.



The following materials were produced through separate grinding:




	
Pure Portland cement, formulated with Cement ATENAS clinker without limestone.



	
Mineral admixture LC2, consisting of 63% calcined clay, 30% limestone and 7% gypsum. A batch was ground for 15 min and another, for 20 min. For each dosage of grinding aid, a batch was produced, following instructions of the supplier.



	
The co-grinding was made for:



	
LC3-50 cement 2:1 by inter grinding with and without grinding aids. A batch was ground for 15 min and another, for 20 min. For each dosage of grinding aid, a batch was produced, following instructions of the supplier.








The characterization of both materials and the LC3-50 2:1 that result from mixing them is presented in Table 4.



The quality of the LC3 cement, as well as the LC2 mineral addition, was verified by using the procedures established by the tests of the standards INEN (Ecuadorian Service of Normalization), ASTM (American Society for Testing and Materials) and NC (Cuban Standards). The tests included in this research were the following:




	
Measuring fineness of cement LC3-50 and LC2 + PC (Portland cement) using a laser grain sizer (Dv10%, Dv50% and Dv90%) (Mastersizer 2000, Malvern, United Kingdom). Further, measuring the Blaine specific surface, according to the standard INEN 196. In addition, the compressibility parameter was obtained.



	
Assessing the rheology in pastes and mortars following the regulations established in the standard NC 235: 2012. The determination of the normal consistency according to the standard INEN 157 and the fluidity test in mortars according to the standard INEN 2502.



	
The determination of physical-mechanical properties, which were carried out taking into account the standard INEN 488 at ages 1, 3, 7 and 28 days.



	
Fraction separation aided by an air filter. The following fractions were separated: (i) very fine d < 7 µm, (ii) medium 7 µm < d < 33 µm and (iii) coarse d > 33 µm.



	
Determination of the content of cement components in each fraction using quantitative X-ray diffraction (Panalytical Xpert Pro MPD). The focus was to calculate the amount of clinker and calcined clay in each fraction.



	
Isothermal calorimetry of cement pastes prepared by both grinding regimes to assess the impact on hydration. A TAM Air calorimeter was used, calibrated at 30 °C.









2.3.2. Impact of Grinding Strategy on the Properties of Concrete


The studies included the evaluation of various concrete mix designs made with LC3 cement and Portland cement + LC2, plus Portland cement and a mixture of Portland cement and 10% of SikaFume as references. A group of instrumental and analytical research techniques were applied, such as the particle size distribution of the aggregates used; for the concrete in the fresh state, the settlement using the Abrams Cone according to the protocol NTE INEN 1578 or the ASTM C143 [27,28], occluded air according to the standard ASTM C231 [29], concrete density according to ASTM C138 for concrete in hardened state and compressive strength at 1, 3, 7 and 28 days [30].



Mix design for the manufacture of concrete.



A certified concrete mix design for 35 MPa was used. Table 5 presents the proportions used, as well as the water-binder ratio and settlement values reached during manufacturing. Each variation of the mix design, such as the use of calcined clay or SikaFume was made based on the original mix design.



The low water absorption of the aggregates used contributed to achieve relatively low water-cement ratio in all concretes produced, including the ones with calcined clays. The presence of calcined clay, however, increases the water demand and prompts for a higher use of admixtures to make concrete flow.






3. Results


3.1. Impact of Grinding Conditions on Cement Pastes


3.1.1. Grinding Calcined Clay Alone


The lab ball milling was studied for every material processed on individual basis. Grinding studies for calcined clay alone show that the increase in grinding time from a certain point do not yield finer product, as described in Figure 2. For grinding times higher than 15 min, there is no evidence of changes in the size in the different fractions analyzed (Dv10%, Dv50% and Dv90%). This limit is possibly imposed by the coating of the steel balls by the calcined clay particles.




3.1.2. Co-Grinding vs. Separate Grinding


Figure 3 compares the impact of grinding calcined clay alone and incorporating limestone in the system. The main impact is to decrease the amount of coarse particles to medium particles, with an impact on PSD of the entire blend. Further grinding time increases the fineness of the LC2 to values never reached when calcined clay was ground alone. The physical interaction between calcined clay and limestone is possibly responsible for this effect.



