
ETH Library

Recent advances in understanding
the hydration of limestone calcined
clay cements (LC3)

Conference Paper

Author(s):
Zunino, Franco ; Scrivener, Karen L.

Publication date:
2023

Permanent link:
https://doi.org/10.3929/ethz-b-000636037

Rights / license:
Creative Commons Attribution-NoDerivatives 4.0 International

Funding acknowledgement:
208719 - Ultra-green concrete (UGC): the pathway to save 800 Mt of CO2 per year (SNF)

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://orcid.org/0000-0002-1895-2742
https://doi.org/10.3929/ethz-b-000636037
http://creativecommons.org/licenses/by-nd/4.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


The 16th International Congress on the Chemistry of Cement 2023 (ICCC2023) 
“Further Reduction of CO2 -Emissions and Circularity in the Cement and Concrete Industry” 
September 18–22, 2023, Bangkok, Thailand 

Recent advances in understanding the hydration of limestone 
calcined clay cements (LC3) 

F. Zunino1*, and K.L. Scrivener2 

1 Physical Chemistry of Building Materials, Institute for Building Materials (IfB), ETH Zürich, CH-8093 Zürich, 
Switzerland 

Email: franco.zunino@ifb.baug.ethz.ch 

 
2 Laboratory of Construction Materials, EPFL STI IMX LMC, Station 12, CH-1015 Lausanne, Switzerland 

Email: karen.scrivener@epfl.ch 

 

ABSTRACT 

Limestone and calcined kaolinitic clays are unique among supplementary cementitious materials due to 
their high and widespread availability. Furthermore, their combined reactivity enables substitutions of 
clinker of 50% (or more), while reaching comparable strength to PC (or pozzolanic cements) and 
enhanced durability properties. During the last 4 years, our understanding on the hydration mechanisms 
governing the behavior of these cementitious systems has evolved substantially, opening new possibilities 
for optimization and further development of the technology. The sulfate requirement of LC3, which is 
commonly observed to be higher as conventional PC, has been proven to be controlled by sulfate 
adsorption mechanisms rather than the total reactive alumina content of the system.  

The precipitation of hemi and monocarboaluminate in LC3 was directly associated with the third 
hydration peak observed in isothermal calorimetry. Formation of carboaluminates is enhanced by the 
reaction of carbonates from limestone and alumina from metakaolin and has a significant contribution to 
strength gain and porosity reduction at early ages. Carboaluminates precipitate in pores remaining after 
clinker dissolution and remain stable in the long-term.  

At later ages, it has been observed that the reaction of metakaolin slowdowns due to the lack of large-
saturated pores where hydrates can precipitate. However, further reduction of the critical pore entry radius 
and total porosity was still observed, suggesting that precipitation might also take place in the pore 
solution film that lines the internal surface of partially saturated pores. In addition, precipitation of 
strätlingite was observed combined with a substantial reduction in Ca/Si ratio of C-A-S-H, in agreement 
with trends observed from thermodynamic modeling at equilibrium.   

KEYWORDS: sustainability, hydration, carboaluminates, sulfate requirement, porosity. 

1. Introduction 

Sustainability in the cement industry is a major concern (Schneider et al., 2011). The most effective 
strategy to tackle this challenge on a worldwide scale is to reduce the clinker factor in cements based on 
Portland cement clinker (K. L. Scrivener et al., 2016). This has accelerated the adoption of blended 
cements that incorporate supplementary cementitious materials (SCMs) replacing part of the Portland 
cement (PC) fraction. Nowadays, blended cements are more common than PC. Among commonly used 
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SCMs are fine limestone, granulated blast furnace slag and fly ash (Lothenbach et al., 2011). Fly ash and 
slag are together available in amounts close to 15% of cement production (IEA & CSI, 2018). This means 
that we need to look for other materials to further reduce clinker factor, such as calcined clays. 
 
