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Abstract

:

The replacement of traditional cement with high clinker content should be achieved quickly to lower the carbon footprint of mortar and concrete. Cement is responsible for about 70% of the carbon footprint of cementitious materials. Current research suggests that the use of limestone and metakaolin or calcined clay could replace the current four gigatons of clinker produced. Here, binary systems composed of limestone/cement and metakaolin/cement are first studied to determine the individual impact of fine limestone and diverse fine metakaolins on the flow and compressive strength of the material. The flow properties are correlated with the surface areas of clinker and metakaolin and are almost independent of the limestone content. A model based on a linear relationship between compressive strength and porosity is used to estimate the reactivity of cement, limestone and metakaolin. An excellent correlation is obtained with the two binary systems and confirmed with the ternary systems using the same reactivity factors. The presented model allows the determination of the impact of each of the three components on compressive strength development. Limestone and metakaolin accelerate the hydration of clinker, leading to higher early strength, proportionally to their surface area. The reactivity of metakaolin is also found to be directly related to its mean size or surface area.
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1. Introduction


Building operation and construction are responsible for 40% of direct and indirect greenhouse gas (GHG) emissions [1]. The type of building materials, as well as building designs, significantly impacts the energy needed and, consequently, the generation of carbon dioxide. Carbon footprint reduction in construction requires an improvement in the energy efficiency of the building and reduction in the quantity of carbon emissions associated with the materials used [2,3]. Material consumption in construction is estimated at 40 GT, which could double by 2050 [4]. This number can be analyzed with the share of the main materials used, as shown in Table 1. The primary construction material families are concrete, mortar, brick, steel, wood, plastic and aluminum, already accounting for 38 GT, more than 95% of the total construction materials. The global carbon footprint of these materials can be approximated in kg of CO2 generated per t of material produced, as shown in the second row of Table 1. These materials’ global carbon footprint can be estimated at about 10 GT [5]. Concrete and mortar represent almost 80% of the materials used but less than 45% of the total CO2 produced, as their carbon factor is relatively low compared to that of steel, plastic and aluminum, as shown in Table 1.



Wood and other renewable resources currently represent less than 5% of the total weight in the construction industry, meaning that replacing 95% of the current materials used in construction with wood, hemp and algae would not be possible. The quantity of construction waste represents less than 5% of the total volume required, with about 2 GT generated [9,10]. Either with recycling or renewable resources, the quantities are insufficient to replace all non-renewable raw materials. It is therefore necessary to limit the quantity needed and its carbon footprint, meaning having more with less!



It is necessary to improve the carbon footprint of concrete and mortar, which should be reduced by a factor of two before 2030 to reach the first step of the Paris climate agreement. There are several solutions to reduce the carbon footprint of concrete and mortar, such as the optimization of Portland cement (PC) production process with more efficient grinding, the use of alternative bio-based fuels, the use of low-carbon cement, such as calcium sulfoaluminate cement, or CO2 capture from cement kilns [11]. Another solution is to reduce the carbon footprint by replacing a portion of clinker with reactive supplementary cementitious materials (SCMs), mainly slag, activated clay, fly ash and silica fume, the quantities and approximate carbon footprints of which are shown in Table 2 [12]. As they are linked to the production of coal power plants or metals, slag, fly ash and silica fume are currently used at almost the maximum of their production, leading to serious shortage and a mean replacement capacity of about 30% for clinker [13].



The average carbon footprint of both concrete and mortar is 120 and 400 kg CO2/t of materials, respectively. Pure clinker is almost never used in mortar and concrete, and an average of 30% substitution is achieved with a series of SCMs [16]. The carbon footprint of each SCM is also not neutral, ranging from 50 kg CO2/t of material for natural material to 500 kg CO2/t for manufactured one [17]. Pure clinker has a carbon footprint of 800 kg CO2/t, whereas typical cement is around 650 kg/t. This reduction of about 22% was achieved a couple of decades ago with the growing diversity of cement types (CEM I to VI in Europe). GCC is not as reactive as other pozzolans (contributing to carboaluminate formation) but chiefly influences cement’s reactivity, as its surface acts as an active site for the nucleation and growth of cement hydration products [18]. One of the most recently developed cements is the so-called LC3 [19], further reducing the carbon footprint of pure clinker by 40%, as shown in Table 3. The reduction regarding typical cement is around 20%. Further reductions could be achieved by substituting more clinker with limestone/metakaolin.



Taking the example of concrete using 350 kg/m3 of cement made with an average 76% of clinker [20], 150 kg/m3 of water, 1900 kg/m3 of aggregates (sand, powders and coarse aggregate) and 2 L of plasticizer, we obtain an average carbon footprint of concrete of about 130 kg/t of concrete, as shown in Table 4.



Cement is responsible for about 70% of the total carbon footprint of concrete. The remaining 30% is due to the large amount of sand and aggregates used. The 50% clinker reduction target can be reached [22], and standard concrete could be formulated with it, reducing about 33% of the carbon. This substitution is achieved with a ternary system composed of clinker, ground calcium carbonate and either pozzolan [23] or slag [24], involving the addition of chemical admixtures.



The strength development of Portland cement is generated by the hydration processes, which mainly involve the formation of calcium silicate hydrate (C-S-H) and calcium hydroxide or portlandite Ca(OH)2. The hydration of Portland cement is mainly controlled by two phases, Tri-calcium Silicate C3S (3CaSiO2) and Di-calcium silicate C2S (2CaSiO2), leading to the complementary formation of calcium silicate hydrate (C3S2H4) and portlandite (CaOH2) at a volumetric ratio of about 4 to 1 [25]. Whereas C-S-H is responsible for strength, portlandite has a weaker strength contribution [26], and it is often responsible for durability issues, such as efflorescence. The addition or substitution of clinker with pozzolan materials, such as silica fume, fly ash or metakaolin, allows the chemical reaction with portlandite to contribute additional C-S-H and then increase the strength by up to 50% [27,28] with a better durability of the matrix [29]. The current quantity of SCMs needs to be increased, and the demand is much higher than the resources [30]. The resources available for fly ash, silica fume or slag are limited locally, as shown in Table 2, so that only metakaolin and locally available natural pozzolan can be used as sustainable SCMs. Metakaolin is the most promising SCM with a carbon footprint of about 300 kg/t, offering an excellent alternative binder to replace a large amount of clinker. Metakaolin is a dehydroxylated form of kaolinite clay, which has been used for decades as SCM to reduce the permeability and porosity [31], shrinkage, efflorescence, bleeding of water and alkali silica reaction and, at the same time, increase the chemical resistance and durability of concrete [32]. All these improvements are mainly due to the pozzolanic reaction resulting from the progressive consumption of calcium hydroxide by metakaolin. Depending on the size, metakaolin can act both as a physical and chemical filler. Physical nucleation sites and chemical pozzolanic reaction with portlandite [33] improve the material strength with formation of hydrates, such as C-S-H, Tetracalcium aluminate hydrate C4AH13, C3AH6, also called Katoite, or Stratlingite C2ASH8 [34]. After being hydrated for 28 days, the consumption of portlandite is proportional to the addition of metakaolin. The critical pore size decreased, and total porosity decreased as the incorporation of metakaolin increased [35]. This improvement in the structure’s density is the other reason for improving mortar strength [36,37].