Figure 4 presents the comparison between the results of grinding calcined clay and limestone alone (separate grinding) and clinker, calcined clay, limestone and gypsum (co-grinding). Even excess grinding of LC3 does not yield a fineness lower than that of LC2 fine. This effect is produced by combination of the impact of hard clinker particles and the agglomeration and sticking of the calcined clay particles on the steel balls of the mill. It can be confirmed by the difference in Blaine specific surface observed between the LC3 co-ground and the LC3 produced through a blend of 50% OPC and 50% LC2, see Table 6. It is then expected that co-ground LC3 will have a higher water demand than LC3 produced via separate grinding.



The high specific surface brings about an increase in water demand in cement pastes containing calcined clays, as presented in Table 7. The lowest spread in the minicone test was at the paste made with LC3 co-ground, which is the one with the highest specific surface.



Figure 5 displays the results of compressive strength in standard mortars for a similar flow and water to binder ratio. The combination of 50% OPC + 50% LC2 yields better strength results than the LC3 produced via co-grinding. The major impact is at early age strength, mainly 1d and 3d, and this could indicate a clinker which is poorly ground. [29] The cause could be related to coating of the steel balls which prevent clinker particles to get properly ground.




3.1.3. Impact of Grinding Aids


The use of grinding aids could eventually mitigate the negative impact of co-grinding LC3. The grinding aid used in this study was TEA, which is known to enhance the alumina reaction at early ages [27]. Two dosages were used: (i) 3 g of solid/cement, considered the mean dosage proposed by the supplier, and (ii) 4.5 g of solid/cement, which is the highest dosage proposed by the supplier. The main effect of the product would be to disperse the agglomerated particles and clean up the steel balls and the walls of the mill, where fine particles tend to agglomerate.



Figure 6 presents an analysis of the clinker content in each fraction for LC3 cement with and without grinding aids. As the dosage of grinding aid increases, the amount of clinker in the very fine fraction increases, at the cost of decreasing the clinker content at the coarse fraction. Having a finer clinker may have a positive impact on the reactivity of the cement in general.



Figure 7 presents the heat of hydration of cement pastes prepared with LC3 with and without grinding aids. The higher the dosage the higher the silicate peak, in correspondence with the higher amount of clinker in the finer and most reactive fraction. As expected, the secondary peak corresponding to the formation of ettringite is also enhanced by the presence of TEA [27], and for the highest dosage the peak appears earlier, probably due to a sulphation problem created by the increase of specific surface during grinding [40].



Figure 8 present the results of compressive strength in standard mortars made with LC3 produced with a without grinding aids. As expected, the main impact on compressive strength takes place at early ages, where the hydration of clinker is more important [41,42], and the impact at late ages is less important. It is noted that even the lowest dosage of grinding aid has an impact on strength, so the use of grinding aids should be considered when co-grinding LC3 cements.



Grinding aids were also tested in separate grinding. The mineral addition LC2 was ground with the same dosage of the grinding aid used for co-grinding. Cement pastes were prepared using 50% OPC and 50% LC2 for further testing. Figure 9 presents the calcined clay content in each of the fractions studied for LC2 ground with and without grinding aid. No significant change is observed in samples ground with grinding aid. This is possibly explained through the role of limestone during grinding, as was displayed in Figure 3.



The measurement of the heat of hydration in cement pastes made with a blend of 50% OPC and 50% LC2, depicted in Figure 10, confirm small increase of the peaks of silicates and aluminates. The enhancement of the alumina peak is caused by the interaction with TEA [27], which could have benefits in the performance of cement.



Figure 11 summarizes the impact of the grinding strategy on compressive strength of standard mortars. The best results are obtained for separate grinding using the minimal dosage of grinding aid TEA. The mineral addition LC2 is blended with OPC. The use of grinding aids also brings about benefits in co-grinding, also for a small dosage of TEA. The improvements are associated with a properly good ground clinker and a well-graded blend of calcined clay and limestone [29].





3.2. Impact of Grinding Strategy on Concrete


3.2.1. Properties of Concrete in Fresh State


Figure 12 presents the slump in fresh concrete made with the different binders chosen in this study. As expected, water demand increases with the increase on calcined clay content. Samples M3 (co-grinding) and M6 (separate grinding) have a similar calcined clay content, however, water demand is higher in LC3 produced through co-grinding, thus indicating the benefits of separate grinding. Slump values fall within the range specified by the standard NTE INEN 1578 [27] for plastic-consistency concrete. The worst results are those of the concrete produced with the LC3-50 by co-grinding.



