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Abstract 4 

Aluminum Spent Pot lining (SPL) is an industrial hazardous waste generated from aluminum 5 

electrolysis cells. The SPL separates in two parts, the first cut is rich in carbonaceous materials 6 

and the second cut is rich in vitrified refractory. Treating second cut SPL by the Low Caustic 7 

Leaching and Liming (LCL&L) process generates an inert non-hazardous residue, called LCLL 8 

Ash. This product is mainly composed of stable crystalline phases such as corundum, albite, 9 

nepheline with some amount graphite. Ground as a fine powder, LCLL Ash could be used in 10 

cement as a supplementary cementitious material (SCM). This paper focuses on the investigation 11 

of LCLL Ash reactivity and its improvement by calcination at 1050°C. Reactivity was evaluated 12 

with multiple tests, such as compressive strength activity index, Frattini test and Rilem R3 tests 13 

followed by XRD analysis. An inert SCMs (limestone, filler, and quartz) and reactive SCMs (slag, 14 

fly ash, silica fume) were used as references. The results show that LCLL Ash in cement shows 15 

inert properties similar to quartz with a retarder effect below 7 days and a high alkali content. 16 

Moreover, the temperature of the Rilem R3 tests, shows expansion in the paste due to LCLL Ash 17 

hydro reactivity. This expansion was not observed with LCLL Ash blended cement mortar. 18 

Calcination improved significantly the reactivity of LCLL Ash by generating higher reactive silica 19 

and alumina content. Notably, calcined LCLL Ash showed reaction properties similar to a calcined 20 

clay. Finally, neither delay on hydration nor expansion was observed with calcined LCLL Ash. 21 
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1. Introduction24 

With a production of 4 billion tons in 2018, concrete is one of the most consumed materials in the 25 

world (Andrew, 2019). However, the concrete industry is a major consumer of natural resources 26 

and energy causing major greenhouse gas emissions (GHG). In particular, the production of one 27 

ton of Portland clinkers can produce up to 1 ton of CO2 of which 60% of comes from unavoidable 28 

decarbonation reactions (Strazza, Borghi Del, Gallo and Del Borghi, 2011). Such emissions have 29 

a major impact and represent every years 5-8% of global CO2 emissions (Le Quéré et al., 2015; 30 

Lehne and Preston, 2018). Various solutions are implemented to reduce GHG of cement industry. 31 

Optimizing manufacturing processes to make them more energy efficient and using supplementary 32 

cementitious materials (SCM) are ways to reach this goal (Kajaste and Hurme, 2016; Shanks et 33 

al., 2019; WBCSD and IEA, 2009). The partial replacement of cement with SCMs in concrete 34 

applications provide advantages from an economic and ecological point of view (Aïtcin and Flatt, 35 

2015; Hewlett et al., 2004; Tokyay, 2016). These benefits pushed different industries to add 36 

supplementary treatments to optimize waste revalorization in cement (Zhang et al., 2013). 37 

Therefore, SCMs partially replace cement and are generally industrial by-products or wastes such 38 

as fly ash, silica fumes or blast furnace slags. SCM can be divided in three categories: latent 39 

hydraulic, pozzolans or inert materials (Hewlett et al., 2004; Tokyay, 2016). Besides the benefits 40 

on the carbon footprint of concrete, SCM allows a better valorization of non-conventional waste 41 

and reducing landfill (Agrawal et al., 2004). 42 

43 

For instance, the primary aluminum industry produces industrial wastes, such a spent pot lining 44 

(SPL) from electrolysis cells. Every ton of aluminum generated about 22 kg of SPL (Birry et al., 45 

2016),which represents approximately 70,000 tons of SPL generated every year in Canada. SPL 46 

is a hazardous substance due to its leachable content in fluoride and cyanide, but also due to its 47 

hydro reactivity creating explosive gases (Kimmerle et al., 1993; Øye, 2017). SPL can be separated 48 

in two parts: the first cut is rich in carbonaceous materials coming from the cathode and the second 49 

cut consists in vitrified refractory. Developed in the 1990’s, the LCL&L (Low Caustic Leaching 50 

& Liming) process, through hydro metallurgic way, transforms SPL into an inert material. The 51 

second cut of SPL, when treated by LCL&L process, turns into an inert material called LCLL Ash 52 