The individual impacts of limestone and metakaolin on both rheological and mechanical properties should be well understood to optimize their contents and decrease the carbon footprint of mortar and concrete. Clinker substitutions with fine limestone, also called ground calcium carbonate (GCC), and diverse sources of metakaolin with different sizes, chemical reactivities and whiteness are performed in this study. Clinker substitution with limestone is first studied to quantify its impact on the flow properties and reactivity of clinker at different ages. Taking a linear relationship between compressive strength and material porosity as the hypothesis, a model is built to determine the reactivity factor of limestone and its interactions with the hydration of clinker. In a similar way, the impact of the flow properties is studied with the substitutions of metakaolins with different physical properties. The equivalent cement concentration is first used to compare the reactivity of different metakaolins and link them with their mean particle size. The same linear relationship between compressive strength and porosity is used to quantify the reactivity of metakaolins and study their interaction with clinker. The ternary system composed of cement/GGC/metakaolin is finally analyzed by implementing the results obtained with the binary systems. The impact on the flow properties is studied in terms of the surface area of clinker and metakaolin. The same linear relationship between compressive strength and porosity is used to estimate each component’s reactivity, as well as their mutual interactions and the impact of the addition of fine particles on the reactivities of cement and metakaolin.




2. Materials and Methods


2.1. Materials


The cement used is from Holcim, CEM I 52,5 N, certified by the norm SN EN 197-1 [38]. The fine ground calcium carbonate (GCC) is from Omya, Betocarb UF OM (Omya SAS, Omey, France), with 97.6% of calcium carbonate, a mean size of 0.9 µm with a corresponding calculated surface area of 8 m2/g and a density of 2700 kg/m3. Non-commercial water reducing admixture (polycarboxylate superplasticizer) was used. The sand used is the CEN Standard Sand in a size range from 0.08 to 2.00 mm with a maximum moisture content of 0.2%. Some of the physical and chemical properties of the metakaolin used in this work are summarized in Table 5. A series of six metakaolins named M1 to M6, classified as a CLASS N pozzolan under ASTM C-618, with different whiteness, size, surface area, Chapelle test and density, as listed in Table 5, are used in this study. The Chapelle test values extracted from the data sheet allow the quantification of portlandite fixed by the metakaolin sample and thus indirectly provide a quantification of metakaolin reactivity [39]. The powders have a Hunter L whiteness value in between 66 and 96%, with 0% denoting black powder and 100% denoting maximum whiteness, which mostly depends on the oxidation state of the iron oxide present in the original clay [40]. They have different specific gravities ranging from 2200 to 2600 kg/m3, specific surface areas from 14 to 2 m2/g and average particle sizes (   d  50    ) from 1.3 to 8 µm.




2.2. Test Methods


Mortar prisms for compressive strength testing are produced with a mixture of 450 g cement, 225 g water and 1350 g sand according to the EN 196-1:2016 standard [41]. Variations in the quantity of cement (CEM), sand (S) and water (W) are attained with the addition of metakaolin (MK) and GCC (L). The concentrations of the different components are given in weight percentage, so that S + CEM + L+ MK + W = 1. The consistency of the mortar is measured on the flow table following the EN 1015 standard [42]. Depending on the consistency, either a series of 10, 13 and 16 strokes or none is applied to fresh mortar. The density of each series of samples is measured with the ratio between the sample mass and its volume. The mortars’ compressive strengths are measured on prisms with standard dimensions of 4 × 4 × 16 cm. The prisms are stored in a chamber with controlled curing conditions of 68% relative humidity and 23 °C before testing the compressive strength evaluated in conformity with EN 196-1:2016 [41] at 1, 7, 28 and 90 days.




2.3. Mix Designs


The first binary system is composed of a mix of clinker with fine GCC. A series of 16 formulations, presented in Table 6, with four different substitutions of clinker with GCC and four different water-to-cement ratios were prepared to study the impact of fine GCC addition on the flow. The powders are mixed with water for 3 min with a Hobart mixer before being tested in the flow table tests performed at 10, 13 and 16 strokes. The paste is then poured in the 40 × 40 × 160 mm prisms. The compressive strengths are measured on all prisms at 1 and 28 days, and on half of them, at 7 and 90 days.



The binary system composed of clinker with diverse concentrations of one of the six different metakaolins was performed to study the impact of the type and content of metakaolin on rheological and compressive strengths. The formulations used along with the measured flow, density and compressive strength at 7 and 28 days are presented in Table 7. Cement is substituted from 10 to 50% with different metakaolins at different water ratios to study their impact on the flow and strength.



As the final system, the ternary blend of cement/GCC and metakaolin was examined with a series of tests listed in Table 8. In all the MX-X tests, the water, cement and GCC content was kept constant with variations of metakaolin concentration and type in sand replacement. One series of measurements were performed without metakaolin at different water-to-cement ratios with and without GCC (C1-1 to C1-6). The content of metakaolin is much lower than that in the former binary system, as part of the reactivity is compensated by the addition of fine GCC.




2.4. Calculated Surface Area


The surface areas of clinker    S C   , GCC    S L    and metakaolin    S  M K     are calculated from their mean particle diameters (   d  50    ) and densities  D  with the following equation:


  S =   4 π        d  50    2     2    4 / 3 π        d  50    2     3  D    



(1)







We are not considering the surface of sand, which is negligible compared to the other surface areas.




2.5. Reactivity Factor


The final strength of the resulting mortar can quantify the impact quantification of the substitution of GCC and metakaolin. The concept of the equivalent cement ratio is a way of quantifying the reactivity of SCMs. The compressive strength evolution as a function of the water-to-cement ratio demonstrates that adding ground calcium carbonate and metakaolin increases the strength even at the same w/c ratio. Limestone is not reacting significantly but represents a nucleation surface for the precipitation of C-S-H, the main hydration product responsible for strength. The aluminum content in metakaolin influences limestone reactivity, resulting in the formation of hemi- and mono-carboaluminate CO3–AFM [43]. It is therefore common to represent the evolution of compressive strength by considering the cement equivalent factor (CEF) or concentration [Ceq], which can be attributed to any physical performance, such as workability or strength [44]. The cement equivalent factor reflects the strength contribution of SCMs with an equivalent weight of Portland cement [45,46]. The cement equivalent factor can be written as a function of cement concentration [C] with a ratio of GCC concentrations [L] and metakaolin [K] pondered with the corresponding reactivity factor XL and XK, as shown in Equation (2):


[Ceq] = [C] + XL[L] + XK[K]



(2)







The two factors XL and XK are determined experimentally with the superposition of compressive strength into a master curve by a minimization routine. The analysis of the results determined the reactivity factor, which is also the cement substituting factor equal to 1 when complete. As this analysis is performed with mass, the lower density metakaolin and GCC already reduced porosity and hence boosted the strength of the binary systems, as their density is lower than clinker.




2.6. Link between Porosity and Strength


The second model used in this paper links the calculated porosity with mortar strength. Several models, reviewed by Rössler et al. [47], link compressive strength evolution and material porosity. Such models are also used for foamed concrete, giving a general relation to compressive strength and material porosity [48]. Among all the equations, a simple one by Hasselman creates a linear relationship between compressive strength  σ  and matrix porosity  ϕ :


  σ =  σ 0    1 −  ϕ   ϕ m       



(3)




where    σ 0    is the maximum compressive strength at zero porosity, and    ϕ m    is the critical porosity where the compressive strength is first non-zero. This equation is suitable for strengths higher than 5 MPa and consequently applicable for most concretes, mortars and pastes [49]. A graphical representation of Equation (3) is given in Figure 1. The value of critical porosity mainly depends on the powder’s nature, and the maximum strength at zero porosity depends on the strength of the aggregates or sand. The formation of hydrates reduces porosity simultaneously rather than increasing material strength. The linear evolution of compressive strength with paste porosity allows an indirect determination of porosity, and then, of the different components’ reactivity.