Figure 13 displays the values of trapped air measured in fresh concrete. It is interesting to note that as the calcined clay content increases, the trapped air decreases. This may be related to the ability of calcined clays to retain water in the matrix in addition to their fineness [43,44].




3.2.2. Properties of Concrete in the Hardened State


Figure 14 shows the values of compressive strength in concrete at 1, 3, 7 and 28 days, according to the standard NTE INEN 1573 (ASTM C 39M). LC3-50 (coground) achieves the best compressive strength results. This series has the highest calcined clay content of all. Concrete produced with a blend of OPC and LC2, even for the same clinker content (M5) have a lower strength. The explanation is on the difference in calcined clay content. In sample M3, calcined clay is approximately 30% of the weight of the cement whereas in sample M5, clay represents 20% of the weight of the cement, and it also has 20% natural pozzolan. It has been shown that calcined clay is much more reactive than natural pozzolan [14,45], and therefore, it is very possible that the SikaFume in the system is acting as a filler with low reactivity. The compressive resistance values of concrete with SikaFume are similar to those of Portland cement.






4. Conclusions


Pastes and mortars.



	
The use of the laboratory ball mill guarantees an efficient grinding for the study of the impact on material fineness, provided that the grinding time is between 15 and 20 min. Increasing the grinding time above these values does not bring about changes in fineness. Blending calcined clay with limestone will reduce the grinding time to achieve the sought fineness.



	
Co-grinding clinker with the blend of calcined clay and limestone increases water demand and lowers strength. The agglomeration and coating by the calcined clay particles prevent clinker grains to be finely ground. Grinding calcined clay and limestone separately brings about better results. The mineral addition LC2 can replace up to 50% of OPC for a similar performance.



	
The use of grinding aids of the family TEA brings about improvement in the performance of LC3 cement produced via co-grinding, but also separate grinding. The grinding aid reduces agglomeration and coating and enhances the alumina containing phases reactions. Even a small dosage of the grinding aid has a positive impact.



	
The best performance was observed in the blend 50% OPC + 50% LC2, with grinding aids.






Concrete.



	
The content of calcined clay brings about a higher water demand at fresh state but favors a higher compressive strength in hardened state. Further, calcined clays increase water retention, and decrease trapped air in concrete, with a direct contribution to reduce total porosity of the matrix.



	
If calcined clay is blended with other pozzolans the performance of the system is compromised. It could be since calcined clay consumes all calcium hydroxide in the system at early ages, and there will not be enough Portlandite for the reaction of other pozzolans in the mixture.



	
The use of cements with calcined clays in different proportions in the manufacture of concrete ratifies the high water demand and the need to increase the addition of superplasticizers, but the slump obtained in all cases meet the requirements established in the standards. The best options are to produce LC3-50 cement with 50% clinker by inter grinding, or to mix 70% Portland cement with 30% LC2.



	
The concretes produced with calcined clay cements reach high compressive strength values at all ages, and exceed the design strength, except for sample M6 with 34% clinker. The best results are obtained with LC3-50 cement with 50% clinker by co-grinding.
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Figure 1. Particle size distributions of the aggregates, (a) coarse aggregate (CA), (b) fine aggregate (FA). 
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Figure 2. Influence of grinding time on PSD of calcined clay. 
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Figure 3. Impact of grinding calcined clay with limestone. 
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Figure 4. Comparison of co-grinding LC3 with separate grinding LC2. 
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Figure 5. Comparison of compressive strength results between co-grinding LC3 with separate grinding LC2. 






Figure 5. Comparison of compressive strength results between co-grinding LC3 with separate grinding LC2.