Limestone calcined clay cements (LC3) are one of the promising alternatives for high performance 
sustainable cements (K. Scrivener et al., 2017). LC3 incorporates significant amounts of metakaolin, a 
reactive aluminosilicate phase (Antoni, 2011) formed after calcination of kaolinitic clays, and ground 
limestone (CaCO3). Both materials are widely available and therefore are suitable to face the current 
shortage of SCMs (K. L. Scrivener et al., 2016). LC3 can achieve equivalent strength to OPC at 7 days 
with a clinker content of only 50% if the kaolinite content of the calcined clay used is above about 40% 
(Antoni et al., 2012; Avet & Scrivener, 2018a; K. L. Scrivener et al., 2018). The high reactivity of 
metakaolin contributes to achieve a refined microstructure in LC3 systems at early ages (Avet & 
Scrivener, 2018a), making LC3 a particularly good cement in terms of resisting chloride ingress (Sui et 
al., 2019). 
 
2. Sulfate requirement of LC3 and cementitious systems 

Calcium sulfate is added to clinker during grinding, to control the reaction of the aluminate phase.  This 
addition is usually referred to as gypsum (Calcium sulfate dihydrate, CaSO4·2H2O) although anhydrite 
and hemihydrates (plaster) may also be present in combination with minor amounts of alkali sulfates from 
clinker.  The optimum sulfate addition is that which gives the highest strength PC (at 1 or 28 days).  
 
The main purpose of adding gypsum to PC and blended cements is to control the reaction of C3A and thus 
to prevent flash setting (Lerch, 1946), however it is also known to influence the hydration kinetics of 
C3S/alite (Quennoz & Scrivener, 2013; Zunino & Scrivener, 2020a) and the morphology of C-(A)-S-H 
(Mota et al., 2015; Zunino & Scrivener, 2022a). In the presence of gypsum, the hydration reaction of C3A 
shifts from the precipitation of calcium aluminate hydrates and ettringite is formed (RILEM T.C., 1986). 
The mechanism by which gypsum slows down the reaction of C3A has been extensively studied but is 
still a matter of debate.  Originally it was suggested that a diffusion barrier is formed of ettringite or Ca-
Al hydrates, retarding the dissolution of C3A (Collepardi et al., 1978; Corstanje et al., 1974). Recent work 
shows that there is no diffusion barrier and it is more tenable that the adsorption of sulfate (or Ca-S 
complexes) on C3A active sites slows down the C3A reaction (Geng et al., 2018; Minard et al., 2007; 
Myers et al., 2016). Usually, the adjustment of gypsum content is made based on the measurement of 
compressive strength at 24 hours in mortar specimens or by isothermal calorimetry (ASTM C563, 2018).  
 
In LC3 cements (and blended cements in general), the total sulfate content is lower due to the partial 
replacement of PC by SCMs. In some cases, undersulfation of the system is observed, where the 
aluminate peak occurs before the alite (main) hydration peak (Quennoz & Scrivener, 2013; Zunino & 
Scrivener, 2020a). The balance of the system can be restored by the incorporation of additional gypsum to 
retard the aluminate reaction (Antoni et al., 2012; Avet & Scrivener, 2018a; Zunino, 2020). For a given 
cementitious system (PC or blended cements), the sulphate balance can be associated with two main 
controlling factors established by Zunino and Scrivener (Zunino & Scrivener, 2020a): 
 

- Adsorption of sulfate on surfaces, mainly C-(A)-S-H, during the induction and acceleration 
period (before the onset of the aluminate peak) (Zunino & Scrivener, 2019b). In LC3 (and 
blended cements), an increased amount of C-(A)-S-H forms due to the enhanced reaction of alite 
(filler effect), leading to an earlier depletion of solid gypsum and thus an earlier aluminate peak 
(Bentz et al., 2017; Zunino, 2020; Zunino & Scrivener, 2020a, 2019b).  
 