The maximum strength and critical porosities are determined from the experimental data of the compressive strength measured here: 130 MPa and 51% for the paste. The values of the critical porosity of concrete and mortar are much lower. Porosity is estimated with the quantity of water left and air contained in the sample. In this way, we are ignoring the empty porosity created via chemical shrinkage from the hydration reactions, which would be a refinement of this model. Air quantity is directly calculated from the density difference between the theoretical density of the sample and the measured one. Water left in the sample is calculated by considering its partial consumption due to hydrates’ formation due to the reactivity of clinker, GCC and metakaolin. The resulting porosity  ϕ  of the constitutive paste of the mortar can be calculated with Equation (4), where      V W    is the volume of water and liquid admixture,    V A    is the volume of air,    V T    is the total volume of the paste,    M c    and    M k    are the mass fraction of clinker and metakaolin, respectively:


  ϕ  t  =      V W  +  V A  −   n  t  + l  t  + k  t     M c  − m  t   M k     V T     



(4)







Considering only the matrix composed of powder and water, sand is not considered when calculating porosity. Water consumption due to clinker and metakaolin hydration is proportional to their mass with factors   n  t    and   m  t   . These two factors are proportional to binder reactivity, which depends on time. Finally, metakaolin and GCC also contribute to clinker hydration, acting as seeding agents [21,32], increasing water consumption due to the acceleration of hydrate formation. Their impacts on porosity are taken into consideration with two factors   l  t    and   k  t   , decoupling the natural hydration of clinker from its acceleration due to the seeding effect of SCMs.



In this work, the critical porosity    ϕ m    is different for GCC, which has no pozzolan activity, and clinker and metakaolin. During the cement hydration processes, the material changes from liquid to paste to porous solid, and the interaction between the particles drives these transitions. As an extension of Equation (2), Equation (5) considers that the three types of particles participating in the paste have the same maximum compressive strengths    σ 0    but different critical porosities    ϕ  m C     for clinker and metakaolin and    ϕ  m L     for GCC:


  σ  t  =  σ 0       M C  +  M k      1 −   ϕ  t     ϕ  m C       +  M L    1 −   ϕ  t     ϕ  m L          



(5)




where    M C   ,    M L    and    M k    are the mass fraction of clinker, GCC and metakaolin.    ϕ  m C    ,    ϕ  m L     and    σ 0    are taken as the constant with values of 51%, 61% and 130 MPa for all calculations presented in this work. The different masses    M C   ,    M L   ,    M k   ,      V W   ,      V T    are the variables, depending on the formulations.      V A    is calculated from the difference between the systems’ theoretical density and the measured one. Only   n  t   ,   m  t   ,   l  t    and   k  t    are taken into account in this study, depending on the estimated reactivity of clinker and metakaolin and acceleration due to the seeding effect of GCC particles at a given time.





3. Results


The impact of the addition of fine GCC and metakaolin on the flow properties and strength evolution is first studied individually with clinker. This binary clinker/GCC system allows the determination of factors   n  t    and   l  t    of Equation (4). The impact of fine GCC on water demand and flow properties is also studied with this first binary system. The second binary system involves the substitution of clinker with different metakaolins, which allows a determination of the chemical activity of each metakaolin and its acceleration impact on clinker from the strength measurement. The water and superplasticizer demands are used to determine the theoretical surface area of metakaolin responsible for the modification of rheological properties. Finally, the ternary system composed of clinker, metakaolin and GCC is examined to study the impact of GCC on the reactivity of the mix of metakaolin with clinker.



3.1. Binary Clinker/GCC System


The evolutions of compressive strengths at 1 and 28 days as a function of the water-to-cement ratio for the four different additions of GCC are represented in the left graphic of Figure 2. The addition of fine GCC increases compressive strength due to the seeding acceleration of the hydration process [50] and a significant reduction in system porosity due to the replacement of clinker with lower density limestone powder, as can be seen in the initial porosity calculated. The seeding acceleration of fine GCC is in the same range for all water-to-cement ratios studied and has a high impact on early strength up to 28 days, but a lower impact is seen at 90 days, as the hydration process is almost complete. These results are similar to those found in the literature [51,52], where fine limestone doubles hydration at 1 day and increases it by 25 to 20% at 7 and 28 days. The flow properties in the right graphic of Figure 2 are a function of the calculated mean surface area    S A   , which is a function of the calculated surface area from Equation (1) of cement    S C    and GCC    S L   :    S A  =  M C   S C  +  M L   S L   . We can see a fluidifying effect in all w/c, and GCC particles have no flocculating effect on clinker particles. With a surface area almost ten times higher than clinker, adding fine GCC requires less or the same amount of water to obtain the same consistency. Fine limestones fill the gaps in the size distribution of the particles and then increase the compactness and decrease the viscosity. Generally, the yield stress decreases [53] or stays the same with higher limestone addition, while plastic viscosity drops [54] or does not change [55]. The addition of a limestone filler within a certain range did not affect fluidity [56].



The acceleration of fine GCC in hydrates’ formation is quantified with factor   l  t   , which is a function of the ratio between the clinker and GCC concentration, as shown in Equation (6):


  l  t  = A  t     M c     M l     



(6)




with   A  t    as the coefficient of activity of GCC, which is found to be 0.05 at 1, 7 and 28 days and 0.01 at 90 days in the experimental data. The coefficient   n  t    is equal to 0.06, 0.16, 0.2, 0.22, corresponding to a degree of hydration of 25, 62, 82 and 91% at 1, 7, 28 and 90 days, respectively [13]. With those values, a decent correlation with an interval of confidence of less than ±4% in between the compressive strengths measured at 1, 7, 28 and 90 days and the calculated porosity is found, as shown in Figure 3. GCC fine particles act as seeding accelerators, doubling the hydration at 1 day and increasing it by 25 to 20% at 7 and 28 days.




3.2. Binary Clinker/Metakaolin System


The impact of metakaolin on the slump flow and compressive strength is studied in this part from the values in Table 7. The evolution of water added to maintain the same flow properties in the shock table is represented in Figure 4a for all metakaolin types and as a function of cement substitution as a percentage. The type of metakaolin significantly impacts water demand [57]: with a maximum cement substitution of 50%, the extra water demand ranges from less than 2% to more than 10%. Contrary to the addition of fine GCC, which had a limited impact on rheological properties, the addition of metakaolin increased the flocculation and required more water to keep the mortar flow properties constant, indirectly measured with the slump flow [58,59]. If the flocculation is proportional to the surface area of the metakaolin    S  M K     added, the evolution of water demand should be on a master curve as a function of the total surface area of the mix of metakaolin and cement, following the equation:    S A  =  M C   S C  +  M  M K    S  M K    . Figure 4b is obtained through the estimation of the binder surface area, composed of the diverse metakaolins and clinker. The clinker surface area    S C    is equal to 0.4 m2/g, and those of the metakaolins are estimated with the constitution of master curves. The values of the surface areas of all metakaolins obtained from the shifts in Figure 4b,f are listed in Table 9. The mean particle size and D_flow (water demand), calculated from Equation (1), obtained for metakaolins M1, M2, M3 and M5 are well correlated, whereas those obtained from rheological measurements are much smaller for M4 and M6. This could be explained, since the particles are agglomerated before being mixed in the mortar and dispersed into smaller particles, leading to a larger surface area after the mixing procedure. The surface area calculated from the mean size of the particles is much smaller—a factor of 10 less than the measurements given in the data sheet—meaning that the surface Blaine measured is not characteristic for the rheological properties.