(named ‘’LCLL’’ in this paper) studied in this article (Birry et al., 2016). LCLL ash is a grey 53 
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powder, mainly composed of oxides of silicon and aluminum, with minor fractions of calcium, 54 

iron, sodium, and fluor oxides. This composition is comparable to a clay. 55 

 56 

A similar by-product developed by a pyro metallurgic treatment of SPL allowed to obtain glass 57 

frit (GF) (Fares, 2008). This by-product was tested as a cementitious binder for incorporation into 58 

binary, ternary and quarterly mixtures. However, GF was studied for alkaline activation. The 59 

results demonstrate that GF has a similar reactivity to a latent hydraulic binder with a behavior 60 

similar to slag (Fares, 2008; Laldji and Tagnit-Hamou, 2016). The binary GF mixture exhibited 61 

slightly lower compressive strengths than the unblended mixture at early age of hydration, but 62 

greater compressive strength after 28 days. In addition, the GF exhibited a remarkable durability 63 

against freezing-thawing (resistance similar to the unblended mixture), lower chloride ion 64 

permeability, and improved resistance to the alkali silica reaction (Laldji and Tagnit-Hamou, 2016; 65 

Nova Pb inc., 2004). 66 

 67 

In 2018, 2.47 million tons of primary aluminum were produced only in Quebec (Natural Resources 68 

Canada, 2019). The production of primary aluminum by the Hall-Heroult process generates 69 

hazardous wastes, then treated but currently unpreventable. The major advantage of SPL 70 

revalorization for this industry is to decrease the environmental impact of primary aluminum by 71 

avoiding the SPL landfilling. Using SPL without pretreatment in cement plants as a raw material 72 

is a common practice in Europe, Asia, Australia, Brazil and the Middle East (Broek and Øye, 2018; 73 

Jawi et al., 2020; Nunez, 2020; Personnet, 1999). For example, EGA in the United Arab Emirates 74 

promotes the use of SPL without hydro or pyro pretreatment, enforcing crushing and sieving. 75 

Thanks to the fluoride content, the addition of SPL in the raw meal decreases the clinkerisation 76 

temperature by 20°C to 100°C according to the SPL replacement percentage (Gomes et al., 2005; 77 

Jawi et al., 2020). This allows to reduce the fossil fuels consumption up to 4% and reduce the 78 

overall CO2 emissions by 1%. However, the high sodium content limits the use of SPL in cement 79 

plants from 0.2% to 0.75% to avoid durability concerns in concrete due to the alkalis silica 80 

reactions (Broek and Øye, 2018; Gomes et al., 2005; Jawi et al., 2020; Nunez, 2020). In North 81 

America, this practice in raw cement meal is not allowed due to the high percentage of fluoride in 82 

SPL.  83 

 84 
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For the concrete and construction industry, replacing a part of cement by treated SPL, can decrease 85 

the carbon footprint of concrete. The reuse of this local waste in Quebec can provide a new source 86 

of supplementary cementitious materials (SCM) and would limit the conventional SCM import 87 

from USA or Europe, such as fly ash or slag. This could further diminish the carbon footprint of 88 

concrete by limiting the transportation of conventional SCMs. The project aims to demonstrate the 89 

potentials of a circular economy, where the waste from one industry can feed in the other.  90 

The purpose of this article is to study and understand the reactivity of the LCLL Ash in cement to 91 

avoid its landfilling. Moreover, the improvement of LCLL Ash reactivity was studied with an 92 

additional high temperature calcination treatment to increase the amorphous content. Hence, this 93 

article aims to answer the following questions: 94 

 95 

(i.) Is the LCLL Ash reactive? What is its type of reactivity? 96 

(ii.) Is it possible to increase the reactivity of LCLL Ash by calcination? 97 

 98 

To answer these questions, this study evaluates the reactivity of LCLL Ash as well as calcined 99 

LCLL Ash according to three reactivity tests. Calcination is a common method to turn some 100 

mineral materials, such as clay or shale, into reactive SCMs (Ambroise et al., 1985; Mather, 1958; 101 

Murat, 1983). Replacing until 20 % of clinker in cement by calcined materials, allows to reach 102 

similar or better properties than unblended Portland cement (Li et al., 2015; Trümer and Ludwig, 103 

2015). Currently, the most studied calcined materials are calcined clays, particularly clays with a 104 

high kaolinite content. A good example of calcined clay use is Limestone Calcined Clay Cement 105 

(LC3) which allows to make cementitious materials by replacing 50% of clinker with a mix of 106 

calcined clay and limestone (Cancio Díaz et al., 2017; Dhandapani et al., 2018; Favier and 107 