- The formation of ettringite before gypsum depletion (i.e., before the onset of the aluminate 
peak). The amount of ettringite formed depends on the reaction rate of C3A and the solubility of 
the sulphate source (Zunino & Scrivener, 2020a). In a recent study, the authors showed that the 
contribution of alumina from SCMs to sulfate balance is second order compared to the effect on 
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alite hydration and C-(A)-S-H precipitation rate. Particularly, the contribution does not seem to 
be related to the alumina content of the SCM (Zunino & Scrivener, 2022c). 

 
This mechanism has been extended to cementitious systems in general, including PC and blended 
cements with limestone (PLC) and slag (Zunino & Scrivener, 2022c), and it has been validated far 
beyond the original scope of the study, for example, with the addition of alkali salts as accelerators (Yan 
et al., 2021). It highlights that, in addition to dissolution and supersaturation, adsorption of species 
(sulfate complexes) in surfaces can also influence the hydration kinetics of cementitious systems.  
 
3. Precipitation of carboaluminates and relationship with mechanical properties 

A major factor contributing to this good performance is the higher amounts of carbo-AFm (CO3-AFm) 
phases, which will be referred as carbo-aluminate phases. These carbo-aluminate phases are 
hemicarboaluminate (C4Ac0.5H12, Hc) and monocarboaluminate (C4AcH11, Mc), which are formed in LC3 
systems due to the reaction between metakaolin and limestone (Antoni, 2011; Avet & Scrivener, 2018a).    
 
As shown in Figure 1, carboaluminates precipitate in pores left after clinker hydration, significantly 
contributing to space filling and mechanical properties development. In a recent study (Zunino & 
Scrivener, 2021a), the authors showed that the precipitation of carboaluminates is related with a feature 
observed in calorimetry curves of LC3 systems, namely the third peak of hydration. This peak relates to 
the reaction of metakaolin with limestone and occurs with a maximum between 2 and 4 days of hydration 
depending on the metakaolin content of the system. By comparing the total heat released (proportional to 
the overall reaction degree) and in-situ ultrasound pulse velocity (proportional to elastic 
modulus/strength), a relationship between strength development in LC3 and the third peak of hydration 
was established. Moreover, a fundamental/mechanistic explanation for well-known relationship (Avet & 
Scrivener, 2018a) between metakaolin content (which influences the kinetics of the third peak) and 
compressive strength between 3 and 7 days was provided.   
 

 
Figure 1: BSE maps of a typical LC3 system sealed-hydrated for 3 days with CO3-AFm phase highlighted in red.  

 
 
In addition to the total metakaolin content of the system, the precipitation of carboaluminates is also 
influenced by the sulfate content of the system and the water to binder ratio (Zunino & Scrivener, 2021a). 
In LC3 systems, the formation of ettringite is only limited by the availability of sulfate (gypsum), as 
alumina from metakaolin is generally present in excess. When the amount of sulfate in the system is 
increased so it is the amount of ettringite formed. Eventually, C3A is depleted, and the reaction is then 
sustained with alumina from metakaolin. This pathway to ettringite (Eq, 1) is deficient in calcium 
compared to the classical reaction involving C3A (Eq. 2) and therefore CH is consumed in the process. As 
a result, the formation of carboaluminates is suppressed until sulfate depletion.  
 