[image: Minerals 12 01170 g005]







[image: Minerals 12 01170 g006 550] 





Figure 6. Impact of the use of grinding aids on co-grinding LC3. 
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Figure 7. Impact of the use of grinding aids on the hydration of LC3. 
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Figure 8. Impact of the use of grinding aids on compressive strength. 
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Figure 9. Impact of the use of grinding aids on separate grinding LC2. 
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Figure 10. Impact of the use of grinding aids on the hydration of a blend of 50% OPC + 50% LC2. 
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Figure 11. Summary of the impact of the grinding strategy on strength in standard mortars. 
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Figure 12. Slump in concrete made for testing. 
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Figure 13. Measurement of trapped air in the concrete produced. 
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Figure 14. Compressive strength in concrete. 
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Table 1. Chemical composition of raw materials.
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	Raw Materials
	CaO
	SiO2
	Al2O3
	SO3
	Fe2O3
	MgO
	NaO2
	K2O
	TiO2
	CaCO3
	LOI





	Clay
	1.65
	43.4
	25.78
	0.24
	12.11
	0.64
	0.33
	0.25
	1.07
	
	21.2



	Gypsum
	35.6
	2.51
	0.67
	40.03
	0.35
	0.25
	0.46
	0.1
	0.01
	
	



	Limestone
	
	5.39
	
	
	
	
	
	
	
	94.61
	



	Clinker
	61.43
	19.34
	3.75
	0.73
	2.64
	1.12
	0.80
	0.40
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Table 2. Characteristics of grinding aids used.
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	Designation
	TEA-A





	Dosage
	0.03% to 0.06% in relation to the weight of the cement.



	Active Principle
	Mixture of alkanolamines and triethanolamine
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Table 3. Properties of the binders used.
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	Samples
	Dv10%
	Dv50%
	Dv90%
	Clinker%
	Blaine cm2/g





	Portland Cement
	1.02
	13.94
	46.49
	67
	4830.79



	LC3-50
	0.60
	4.60
	28.98
	47
	11,546.10



	15% LC2 + 85% Portland Cement
	0.90
	12.56
	46.77
	57
	5836.61



	30% LC2 + 70% Portland Cement
	0.80
	9.64
	45.13
	47
	6732.89



	45% LC2 + 55% Portland Cement
	0.74
	7.62
	42.45
	37
	8040.20
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Table 4. Proportions of the materials that were ground.
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	Materials
	Clinker
	Clay
	LS
	Gypsum
	Total
	Naequiv
	SO3





	Portland Cement
	47.00%
	0.00%
	0.00%
	3.00%
	50.00%
	0.43
	1.20%



	LC2 2:1
	0.00%
	31.50%
	15.00%
	3.500%
	50.00%
	0.77
	1.40%



	LC3-50 2:1
	47.00%
	31.50%
	15.00%
	6.50%
	100.00%
	0.60
	2.60%
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Table 5. Dosage used in the manufacture of concrete (1 m3).
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	Mix Design
	OPC

(kg)
	LC3-50

(kg)
	SF

(kg)
	LC2

(kg)
	FA

(kg)
	CA

(kg)
	Water

(L)
	w/c
	% SP





	M1 ([1] 100% OPC)
	496
	
	
	
	858
	903.5
	157
	0.32
	0.85



	M2 ([2] 90% OPC + 10% SF)
	446.4
	
	49.6
	
	858
	903.5
	161
	0.32
	1



	M3 (LC3-50 co-ground)
	
	496
	
	
	858
	903.5
	169.9
	0.34
	2



	M4 (OPC (85%) + LC2 (15%))
	421.63
	
	
	74.38
	858
	903.5
	155.5
	0.31
	1



	M5 (CP (70%) + LC2 (30%))
	347.25
	
	
	148.75
	858
	903.5
	158.6
	0.32
	1.3



	M6 (CP (55%) + LC2 (45%))
	272.75
	
	
	223.25
	858
	903.5
	163.6
	0.33
	1.5
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Table 6. Physical parameters separate grinding vs. co-grinding.
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	Series
	Dv10%
	Dv50%
	Dv90%
	Blaine cm2/g





	OPC pure lab
	0.69
	7.76
	33.72
	5407.2



	LC2 very fine
	0.59
	4.05
	28.76
	9308.1



	LC3 very fine
	0.59
	4.83
	34.99
	11,476.20



	50% OPC + 50% LC2 very fine
	0.68
	6.36
	39.13
	11,156.2
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Table 7. Flow of cement pastes assessed by the minicone test.
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	Material
	w/c
	Spread mm





	OPC lab
	0.65
	128.82



	LC3 co-ground
	0.65
	75.69



	LC2 very fine + CP
	0.65
	85.43
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