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Abstract
The production of Portland cement (clinker) results in an enormous amount of CO2 emission. Clinker substitution with supplementary cementitious materials (SCMs) is a promising technology for reducing the CO2 footprint of concrete industry. Substitution of clinker with calcined clays along with limestone results in a ternary blend known as limestone calcined clay cement (LC3). This paper reports the use of local Saudi clays to prepare LC3 concrete. Different clays were sourced from local quarry sites. The collected clay samples were characterized to find their mineralogical composition. Following, clays were crushed, sieved, calcined, and used for clinker substitution along with limestone and gypsum to prepare LC3 samples. Different clay substitution levels were used to prepare a series of LC3 samples. The fresh, mechanical, and durability properties of prepared LC3 samples were studied. The obtained results revealed the potential of Saudi clays to achieve higher clinker replacements (up to 50%). 
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Introduction
Portland cement is the main binder in concrete, which has a high CO2 footprint (Andrew 2017). Efforts are being made to reduce cement content in concrete. A promising and immediate solution is to use supplementary cementitious materials (SCMs) to partially replace cement, as no alternative is currently available to put cement out of the picture (Ahmadi and Shekarchi 2010; Juenger et al. 2019). Different SCMs such as coal fly ash, blast furnace slag, natural pozzolan, and calcined clays can be used for cement replacement up to certain levels. Fly ash is the by-product of coal power generation while slag comes from blast furnaces, and both have limited supplies. Natural pozzolan is available at specific localities. Therefore, the focus of this study is naturally occurring kaolinite clays which can be calcined at moderate temperature to get good reactivity. Calcined clays are substituted along with limestone powder to make a ternary blend, referred to as LC3. Calcined clays have shown promising mechanical and durability characteristics, desirable for concrete. An increasing number of papers have focused on such clays (Scrivener 2015; Vizcaíno Andrés et al. 2015). In this study, Saudi clays were studied for clinker replacement at different levels. The mechanical and durability properties of concrete made using different clays were studied.
Experimental
Two Saudi clay samples, white (WC) and yellow (YC) were collected from the Eastern province of Saudi Arabia. One Ukrainian clay (UC) was also used for the sake of comparison. Collected clay samples were crushed and ground to pass a 150 µm sieve. Following, ground clays were calcined at 850 ℃ for 3 h to convert kaolin to metakaolin. Type I Portland cement, conforming to ASTM C150, was used.  Limestone powder (LSP) was used at a clay-to-LSP ratio of 2:1. A water/binder ratio of 0.4 was used for all the samples. Eventually, the paste samples (25 mm cubes) with clinker substitution levels of 30, 50, and 70 wt.% were made. Samples were cured under water for up to 7, 28, and 90 days, followed by compression testing (Fig. 1). After 28 days of curing, 3 samples from each batch were exposed to a 5% sulfate solution for durability measurements. 
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Fig. 1. Compression testing of paste samples  
Results and discussion
The compressive strength of all the samples is plotted in Fig. 2. It is evident that the control samples showed higher strength compared to the LC3 samples. The strength of LC3 samples at 50% replacement was about 56, 42, and 40 MPa for white, yellow, and Ukrainian clay, respectively, compared to about 76 MPa for the control sample. Despite the reduction in strength, the achieved strength values of LC3 samples can still give structural-grade concrete. Moreover, this lower strength of LC3 samples was potentially due to the low fineness of clays (particle size < 150 µm) which resulted in lower reactivity. In contrast, cement generally has an average particle size of 45 µm.   
The durability of samples against sulfate exposure is shown in Fig. 3. It can be seen that almost all the sulfate-exposed samples showed comparable compressive strength to their respective control samples (unexposed). This shows the high sulfate resistance of these samples. Hence, clay-substituted binders can be used in sulfate-rich environments.


Fig. 2. Compression strength of paste samples


Fig. 3. Compression strength of sulfate-exposed paste samples

Conclusions
Two Saudi clays were studied in this work to replace clinker partially. Mechanical strength and sulfate resistance were studied. The results have shown that the clay samples have less strength than control samples, potentially due to their low reactivity because of the larger particle size. The reduction in particle size by fine grinding can help in achieving higher strength. Furthermore, all the samples exhibited high resistance to sulfate exposure.
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