                                         AS2 + 3CH + 3C$H2 + 23H  →  C6A$3H32   (1) 

                                         C3A + 3C$H2 + 26H  →  C6A$3H32    (2) 
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4. Long-term hydration of LC3 cements 

In general, studies on LC3 systems have focused on early-age performance, i.e., from mixing up to about 
90 days (Avet & Scrivener, 2018b; Zunino & Scrivener, 2021a). Different aspects on raw material 
processing (Zunino et al., 2020; Zunino & Scrivener, 2020b, 2021b), blend design (Antoni et al., 2012) 
and sulfate balance (Zunino & Scrivener, 2019a, 2020c), rheology (Hou, 2021), hydration kinetics (Avet 
et al., 2018; Avet & Scrivener, 2018b), morphology and properties of hydrates (Avet et al., 2019; Zunino 
& Scrivener, 2021a), and the synergic reaction of metakaolin and limestone (Zunino & Scrivener, 2021a) 
have been described in detail over this period. Most of the studies concerning later-ages are related to 
durability aspects of LC3 (Dhandapani et al., 2018, p. 3; Nguyen, 2020), rather than a detailed phase 
assemblage and microstructural assessment focused on hydration. In this regard, thermodynamic 
modelling is a useful tool to predict and extrapolate the phase composition of cements towards later ages 
(Lothenbach & Zajac, 2019). However, the complexity of LC3 systems makes this process challenging, 
information on reaction kinetics is still required to accurately predict the phase assemblage over time 
(Lothenbach et al., 2019; Lothenbach & Zajac, 2019). 
 
In a recent study (Zunino & Scrivener, 2022b), a systematic look on the microstructural development of 
LC3 systems in the long term provided new insights in this regard. Strätlingite was observed for the first 
time in these types of binder in addition to Mc and Hc. More importantly, evidence for a continued (slow) 
reaction of metakaolin in the long term was provided, leading to an increased reduction in porosity 
between 90 days and 3 years. Based on CH consumption rates, it was estimated that the long-term 
reaction of metakaolin proceeds 10-to-20 times slower than at earlier ages.  
 
Interestingly, the reaction of metakaolin seems to continue beyond depletion of CH. In this case, the 
required calcium to sustain the reaction is sourced from C-(A)-S-H, leading to a decrease in Ca/Si ratio. 
This observation, predicted by thermodynamic modeling before (Kunther et al., 2016), was confirmed 
experimentally for the first time in (Zunino & Scrivener, 2022b). The study also confirmed the long-term 
stability of Hc, despite the absence of this phase in thermodynamic modeling results. In a subsequent 
study, this stability is linked to the incorporation of sulfate in Hc (Georget et al., 2022). By comparing the 
pore size distribution with internal relative humidity, an hydration mechanism considering precipitation in 
the pore solution film lining the surface of larger pores was proposed (Zunino & Scrivener, 2022b).  
 
5. Conclusions and perspectives 

During the last 4 years, significant advances in the fundamental understanding of the hydration of LC3 
cements have been achieved. Clear answers have been provided to some outstanding questions regarding 
binder formulation and long-term hydration performance. Based on these findings, the following 
concluding remarks can be drawn: 
 

• The sulfate requirement of LC3 cements is associated with the surface area of the clay and 
limestone used, and not with the reactive alumina content of the system. Isothermal calorimetry 
appears as the most reliable method to assess and correct sulfation issues in complex binder 
formulations.  

• Carboaluminates, as C-A-S-H, play a key role in the development of compressive strength in LC3 
binders. The kinetics of the carboaluminate precipitation was described and explained the 
relationship between metakaolin content and strength of LC3 at early-age.  

• The reaction of metakaolin continues in the long-term, leading to a decrease in the critical entry 
radius and a reduction in total porosity. While some conversion of Hc to Mc is observed, Hc is 
still present in significant amounts highlighting the long-term stability of this phase.  

 
 
While progress has been significant, some open question remains. In general, our understanding on 
reaction kinetics and phase assemblage during the first 24 hours of hydration is limited compared to later 
ages. Shading light over this period is crucial to unveil outstanding issues for practice, such as workability 
(thixotropy, structural build-up, surface/admixture interactions) and early-age strength.  

101



Acknowledgements 

Dr. Zunino and Prof. Scrivener acknowledge the financial support provided by the Swiss Agency of 
Development and Cooperation (SDC), grant 81026665. Dr. Zunino is supported by the Swiss National 
Science Foundation (SNSF) through an Ambizione fellowship (grant 208719). 
 