The compressive strengths at 7 and 28 days are represented in the left graphics of Figure 5a,c as a function of the water-to-binder ratio, where the binder is the sum of cement and metakaolin content. The impact of metakaolin on compressive strength highly depends on the particles’ size and structure, whereas the larger metakaolins M4, M5 and M6 are substituted one to one for cement up to 30%; the finest M1, M2 and M3 lead to larger strengths and have a higher impact than cement on strength development [57]. As a first quantitative analysis of the reactivity of metakaolin, a horizontal shift of the curves was calculated, following Equation (2), in order to estimate the reactivity factor    X k   . The resulting master curves are represented in the right graphics of Figure 5b,d. The    X k    for the binary system given in the first row of Table 10 clearly demonstrates the impact of metakaolins’ size on their reactivity, which is in the range of a factor of two, in contrast with the smaller to larger particles. An    X k    value of one means that metakaolin is replacing the cement one to one, whereas a factor of two means that we need half as much metakaolin to replace the cement to obtain the same strength. These factors are the values for all substitutions of cement with metakaolin, ranging from 10 to 50%.



The reactivity factors    X k    are the same at 7 and 28 days, meaning that the shifts used in the two right graphics in Figure 5 are the same and that the impacts of the different metakaolins on strength at 7 and 28 days are in the same range.



Compressive strength evolution as a function of the calculated porosity is obtained with the same factor   n ( t  ) as those obtained in the binary system of GCC and cement. Compressive strengths as a function of the calculated porosity for the binary system of cement with metakaolin at 7 and 28 days are represented in the graphics of Figure 6. The master curves obtained with the determination of reactivity factors   n  t   ,   m  t    and   k  t    are all in the range of ±4% confidence in the same evolution of strength as a function of porosity as that used in the binary system of cement/GCC. The activity factor   n ( t  ) is the same as those obtained in the binary system of GCC and cement (0.16 at 7 days and 0.2 at 28 days). It is therefore independent of the type and concentration of metakaolin. The values of the   m  t    and   k  t    activation factors are obtained with the best superposition of the series given in Table 10. Whereas the values of m(t) depend on age and metakaolin type, the value of   k  t   , meaning the acceleration effect of metakaolin on cement hydration, is found to be the same at 7 and 28 days. This would imply that acceleration only depends on metakaolin type. This result is similar to those obtained with GCC, accelerating cement hydration at 7 and 28 days by the same amplitude. Metakaolin acceleration depends on the mean particle size, which is higher for smaller particles. The direct reactivity of metakaolin, quantified with factor m(t), strongly depends on particle size but also slightly on the chemical nature and density of metakaolin. The reactivity of metakaolin can reach or even exceed the reactivity of cement (M1), also mainly depending on the mean particle size. The fact that metakaolin particles have the same or higher reactivity than cement, as quantified with the shifts proceeding in compressive strength as a function of the water-to-binder ratio, can be explained, as they are chemically active and accelerate cement hydration at the same time.



In the same way as fine GCC, we obtain an acceleration of clinker hydration on the surface of metakaolin, so that, as for Equation (6), we can express factor   k  t    as a function of the ratio between the clinker and metakaolin concentration, as shown in Equation (7):


  k  t  = B  t     M k     M c     



(7)




where   B  t    is the coefficient of activity of metakaolin, which depends on its chemical and physical properties. The values of   B  t    obtained for each metakaolin are given in Table 10. The values should be compared to the one obtained with fine GCC, of about 0.05, so either in the same range (M5) or up to 8 times smaller than for metakaolins M1, M2, M3. This difference can be explained in terms of chemical reactivity of the surfaces of metakaolins, which are like C-S-H nanoparticles, and thus much more reactive as nucleation sites [60]. The ultrafine mineral additives have a direct impact on early age hydration, accelerating the chemical activities of clinker and metakaolin toward pozzolanic reaction and leading to a denser microstructure and higher final strength [61,62].



The representation of strength as a function of the calculated porosity is a way of splitting the chemicals’ contribution to metakaolins’ physical acceleration of cement hydration.




3.3. Cement/GCC/Metakaolin Ternary System


In the ternary system composed of different ratios of clinker, fine GCC and metakaolin, as shown in Table 8, the concentration of the superplasticizer was adapted in each mix to maintain a constant flow in the range of 355 to 400 mm, which corresponds to self-leveling mortar. In a similar way as in the binary system with water dosage, the superplasticizer concentration is represented as a function of the total percentage content of metakaolin and cement. The graphics in Figure 7 demonstrate that the dosage of superplasticizer does not depend on the total content of the binder but rather on its surface area. The surface area is the same as in the binary system, calculated from the mean particle size of cement and with addition of diverse metakaolins, as listed in Table 9. The conclusion is the same as for the binary system, where the flocculation is controlled by the mean surface area    S A    of each binder, as calculated in Equation (1):    S A  =  M C   S C  +  M  M K    S  M K    . The obtained values of the surface area are similar to those obtained with water demand, leading to the same mean particles, as can be seen in the results of Table 9. These results lead to the conclusion that the superplasticizer has the same absorbing potential on cement as on metakaolin surfaces. As the specific surface of metakaolin is higher than the cement particles, the demand for polymer is thus increased with increased replacement with metakaolin.



The evolutions of compressive strengths as a function of the water-to-binder ratio and equivalent binder-to-water ratio are represented in Figure 8. In a similar way as in Figure 5, the construction of master curves allows a determination of the activity factors    X k    given in Table 11. Fine GCC has an impact on the shift factor, which is not taken into account here. The apparent    X l    factor should be around 0.3 according to the analysis of the binary system of GGC/cement, but as fine GCC does not hydrate but rather primarily accelerates the kinetics, this factor has no real physical meaning.



The activity factors    X k    of the ternary system are higher than those obtained in the binary system. In the case of M1 and M3, the increase is significant, but it is much larger in the case of M4, where the factor almost doubles from 1.3 to 2.5. The surface area of M4, determined from rheological measurements, is also higher with the addition of the superplasticizer, which may be explained with an increase in the dispersion of particles, leading to fewer agglomerates and more surface available for hydration and acceleration. The mean sizes of the M4 particles therefore decrease from 1.9 to 1.5    µ m   , as shown in Table 9, and in the same range as for M2.