Scrivener, 2018; Scrivener et al., 2018). LC3s show similar or better properties than unblended 108 

Portland cements, particularly mechanical and durability properties (Dhandapani et al., 2018; 109 

Scrivener et al., 2018). Calcinating mineral materials to replace cement can seem counterintuitive, 110 

however, blended cement with calcined clay or calcined shale have a lower carbon footprint than 111 

unblended cement. This advantage stems from the uncalcined calcite and a lower calcination 112 

temperature of clay than clinker (Miller et al., 2018; Scrivener et al., 2018). Since LCLL Ash has 113 

a similar composition to clay, we can expect calcination to improve its reactivity in cement. For 114 

each test, LCLL Ash and calcined LCLL Ash was compared to others inert and reactive materials 115 
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such as quartz powder, limestone filler and slag, fly ash, silica fume respectively. In the first 116 

analysis of mortar compressive strength, these materials were individually blended with cement to 117 

evaluate the mixes’ relative strength activity index. This observation was followed by Frattini tests 118 

to evaluate the pozzolanic activity of each material. To confirm the previous observations, the 119 

Rilem R3 tests (Li et al., 2018) were conducted to study the materials’ reactivity without the 120 

interference of cement. Quantitative X-ray diffraction tests followed to deepen the understanding 121 

of the reactivity of LCLL Ash and calcined LCLL Ash. The effect of the different SCMs 122 

replacement on the fresh properties was evaluated by measuring the yield stress and the plastic 123 

viscosity. Finally, the effect of SCMs on the microstructure was analyzed with mercury intrusion 124 

porosimetry (MIP) and scanning electron microscopy images (SEM).  125 

2. Materials and methods  126 

2.1. Materials 127 

In this study, the LCLL Ash comes from the Rio Tinto treatment plant based in Jonquière, QC, 128 

Canada. For the rest of the paper, LCLL will refer to LCLL Ash. A plain Portland cement (Type 129 

GU, Ciment Québec, QC, Canada) was used to prepare mortar and Frattini tests. The LCLL 130 

reactivity was compared to two fly ashes: FA-E (Type F fly ash, Ciment Québec, QC, Canada), 131 

and FA-PA (Type F fly ash, ProAsh, VA, USA). LCLL was also compared to a slag GGBS (Type 132 

S ground granulated blast furnace slag, Lafarge, ON, Canada) and a blue silica fume (Silicium 133 

Québec, QC, Canada). Moreover, two inert materials were used, a limestone filler (Pulverized 134 

limestone, Graymont, QC, Canada) and a quartz powder made by grounding graded Ottawa sand, 135 

respectively named FC and Q.  136 

  137 
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Table 1: Chemical composition of cement and SCMs. 138 

Oxide 

Percentage in weight (wt%) 

OPC FC  SF  LCLL Calcined 

LCLL 

Q FA-E FA-PA GGBS 

SiO2 19.2 2.2 96.5 37.2 38.8 91. 58.5 58.5 38.6 

Al2O3 4.7 0.4 0.5 36.3 36.6 4.9 19.6 20.9 10.3 

Fe2O3 3.61 0.14 0.45 7.36 8.59 1.72 5.89 7.23 2.13 

CaO 61.5 53.6 0.4 3.0 4.0 0.6 5.5 3.6 35.7 

MgO 2.4 0.5 0.4 0.4 0.4 0.0 2.0 2.0 8.8 

SO3 3.98 0.10 0.08 0.06 0.12 0.00 0.21 0.14 2.08 

K2O 1.06 0.13 0.66 0.77 0.79 0.10 1.91 2.35 0.78 

Na2O 0.25 0.02 0.11 8.23 8.03 1.09 1.03 1.10 0.43 

TiO2 0.25 0.01 0.00 0.75 0.78 0.10 0.82 0.90 0.56 

P2O5 0.14 0.01 0.10 0.12 0.10 0.01 0.58 0.21 0.04 

V2O5 0.01 0.00 0.00 0.03 0.03 0.01 0.04 0.69 0.11 

LOI at 

1000° C 

2.6 42.9 0.6 5.7 1.1 0.0 3.6 2.9 0.1 

 139 

The chemical composition of cement used for the blended mixes and SCM samples, both in 140 

anhydrous conditions, was measured by X-ray fluorescence (XRF) bed fusion. Chemical and 141 