References 

Antoni, M. (2011). Investigation of cement substitution by combined addition of calcined clays and 
limestone. École Polytechnique Fédérale de Lausanne. 

Antoni, M., Rossen, J., Martirena, F., & Scrivener, K. (2012). Cement substitution by a combination of 
metakaolin and limestone. Cement and Concrete Research, 42(12), 1579–1589. 
https://doi.org/10.1016/j.cemconres.2012.09.006 

ASTM C563. (2018). Standard Guide for Approximation of Optimum SO3 in Hydraulic Cement. 
https://doi.org/10.1520/C0563-18.2 

Avet, F., Boehm-Courjault, E., & Scrivener, K. (2019). Investigation of C-A-S-H composition, 
morphology and density in Limestone Calcined Clay Cement (LC3). Cement and Concrete 
Research, 115, 70–79. https://doi.org/10.1016/j.cemconres.2018.10.011 

Avet, F., Li, X., & Scrivener, K. (2018). Determination of the amount of reacted metakaolin in calcined 
clay blends. Cement and Concrete Research, 106, 40–48. 
https://doi.org/10.1016/j.cemconres.2018.01.009 

Avet, F., & Scrivener, K. (2018a). Investigation of the calcined kaolinite content on the hydration of 
Limestone Calcined Clay Cement (LC3). Cement and Concrete Research, 107(January), 124–
135. https://doi.org/10.1016/j.cemconres.2018.02.016 

Avet, F., & Scrivener, K. (2018b). Investigation of the calcined kaolinite content on the hydration of 
Limestone Calcined Clay Cement (LC3). Cement and Concrete Research, 107, 124–135. 
https://doi.org/10.1016/j.cemconres.2018.02.016 

Bentz, D. P., Ferraris, C. F., Jones, S. Z., Lootens, D., & Zunino, F. (2017). Limestone and silica powder 
replacements for cement: Early-age performance. Cement and Concrete Composites, 78, 43–56. 
https://doi.org/10.1016/j.cemconcomp.2017.01.001 

Collepardi, M., Baldini, G., & Pauri, M. (1978). Tricalcium aluminate hydration in the presence of lime, 
gypsum or sodium sulfate. Cement and Concrete Research, 8, 571–580. 

Corstanje, W., Stevels, H. N., & Stevels, J. M. (1974). Hydration reactions in pastes C3S+C3A+CaSO4 
2aq + water at 25oC. Cement and Concrete Research, 4, 417–431. 

Dhandapani, Y., Sakthivel, T., Santhanam, M., Gettu, R., & Pillai, R. G. (2018). Mechanical properties 
and durability performance of concretes with Limestone Calcined Clay Cement (LC3). Cement 
and Concrete Research, 107, 136–151. https://doi.org/10.1016/j.cemconres.2018.02.005 

Geng, G., Myers, R. J., Yu, Y.-S., Shapiro, D. A., Winarski, R., Levitz, P. E., Kilcoyne, D. A. L., & 
Monteiro, P. J. M. (2018). Synchrotron X-ray nanotomographic and spectromicroscopic study of 
the tricalcium aluminate hydration in the presence of gypsum. Cement and Concrete Research, 
111(June), 130–137. https://doi.org/10.1016/j.cemconres.2018.06.002 

Georget, F., Lothenbach, B., Wilson, W., Zunino, F., & Scrivener, K. L. (2022). Stability of 
hemicarbonate under cement paste-like conditions. Cement and Concrete Research, 153, 106692. 
https://doi.org/10.1016/j.cemconres.2021.106692 

Hou, P. (2021). Mechanisms dominating thixotropy in limestone calcined clay cement (LC3). Cement 
and Concrete Research, 13. 