   X k     n     28   d      m     28   d     The compressive strength evolution as a function of the calculated porosity for the ternary system is given in Figure 9. Once again, the experimental points are all in the range of ±4% outside C1-6, which is the mix of cement with a w/c of only 0.24. The low water concentration of the sample, with the additional impact of water evaporation during sample curing, may justify a lower hydration than expected, meaning that the activity factor   n   28   d     could be lower than in the other samples. The cement   n  t    activity factor is similar to the two binary systems, with a value of 0.2 at 28 days. The other two factors   k  t    and   l  t    are also similar to those obtained in the binary system. The activity factor   m  t    given in Table 11 is therefore the only one adapted for each metakaolin to obtain the master curve in Figure 9. Except for M1, which has a lower coefficient of activity, all metakaolins have similar or higher activity in the presence of fine GCC. A more significant improvement was obtained with M4 in correlation with the increase in the specific surface area obtained with the addition of the superplasticizer. The introduction of fine GCC impacts both the hydration of cement and metakaolin, accelerating and involving a reduction in porosity, with the resulting increase in strength. In the same way that fine GCC accelerates the hydration of cement, it also accelerates the pozzolanic reaction, involving an increase in the reactivity index m(t). Additionally, the cement’s acceleration reaches a limit by adding a large quantity of fine GCC, meaning that the synergy is optimal for a given ratio of cement/GCC/metakaolin.





4. Conclusions


The improvement of the carbon footprint of mortar and concrete required the substitution of clinker with SCMs. In order to optimize the substitution, it is important to understand the impact of the substitution on the flow properties and compressive strength. The impact of the substitution of cement with fine ground calcium carbonate and metakaolin in binary and ternary systems was studied in this work. Fine GCC has a limited impact on rheological properties, whereas metakaolin modifies these properties proportionally to their surface area. Determining the equivalent surface area based on water demand or the superplasticizer dosage required leads to values much smaller than the one obtained with the Blaine measurement, but it is also more characteristic of their reactivity. Fine GCC has a limited impact on the flow properties and does not require more water or more superplasticizer for a given slump flow, whereas the water and superplasticizer demand of metakaolin is directly proportional to its surface area.



Fine GCC acts as a seeding accelerator for both clinker and metakaolin, directly proportional to their surface area. Based on the hypothesis of a linear relationship between compressive strength and material porosity, it was possible to quantify the reactivity factors of fine GCC. Fine GCC accelerates the clinker and metakaolin hydration, increasing early age compressive strength up to 28 days and exerting a limited impact on strength at 90 days. The reactivity of the different metakaolins studied in terms of equivalent binders demonstrated that all metakaolins have a similar or higher reactivity than clinker, increasing the compressive strength. The lower density of metakaolin contributes to this increase, as well as its size: the finer the metakaolin, the higher its impact on strength development. The increase in strength up to 28 days is also due to the seeding impact of metakaolin on clinker hydration. In a similar way to fine GCC, metakaolin acts as a nucleation site, which accelerates the process of dissolution/precipitation occurring during clinker hydration. These phenomena explain the impact of metakaolin on strength development, acting both as a chemical binder and physical accelerator for clinker. The analysis of compressive strength as a linear function of porosity was used to split the chemical reactivity of metakaolin via reactivity factor   m  t    from the physical acceleration with factor   k  t    of Equation (4). Reactivity factors are mainly proportional to the surface area and therefore to the mean size of particles. Adding fine GCC similarly accelerates metakaolin hydration for clinker. This work demonstrates that the synergy effect of fine ground calcium carbonate and metakaolin can be deduced from the rheological point of view, with the limited impact of fine GCC on water and superplasticizer demand and the physical acceleration of the cement and metakaolin hydration processes with the addition of extra surface provided by both fine GCC and metakaolin. Metakaolin acts as a chemical binder and accelerator for clinker, leading to a decrease in porosity and an improvement in compressive strength at an early age. The proposed model demonstrates the importance of the surface area of SCMs for either highly chemically active substances, such as metakaolin, or for less chemically active substances, such as fine GCC. The finer the SCM, the higher its impact on compressive strength and, as a consequence, its clinker substitution capacity. It is possible to further increase the substitution of clinker and therefore decrease the carbon footprint of the most used construction materials by reducing the materials’ porosity with a combination of fine GCC and fine metakaolin.
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Figure 1. Schematic representation of compressive strength as a function of porosity.    ϕ m    is the critical (lowest) porosity at zero strength, whereas    ϕ  1 d   ,    ϕ  7 d      , and    ϕ  28 d     are porosities at 1, 7 and 28 days, giving, respectively, the compressive strengths    σ  1 d    ,    σ  7 d    ,    σ  28 d     in a linear relation. The maximum compressive strength    σ 0    is obtained when porosity reaches zero (if possible). 
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Figure 2. (a) Compressive strength of the different additions at days 1 and 28 as a function of the water-to-cement ratio; (b) Evolution of the slump flows measured with the shock table after 10, 13 and 16 shocks as a function of the surface area of cement and GCC (C + GCC). 
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Figure 3. Compressive strengths of the four different additions of GCC presented in Table 6 at 1, 7, 28 and 90 days as a function of the calculated porosity. The line corresponds to the linear evolution of compressive strength with porosity, as explained in Equation (3), with    σ 0  = 130   MPa ,    ϕ  m C   = 51 %  . The dotted lines on the side represent a deviation of    σ 0    and    ϕ  m C     of ±4%. 
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Figure 4. (a) Water demand as a function of metakaolin substitution and thus for the six different metakaolins. (b) Water demand as a function of surface area calculated for the two binders. The surface area of cement is taken as 0.4 m2/g, whereas those of metakaolin are obtained from the shifts to obtain the master curves. Values of the surface areas obtained from the shifts are given in Table 9. 






Figure 4. (a) Water demand as a function of metakaolin substitution and thus for the six different metakaolins. (b) Water demand as a function of surface area calculated for the two binders. The surface area of cement is taken as 0.4 m2/g, whereas those of metakaolin are obtained from the shifts to obtain the master curves. Values of the surface areas obtained from the shifts are given in Table 9.



[image: Minerals 13 00454 g004]







[image: Minerals 13 00454 g005 550] 





Figure 5. Left: Compressive strengths as a function of the water-to-binder ratio (W/B) with different types of metakaolin at 7 (a) and 28 days (c). Right: Same compressive strengths represented as a function of the equivalent binder-to-water ratio (CEM + MK) at 7 (b) and 28 days (d). The shifts used for the right graphics are given in the first row of Table 10. 
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Figure 6. Compressive strengths for the six different additions of metakaolin are presented in Table 7 at 7 (a) and 28 days (b) as a function of the calculated porosity. The continuous line is the same as that in Figure 3, corresponding to the linear evolution of compressive strength with porosity, as explained in Equation (3) with    σ 0  = 130   MPa   and    ϕ m  = 51 %  . The dotted lines are a variation with ±4% of both    σ 0    and    ϕ m   . 
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Figure 7. (a) Concentration of added superplasticizer needed to maintain the same flow as a function of added cement and metakaolin for different types of metakaolin. (b) Superplasticizer added to maintain a constant flow as a function of the calculated surface area of the two binders (from Table 9). 
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[image: Minerals 13 00454 g007]







[image: Minerals 13 00454 g008 550] 





Figure 8. (a) Compressive strength as a function of the water-to-binder ratio for the different types of metakaolin (M1–M6) and cement addition (C). (b) Same data represented as a function of the equivalent binder-to-water ratio, following Equation (2), and considering only cement and metakaolin. The shift factors for each series are given in Table 11 (   X k    ternary system). 
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Figure 9. Compressive strengths as a function of the calculated porosity for the diverse substitutions of the six metakaolins (M1–M6) and cement (C) presented in Table 10 at 28 days. The continuous line corresponds to the linear evolution of compressive strength with porosity, as explained in Equation (3) with    σ 0  = 130   MPa   and    ϕ m  = 51 %  . The dotted lines are a variation with ±4% of both    σ 0    and    ϕ m   . 
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Table 1. Global quantity and equivalent carbon embodiment of the primary construction materials [6,7,8].
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	Materials
	Concrete
	Mortar
	Brick
	Steel
	Wood
	Plastic
	Al
	Total