SCMs compositions are shown in Table 1 and on ternary diagram on Fig 1b. The composition of 142 

LCLL is closer to a calcined clay composition, both showing a high silica and alumina content. 143 

However, LCLL shows a high alkali content with about 8% in weight of sodium oxide. The 144 

mineralogical compositions of the materials were obtained by X-ray powder diffraction (XRD) 145 

with Rietveld analysis. For SCMs, the external standard method was used to determine the 146 

amorphous content. The mineralogical composition of the cement for the blended mixes and SCM 147 

samples, anhydrous, were measured by quantitative XRD (Table 2). 148 

 149 
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Table 2: Major mineralogical compositions of OPC and SCM. (*: Aluminium oxide silicate, **: 150 

Calcium magnesium aluminum silicon oxide) 151 

Phase OPC FC SF LCLL Calcined LCLL Q FA-E FA-PA GGBS 

C3S 63.4 - - - - - - - - 

C2S 7.3 - - - - - - - - 

C3A 3.9 - - - - - - - - 

C4AF 13.0 - - - - - - - - 

Quartz 0.1 0.3 0.3 6.7 2.4 98.5 5.5 10.0 - 

Corundum - - - 14.5 8.4 - - - - 

Albite - - - 20.2 0.9 - - - - 

Nepheline - - - 18.7 3 - - - - 

Anorthite - - - 11.8 5.4 1.1 - - - 

Graphite - - - 6.9 3.6 - - - - 

Mullite - - - 3.8 - - - 0.3 - 

Hematite - - - 2.6 - - 0.4 0.3 - 

Magnetite - - - 4.2 - - - - - 

Calcite 2.2 97.2 - - - - - - - 

Dolomite - 2.5 - - - - - - - 

AS* - - - - - - 6.1 3.3 - 

CMAS** - - - - - - - - 6.8 

Amorphous - - 98.9 5.9 74.9 - 87.9 86.2 93.1 

 152 

The LCLL is composed of crystalline materials such as corundum, albite, nepheline, quartz and 153 

anorthite with low content of amorphous. An additional treatment by calcination was realized to 154 

validate its impact on LCLL reactivity. To achieve this treatment, LCLL was calcined at 1050°C 155 

in a muffle furnace for 30 minutes followed by a rapid air cooling at room temperature. Calcination 156 

temperature was selected according to a previous study on synthetic ashes with a comparable 157 

composition (Wang et al., 2017). The calcination of LCLL did not affect its chemical composition 158 

but it decreased the loss of ignition from 1% to 5%. However, in this case, the calcination changes 159 

considerably LCLL’s phase composition by decreasing albite, nepheline, quartz and anorthite 160 

content. Calcination greatly increases the amorphous, content from 6% to 75%. 161 

 162 

For each material studied, the particle size distribution (PSD) was measured using Malvern 163 

Mastersizer\E by laser diffraction granulometry with isopropanol as dispersant. The particle sizes 164 

distributions are presented in Fig. 1b. Each material was ground with a planetary grinder to reach 165 

a d50 around 10 to 20 µm. Due to its particle size, silica fume was not ground. 166 



 

8 

 

 167 

Figure 1: a) Particle size analysis by laser granulometry b) CaO-SiO2-Al2O3 ternary diagram of 168 

cement and SCMs. 169 

2.2. Methods 170 

2.2.1. Mortar 171 

The target replacement level of cement by SCMs was set at 20% in weight as adequate to observe 172 

the contribution of SCMs in cement. The value was chosen according to (Donatello et al., 2010), 173 

and to remain consistent with Frattini tests. The procedure used was based on ASTM C109-16a 174 

(ASTM International, 2016). Control mortar cubes were prepared by mixing 2915 g graded Ottawa 175 

sand, 1060 g GU type cement and 514 mL water according to the ASTM C305-14 (ASTM 176 

International, 2015). For each mix, the Portland cement and SCM were dry mixed inside a micro-177 

Deval apparatus for 15 minutes with 1500 g of charge (steel balls) to ensure homogeneous mixing. 178 

To avoid differences on the particles size, each sample was prepared in the same manner including 179 

the 100% cement reference. The different mixes were tested at 1, 7, 28 and 112 days to evaluate 180 

the strength activity index through time. To keep a constant water/binder ratio of 0.485 and a 181 

constant flow of 110 ± 5 (ASTM International, 2010), about 5 to 15 mL of polycarboxylate super 182 

plasticizers was used. 183 

 184 
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2.2.2. Frattini  185 

The Frattini test evaluates portlandite saturation in a supernatant solution of a hydrated Portland 186 

cement and a pozzolanic test material by measuring the [OH-] and [Ca2+ ] concentrations 187 