IEA, & CSI. (2018). Technology Roadmap: Low-Carbon transition in the Cement Industry. 
https://doi.org/10.1007/springerreference_7300 

Kunther, W., Dai, Z., & Skibsted, J. (2016). Thermodynamic modeling of hydrated white Portland 
cement–metakaolin–limestone blends utilizing hydration kinetics from 29Si MAS NMR 
spectroscopy. Cement and Concrete Research, 86, 29–41. 
https://doi.org/10.1016/j.cemconres.2016.04.012 

Lerch, W. (1946). The influence of gypsum on the hydration and properties of portland cement pastes. 
American Society for Testing Materials Journal, 12. 

102



Lothenbach, B., Kulik, D. A., Matschei, T., Balonis, M., Baquerizo, L., Dilnesa, B., Miron, G. D., & 
Myers, R. J. (2019). Cemdata18: A chemical thermodynamic database for hydrated Portland 
cements and alkali-activated materials. Cement and Concrete Research, 115(October 2018), 472–
506. https://doi.org/10.1016/j.cemconres.2018.04.018 

Lothenbach, B., Scrivener, K., & Hooton, R. D. (2011). Supplementary cementitious materials. Cement 
and Concrete Research, 41(12), 1244–1256. https://doi.org/10.1016/j.cemconres.2010.12.001 

Lothenbach, B., & Zajac, M. (2019). Application of thermodynamic modelling to hydrated cements. 
Cement and Concrete Research, 123, 105779. https://doi.org/10.1016/j.cemconres.2019.105779 

Minard, H., Garrault, S., Regnaud, L., & Nonat, A. (2007). Mechanisms and parameters controlling the 
tricalcium aluminate reactivity in the presence of gypsum. Cement and Concrete Research, 37, 
1418–1426. https://doi.org/10.1016/j.cemconres.2007.06.001 

Mota, B., Matschei, T., & Scrivener, K. (2015). The influence of sodium salts and gypsum on alite 
hydration. Cement and Concrete Research, 75, 53–65. 
https://doi.org/10.1016/j.cemconres.2015.04.015 

Myers, R. J., Geng, G., Li, J., Rodríguez, E. D., Ha, J., Kidkhunthod, P., Sposito, G., Lammers, L. N., 
Kirchheim, A. P., & Monteiro, P. J. M. (2016). Role of adsorption phenomena in cubic tricalcium 
aluminate dissolution. Langmuir, 33(1), 45–55. https://doi.org/10.1021/acs.langmuir.6b03474 

Nguyen, Q. D. (2020). Mitigation of alkali-silica reaction by limestone calcined clay cement (LC3). 
Cement and Concrete Research, 14. 

Quennoz, A., & Scrivener, K. L. (2013). Interactions between alite and C3A-gypsum hydrations in model 
cements. Cement and Concrete Research, 44, 46–54. 
https://doi.org/10.1016/j.cemconres.2012.10.018 

RILEM T.C. (1986). The hydration of tricalcium aluminate and tetracalcium aluminoferrite in the 
presence of calcium sulfate. Materials and Structures, 19(2), 137–147. 
https://doi.org/10.1007/BF02481758 

Schneider, M., Romer, M., Tschudin, M., & Bolio, H. (2011). Sustainable cement production—Present 
and future. Cement and Concrete Research, 41(7), 642–650. 
https://doi.org/10.1016/j.cemconres.2011.03.019 

Scrivener, K. L., Avet, F., Maraghechi, H., Zunino, F., Ston, J., Favier, A., & Hanpongpun, W. (2018). 
Impacting factors and properties of Limestone Calcined Clay Cements (LC3). Green Materials. 
https://doi.org/10.1680/jgrma.18.00029 

Scrivener, K. L., John, V., & Gartner, E. M. (2016). Eco-efficient cements: Potential, economically viable 
solutions for a low-CO2, cement-based materials industry. United Nations Environmental 
Programme (UNEP). 