	Quantity (GT)
	25
	5
	5
	1.9
	1
	0.065
	0.03
	38



	Weight ratio (%)
	65.8
	13.1
	13.1
	5
	2.6
	>0.2
	>0.1
	100



	CO2 factor (kg/t)
	120
	400
	250
	1850
	300
	3000
	10,000
	



	Quantity CO2 (GT)
	3.00
	2.00
	1.50
	3.52
	0.30
	0.20
	0.30
	10.8



	CO2 ratio (%)
	27.75
	18.50
	13.88
	32.52
	2.78
	1.80
	2.78
	100
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Table 2. Clinker and some of the major SCMs with their available or produced quantity, along with their typical carbon footprint [6,14]. The carbon footprint of slag is no longer considered waste at 50 kg CO2/t but a consumed product at 500 kg CO2/t [15].






Table 2. Clinker and some of the major SCMs with their available or produced quantity, along with their typical carbon footprint [6,14]. The carbon footprint of slag is no longer considered waste at 50 kg CO2/t but a consumed product at 500 kg CO2/t [15].





	Types
	Clinker
	MK
	Slag
	Fly Ash
	Silica Fume
	Limestone
	Sand

Aggregate





	Carbon footprint (kg/t)
	800
	300
	500
	50
	50
	>50
	30



	Quantity GT
	4
	Large
	0.4
	0.4
	0.4
	Large
	Large
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Table 3. Carbon footprint and reduction (C_red) of different kinds of cement made from clinker, limestone and calcined clay (metakaolin) [20,21]. The values of the carbon footprints from Table 2 are used for these calculations.






Table 3. Carbon footprint and reduction (C_red) of different kinds of cement made from clinker, limestone and calcined clay (metakaolin) [20,21]. The values of the carbon footprints from Table 2 are used for these calculations.





	Cement Type
	Clinker

%
	Limestone

%
	Pozzolan

%
	CO2

kg/t
	C_Red

%





	Pure clinker
	100
	0
	0
	800
	0



	Average cement
	70
	20
	10
	650
	22



	LC3
	50
	30
	20
	525
	40



	Cement/limestone 50%
	50
	50
	0
	475
	47
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Table 4. CO2 expressed in kg/t and as percentage for mortar and concrete made with different kinds of binders.






Table 4. CO2 expressed in kg/t and as percentage for mortar and concrete made with different kinds of binders.













	
	Clinker
	Cement *
	LC3
	C-50%
	C-75%





	Concrete CO2 (kg/t)
	160
	130
	104
	97
	65



	Mortar CO2 (kg/t)
	378
	300
	228
	208
	123



	Concrete reduction (%)
	19
	0
	−21
	−25
	−50



	Mortar reduction (%)
	21
	0
	−25
	−30
	−59







* The reference is based on average cement made from 70% clinker generating 650 kg of CO2/t of cement.
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Table 5. Composition, physical properties and reactivity of the different types of metakaolin used. Data extracted from various product data sheets.
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	M1
	M2
	M3
	M4
	M5
	M6





	Whiteness
	Yellowness
	10.6
	8.64
	14.9
	17.3
	49.9
	44.7



	
	L
	96.6
	95.59
	91.7
	90.4
	72.3
	66.3



	Size
	   d  50     µm
	1.3
	1.4
	1.5
	6
	3.5
	8



	Surface area
	m2/g
	14.2
	17.9
	25
	20
	15.65
	-



	Chapelle test
	mg/g
	1146
	1560
	1400
	1100
	773.9
	-



	SiO2 + Al2O3
	%
	>97
	>93
	94
	95
	>92
	>92



	Density
	kg/m3
	2600
	2200
	2400
	2400
	2550
	2550
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Table 6. Formulations of the pastes prepared with different contents as mass percentage of the total paste mix for the cement (CEM), GGC (L) and water (W) given as mass percentage. The mixes are prepared at four different water-to-cement ratios. The initial porosity calculated   ϕ  0    is given for each mix. Corresponding slump tests after 10, 13, 16 shocks (T10, T13 and T16), the medium density (D) and compressive strength at 1, 7, 28 and 90 days (Rc1d, Rc7d, Rc28d and Rc90d).






Table 6. Formulations of the pastes prepared with different contents as mass percentage of the total paste mix for the cement (CEM), GGC (L) and water (W) given as mass percentage. The mixes are prepared at four different water-to-cement ratios. The initial porosity calculated   ϕ  0    is given for each mix. Corresponding slump tests after 10, 13, 16 shocks (T10, T13 and T16), the medium density (D) and compressive strength at 1, 7, 28 and 90 days (Rc1d, Rc7d, Rc28d and Rc90d).





	
Test

	
CEM

	
L

	
W

	
W/C

	
    ϕ  0     

	
T10

	
T13

	
T16

	
D

	
Rc1d

	
Rc7d

	
Rc28d

	
Rc90d




	
Unit

	
%

	
%

	
%

	

	
%

	
mm

	
mm

	
mm

	
kg/L

	
MPa

	
MPa

	
MPa

	
MPa






	
A-1a

	
67

	
0

	
33

	
0.50

	
46.8

	
181

	
193

	
204

	
2.27

	
24

	
47

	
60

	
67




	
A-3a

	
58

	
13

	
29

	
0.50

	
45.3

	
168

	
179

	
186

	
2.27

	
35

	
59

	
65

	
72




	
A-4a

	
55

	
18

	
27

	
0.50

	
43.9

	
160

	
170

	
178

	
2.28

	
38

	
57

	
68

	
74




	
A-1b

	
63

	
0

	
37

	
0.60

	
42.5

	
170

	
185

	
197

	
2.25

	
15

	
36

	
47

	
51




	
A-2b

	
58

	
8

	
35

	
0.60

	
49.9

	
180

	
192

	
201

	
2.25

	
21

	
43

	
52

	
54




	
A-3b

	
54

	
14

	
32

	
0.60

	
48.4

	
169

	
180

	
188

	
2.24

	
27

	
-

	
54

	
-




	
A-3d

	
50

	
20

	
30

	
0.60

	
46.8

	
163

	
172

	
180

	
2.26

	
30

	
46

	
57

	
56




	
A-1c

	
61

	
0

	
39

	
0.65

	
45.3

	
173

	
187

	
200

	
2.25

	
14

	
-

	
42

	
-




	
A-2c

	
56

	
8

	
36

	
0.65

	
51.4

	
184

	
195

	
204

	
2.24

	
19

	
-

	
46

	
-




	
A-3c

	
52

	
15

	
34

	
0.65

	
49.9

	
170

	
180

	
190

	
2.24

	
23

	
-

	
48

	
-




	
A-4c

	
48

	
21

	
31

	
0.65

	
48.2

	
166

	
176

	
184

	
2.25

	
25

	
42

	
51

	
50




	
A-1d

	
59

	
0

	
41

	
0.70

	
46.6

	
167

	
182

	
195

	
2.25

	
12

	
-

	
35

	
-




	
A-2d

	
54

	
8

	
38

	
0.70

	
52.7

	
175

	
187

	
197

	
2.22

	
16

	
-

	
40

	
-




	
A-3d

	
50

	
15

	
35

	
0.70

	
51.1

	
172

	
182

	
190

	
2.21

	
19

	
-

	
42

	
-




	
A-4d

	
46

	
22

	
32

	
0.70

	
49.4

	
168

	
180

	
186

	
2.24

	
23

	
38

	
45

	
45
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Table 7. Formulations of the mortars prepared with different contents of sand, cement (CEM), metakaolin (MK) and water (W) given as mass percentage, with the corresponding slump tests after 16 shocks (T16), the medium density and compressive strength at 7 and 28 days (Rc7D and Rc28D). The initial porosity calculated   ϕ  0    is given for each mix.






Table 7. Formulations of the mortars prepared with different contents of sand, cement (CEM), metakaolin (MK) and water (W) given as mass percentage, with the corresponding slump tests after 16 shocks (T16), the medium density and compressive strength at 7 and 28 days (Rc7D and Rc28D). The initial porosity calculated   ϕ  0    is given for each mix.





	
Test

	
Sand

	
CEM

	
MK

	
W

	
W/B

	
    ϕ  0     

	
T16

	
Density

	
Rc7D

	
Rc28D




	

	
%

	
%

	
%

	
%

	
-

	
%

	
mm

	
kg/L

	
MPa

	
MPa






	
Ref-b

	
67

	
22

	
0

	
11

	
0.50

	
48.4

	
218

	
2.28

	
46

	
52




	
M1-1

	
67

	
20

	
2

	
11

	
0.50

	
50.0

	
192

	
2.25

	
61

	
73




	
M1-2

	
66

	
18

	
4

	
12

	
0.54

	
50.3

	
192

	
2.22

	
61

	
69




	
M1-3

	
65

	
15

	
7

	
13

	
0.61

	
51.1

	
188

	
2.18

	
49

	
65




	
M1-4

	
64

	
13

	
9

	
14

	
0.68

	
52.5

	
185

	
2.14

	
35

	
55




	
M1-5

	
63

	
10

	
10

	
16

	
0.77

	
53.8

	
185

	
2.09

	
23

	
39




	
M2-1

	
66

	
20

	
2

	
12

	
0.52

	
50.5

	
203

	
2.23

	
59

	
62




	
M2-2

	
65

	
17

	
4

	
13

	
0.59

	
51.4

	
188

	
2.18

	
52

	
59




	
M2-3

	
64

	
15

	
6

	
15

	
0.70

	
52.6

	
197

	
2.12

	
38

	
50




	
M2-4

	
63

	
13

	
8

	
16

	
0.79

	
54.4

	
187

	
2.06

	
26

	
40




	
M2-5

	
61

	
10

	
10

	
18

	
0.90

	
55.5

	
185

	
2.01

	
18

	
26




	
M3-1

	
66

	
20

	
2

	
12

	
0.52

	
50.2

	
200

	
2.24

	
53

	
59




	
M3-2

	
65

	
17

	
4

	
13

	
0.59

	
51.5

	
195

	
2.19

	
40

	
52




	
M3-3

	
64

	
15

	
6

	
14

	
0.68

	
52.8

	
196

	
2.14

	
43

	
42




	
M3-4

	
63

	
13

	
8

	
16

	
0.74

	
54.1

	
182

	
2.09

	
29

	
32




	
M3-5

	
62

	
10

	
10

	
17

	
0.83

	
55.9

	
180

	
2.03

	
22

	
23




	
M4-1

	
67

	
20

	
2

	
11

	
0.50

	
48.2

	
195

	
2.27

	
52

	
54




	
M4-2

	
66

	
18

	
4

	
12

	
0.52

	
48.9

	
189

	
2.24

	
52

	
51




	
M4-3

	
66

	
15

	
7

	
12

	
0.57

	
49.2

	
193

	
2.21

	
40

	
35




	
M4-4

	
65

	
13

	
9

	
13

	
0.59

	
48.7

	
184

	
2.19

	
32

	
35




	
M4-5

	
65

	
11

	
11

	
14

	
0.63

	
49.4

	
192

	
2.16

	
22

	
28




	
M5-1

	
67

	
20

	
2

	
11

	
0.50

	
48.4

	
210

	
2.27

	
45

	
53




	
M5-2

	
67

	
18

	
4

	
11

	
0.50

	
49.5

	
196

	
2.24

	
45

	
54




	
M5-3

	
67

	
16

	
7

	
11

	
0.50

	
49.2

	
182

	
2.23

	
45

	
44




	
M5-4

	
66

	
13

	
9

	
12

	
0.52

	
48.8

	
184

	
2.21

	
36

	
47




	
M5-5

	
66

	
11

	
11

	
12

	
0.54

	
48.5

	
195

	
2.20

	
27

	
53




	
M6-1

	
67

	
20

	
2

	
11

	
0.50

	
49.2

	
209

	
2.26

	
49

	
56




	
M6-2

	
67

	
18

	
4

	
11

	
0.50

	
49.2

	
197

	
2.24

	
49

	
60




	
M6-3

	
67

	
16

	
7

	
11

	
0.50

	
49.5

	
185

	
2.22

	
48

	
57




	
M6-4

	
66

	
13

	
9

	
12

	
0.52

	
49.9

	
188

	
2.20

	
43

	
49
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Table 8. Formulations of the mortars prepared with different contents as weight percentage of sand, cement (CEM), GCC (L), metakaolin (MK) and water (W) given as mass percentage. The calculated water-to-binder ratio (CEM + MK), superplasticizer dosage (% of the total mix) (SP) and corresponding surface area (A) values are presented, as well as the slump tests without shock (Flow), the medium density and compressive strength at 28 days (Rc28d).






Table 8. Formulations of the mortars prepared with different contents as weight percentage of sand, cement (CEM), GCC (L), metakaolin (MK) and water (W) given as mass percentage. The calculated water-to-binder ratio (CEM + MK), superplasticizer dosage (% of the total mix) (SP) and corresponding surface area (A) values are presented, as well as the slump tests without shock (Flow), the medium density and compressive strength at 28 days (Rc28d).





	
Test

	
Sand

	
CEM

	
L

	
MK

	
W

	
w/b

	
SP

	
A

	
Flow

	
Density

	
Rc28d




	

	
%

	
%

	
%

	
%

	
%

	