Scrivener, K., Martirena, F., Bishnoi, S., & Maity, S. (2017). Calcined clay limestone cements (LC3). 
Cement and Concrete Research, August 2017, 1–8. 
https://doi.org/10.1016/j.cemconres.2017.08.017 

Sui, S., Wilson, W., Georget, F., Maraghechi, H., Kazemi-Kamyab, H., Sun, W., & Scrivener, K. (2019). 
Quantification methods for chloride binding in Portland cement and limestone systems. Cement 
and Concrete Research, 125(August). https://doi.org/10.1016/j.cemconres.2019.105864 

Yan, Y., Scrivener, K. L., Yu, C., Ouzia, A., & Liu, J. (2021). Effect of a novel starch-based temperature 
rise inhibitor on cement hydration and microstructure development: The second peak study. 
Cement and Concrete Research, 141, 106325. https://doi.org/10.1016/j.cemconres.2020.106325 

Zunino, F. (2020). Limestone calcined clay cements (LC3): Raw material processing, sulfate balance and 
hydration kinetics. EPFL Thesis 8173. 

Zunino, F., Boehm-Courjault, E., & Scrivener, K. (2020). The impact of calcite impurities in clays 
containing kaolinite on their reactivity in cement after calcination. Materials and Structures, 
53(2), 44. https://doi.org/10.1617/s11527-020-01478-9 

Zunino, F., & Scrivener, K. (2019a). The influence of the filler effect on the sulfate requirement of 
blended cements. Cement and Concrete Research, 126, 105918. 
https://doi.org/10.1016/j.cemconres.2019.105918 

Zunino, F., & Scrivener, K. (2020a). Factors influencing the sulfate balance in pure phase C3S/C3A 
systems. Cement and Concrete Research, 133(106085). 
https://doi.org/10.1016/j.cemconres.2020.106085 

103



Zunino, F., & Scrivener, K. (2020b). Increasing the kaolinite content of raw clays using particle 
classification techniques for use as supplementary cementitious materials. Construction and 
Building Materials, 244, 118335. https://doi.org/10.1016/j.conbuildmat.2020.118335 

Zunino, F., & Scrivener, K. (2020c). Factors influencing the sulfate balance in pure phase C3S/C3A 
systems. Cement and Concrete Research, 133, 106085. 
https://doi.org/10.1016/j.cemconres.2020.106085 

Zunino, F., & Scrivener, K. (2021a). The reaction between metakaolin and limestone and its effect in 
porosity refinement and mechanical properties. Cement and Concrete Research, 140. 
https://doi.org/10.1016/j.cemconres.2020.106307 

Zunino, F., & Scrivener, K. (2021b). Assessing the effect of alkanolamine grinding aids in limestone 
calcined clay cements hydration. Construction and Building Materials, 266, 121293. 
https://doi.org/10.1016/j.conbuildmat.2020.121293 

Zunino, F., & Scrivener, K. (2022a). The influence of sulfate addition on hydration kinetics and C-S-H 
morphology of C3S and C3S/C3A systems. Cement and Concrete Research, 160. 
https://doi.org/10.1016/j.cemconres.2022.106930 

Zunino, F., & Scrivener, K. (2022b). Microstructural developments of limestone calcined clay cement 
(LC3) pastes after long-term (3 years) hydration. Cement and Concrete Research, 153, 106693. 
https://doi.org/10.1016/j.cemconres.2021.106693 

Zunino, F., & Scrivener, K. (2022c). Insights on the role of alumina content and the filler effect on the 
sulfate requirement of PC and blended cements. Cement and Concrete Research, 160, 106929. 
https://doi.org/10.1016/j.cemconres.2022.106929 

Zunino, F., & Scrivener, K. L. (2019b). The influence of the filler effect in the sulfate requirement of 
blended cements. Cement and Concrete Research, 126. 
https://doi.org/10.1016/j.cemconres.2019.105918 

 
 
 
 

104