	
%

	
m2/g

	
mm

	
kg/L

	
MPa






	
Ref-c

	
60

	
18

	
12

	
0

	
10

	
0.55

	
0.08

	
0.08

	
382

	
2.25

	
31




	
M1-6

	
59

	
18

	
12

	
1

	
10

	
0.52

	
0.08

	
0.10

	
380

	
2.27

	
34




	
M1-7

	
58

	
18

	
12

	
2

	
10

	
0.49

	
0.13

	
0.12

	
390

	
2.28

	
47




	
M1-8

	
57

	
18

	
12

	
3

	
10

	
0.47

	
0.19

	
0.14

	
398

	
2.27

	
53




	
M1-9

	
55

	
18

	
12

	
4

	
10

	
0.45

	
0.22

	
0.16

	
376

	
2.25

	
55




	
M2-6

	
59

	
18

	
12

	
1

	
10

	
0.52

	
0.13

	
0.10

	
402

	
2.30

	
51




	
M2-7

	
58

	
18

	
12

	
2

	
10

	
0.49

	
0.17

	
0.13

	
365

	
2.26

	
52




	
M2-8

	
57

	
18

	
12

	
3

	
10

	
0.47

	
0.24

	
0.15

	
390

	
2.26

	
63




	
M2-9

	
55

	
18

	
12

	
4

	
10

	
0.45

	
0.32

	
0.17

	
395

	
2.27

	
65




	
M3-6

	
59

	
18

	
12

	
1

	
10

	
0.52

	
0.12

	
0.10

	
380

	
2.28

	
48




	
M3-7

	
58

	
18

	
12

	
2

	
10

	
0.49

	
0.17

	
0.12

	
400

	
2.26

	
55




	
M3-8

	
57

	
18

	
12

	
3

	
10

	
0.47

	
0.23

	
0.14

	
398

	
2.26

	
61




	
M3-9

	
55

	
18

	
12

	
4

	
10

	
0.45

	
0.30

	
0.16

	
380

	
2.26

	
58




	
M4-6

	
59

	
18

	
12

	
1

	
10

	
0.52

	
0.12

	
0.10

	
380

	
2.28

	
49




	
M4-7

	
58

	
18

	
12

	
2

	
10

	
0.49

	
0.18

	
0.12

	
390

	
2.28

	
51




	
M4-8

	
57

	
18

	
12

	
3

	
10

	
0.47

	
0.24

	
0.14

	
398

	
2.27

	
57




	
M4-9

	
55

	
18

	
12

	
4

	
10

	
0.45

	
0.31

	
0.15

	
382

	
2.26

	
58




	
M5-6

	
59

	
18

	
12

	
1

	
10

	
0.52

	
0.10

	
0.09

	
396

	
2.28

	
34




	
M5-7

	
58

	
18

	
12

	
2

	
10

	
0.49

	
0.12

	
0.10

	
380

	
2.27

	
34




	
M5-8

	
57

	
18

	
12

	
3

	
10

	
0.47

	
0.16

	
0.10

	
400

	
2.26

	
39




	
M5-9

	
55

	
18

	
12

	
4

	
10

	
0.45

	
0.19

	
0.11

	
368

	
2.27

	
42




	
M6-6

	
59

	
18

	
12

	
1

	
10

	
0.52

	
0.10

	
0.09

	
392

	
2.28

	
35




	
M6-7

	
58

	
18

	
12

	
2

	
10

	
0.49

	
0.12

	
0.10

	
372

	
2.27

	
36




	
M6-8

	
57

	
18

	
12

	
3

	
10

	
0.47

	
0.15

	
0.10

	
394

	
2.28

	
38




	
M6-9

	
55

	
18

	
12

	
4

	
10

	
0.45

	
0.18

	
0.11

	
390

	
2.28

	
42




	
C1-1

	
60

	
23

	
7

	
0

	
10

	
0.45

	
0.12

	
0.10

	
394

	
2.31

	
49




	
C1-2

	
60

	
27

	
3

	
0

	
10

	
0.37

	
0.18

	
0.12

	
368

	
2.32

	
51




	
C1-3

	
60

	
30

	
0

	
0

	
10

	
0.34

	
0.25

	
0.13

	
355

	
2.33

	
54




	
C1-4

	
55

	
34

	
0

	
0

	
10

	
0.30

	
0.32

	
0.15

	
378

	
2.35

	
63




	
C1-5

	
51

	
39

	
0

	
0

	
10

	
0.26

	
0.35

	
0.17

	
353

	
2.36

	
74




	
C1-6

	
47

	
43

	
0

	
0

	
10

	
0.24

	
0.45

	
0.19

	
364

	
2.39

	
82
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Table 9. Comparison of the mean size diameters from the data sheet and those obtained from measurements of water demand (Figure 4) and superplasticizer dosage. The surface areas are either taken from the product data sheet (data sheet) or obtained from the water demand shift (calculated). The    d  50   F l o w     (water demand) is calculated from the surface area using Equation (1). The    d  50   p o l y m e r     is obtained from the surface area calculated with Equation (1).






Table 9. Comparison of the mean size diameters from the data sheet and those obtained from measurements of water demand (Figure 4) and superplasticizer dosage. The surface areas are either taken from the product data sheet (data sheet) or obtained from the water demand shift (calculated). The    d  50   F l o w     (water demand) is calculated from the surface area using Equation (1). The    d  50   p o l y m e r     is obtained from the surface area calculated with Equation (1).















	Metakaolin
	
	M1
	M2
	M3
	M4
	M5
	M6





	   d  50     (data sheet)
	µm
	1.3
	1.4
	1.5
	6
	3.5
	8



	   d  50   F l o w     (water demand)
	µm
	1.7
	1.3
	1.4
	1.9
	3
	3



	   d  50   p o l y m e r     (superplasticizer dosage)
	µm
	1.9
	1.3
	1.4
	1.5
	3
	3



	Surface area (data sheet)
	m2/g
	14.2
	17.9
	25
	20
	15.7
	-



	Surface area (calculated)
	m2/g
	1.41
	1.84
	1.71
	1.14
	0.8
	0.8
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Table 10. Reactivity factors used to obtain both the equivalent binder concentration (Equation (2)) and the master curves in Figure 5. The reactivity factor n is the same as that for the GCC/cement binary system, and the two factors m and k are obtained from the calculated porosity (Equations (4) and (5)) and from the master curves in Figure 3 and Figure 6.






Table 10. Reactivity factors used to obtain both the equivalent binder concentration (Equation (2)) and the master curves in Figure 5. The reactivity factor n is the same as that for the GCC/cement binary system, and the two factors m and k are obtained from the calculated porosity (Equations (4) and (5)) and from the master curves in Figure 3 and Figure 6.





	Metakaolin
	M1
	M2
	M3
	M4
	M5
	M6





	   X k    binary system (7 and 28 d)
	1.9
	2.2
	2
	1.3
	1
	1.15



	   n     7   d     
	0.16
	0.16
	0.16
	0.16
	0.16
	0.16



	   n     28   d     
	0.20
	0.20
	0.20
	0.20
	0.20
	0.20



	   m     7   d     
	0.15
	0.15
	0.15
	0.02
	0.06
	0.10



	   m     28   d     
	0.30
	0.20
	0.18
	0.04
	0.06
	0.13



	  B     7   d     and B      28   d    
	0.35
	0.40
	0.35
	0.12
	0.05
	0.10
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Table 11. Reactivity factors used to obtain both the equivalent binder concentration (Equation (2)) and the master curves in Figure 8. Reactivity factors  n ,  m ,  k ,  l  are obtained from the calculated porosity (Equations (4) and (5)) and the master curves in Figure 9.






Table 11. Reactivity factors used to obtain both the equivalent binder concentration (Equation (2)) and the master curves in Figure 8. Reactivity factors  n ,  m ,  k ,  l  are obtained from the calculated porosity (Equations (4) and (5)) and the master curves in Figure 9.





	Metakaolin
	M1
	M2
	M3
	M4
	M5
	M6





	   X k    ternary system (28 d)
	2.5
	2.8
	3
	2.5
	1.2
	1



	   n     28   d     
	0.20
	0.20
	0.20
	0.20
	0.20
	0.20



	   m     28   d     
	0.25
	0.35
	0.35
	0.35
	0.10
	0.13
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