(Donatello et al., 2010; Tironi et al., 2013). The preparation process requires to create a mix of 16 188 

g of Portland cement and 4 g of SCM with 100 mL of distilled water. Samples were then left for 8 189 

days, in a sealed plastic bottle, in an oven at 40°C. After 8 days, samples were filtered through a 190 

0.2 µm syringe filter. In this study the HO- concentration was measured by titration against dilute 191 

HCl with methyl orange indicators. Calcium concentration was measured by ICP-OES Agilent 192 

5110 at 317.9 nm from a 1000 ppm calcium standard. The test was carried out to evaluate the 193 

pozzolanic reactivity. However, this test is not sufficient to compare inert or hydraulic reactivities. 194 

 195 

2.2.3. R3: Heat release, CH consumption 196 

Initially, this model was developed by a Rilem technical group to study the reactivity of calcined 197 

clay and its use was  extended to other SCMs (Avet et al., 2016). Nowadays, the R3 model is non-198 

standardized method used to evaluate the reactivity of SCMs in a  paste composed of 33.33 g of 199 

portlandite (Ca(OH)2), 11.11 g of SCM, and 5.56 g calcite (CaCO3) in a solution of 60 mL of 200 

deionized water with 0.24 g of KSO4 and 1.20 g KOH (Li et al., 2018). Such chemical composition 201 

has the advantage to recreate the chemical behavior of limestone cement, without cement particles. 202 

This allowed to study the reactivity of SCMs alone, without chemical activity of cement particles.  203 

For this study, the R3 system measurement focuses on heat released at 7 days measure by 204 

isothermal calorimetry and portlandite consumption. These two tests were selected to show the 205 

calcium hydroxide consumption versus heat released and determine the type of reactivity of tested 206 

materials according to the method proposed by (Suraneni et al., 2019). Isothermal calorimetry at 207 

40°C was carried out to measure the heat release of the R3 systems for 7 days. For each calorimetry 208 

test, initial and final baselines were recorded for 180 minutes. The portlandite consumption was 209 

measured by TGA analyses. Samples were retrieved from the R3 calorimetry ampoules were 210 

carefully rolled in adhesive tape to minimize glass contamination and were broken to collect the 211 

paste inside. The hydration of the samples was stopped by solvent exchange as described by 212 

(Scrivener et al., 2016; Snellings et al., 2018). For each test, 50 mg of anhydrous sample was 213 

introduced in the crucible. The weight loss was recorded from 30 to 950°C with a heating rate of 214 

10°C/min in a protective nitrogen atmosphere at a flow rate of 50 mL/min. The portlandite weight 215 
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loss was determined by using the tangent method described by (Scrivener et al., 2016) and the 216 

portlandite consumption was calculated as g/ 100 g SCM according to Eq.1 (Li et al., 2018). 217 

 
𝑚𝐶𝐻,𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 100 ×

(𝑚0,𝐶𝐻,𝑖𝑔𝑛𝑖𝑡𝑒𝑑 − 𝑚𝐶𝐻,𝑖𝑔𝑛𝑖𝑡𝑒𝑑)

𝑚0,𝑆𝐶𝑀,𝑖𝑔𝑛𝑖𝑡𝑒𝑑
 Eq. (1) 

where 𝑚0,𝐶𝐻,𝑖𝑔𝑛𝑖𝑡𝑒𝑑 and 𝑚0,𝑆𝐶𝑀,𝑖𝑔𝑛𝑖𝑡𝑒𝑑 are respectively the initial portlandite content and SCM 218 

content in the R3 mix on the ignited basis. The residual CH (𝑚𝐶𝐻,𝑖𝑔𝑛𝑖𝑡𝑒𝑑) (g/ 100 g ignited base) 219 

in the R3 mixes was calculated according to Eq.2:  220 

 
𝑚𝐶𝐻,𝑖𝑔𝑛𝑖𝑡𝑒𝑑 = 100 × 

∆𝑚𝐻2𝑂,𝐶𝐻 × 74.09

18.02 × 𝑚950
 Eq. (2) 

where ∆𝑚𝐻2𝑂,𝐶𝐻 is the weight loss of the sample for portlandite using the tangent method, and 221 

𝑚950 is the weight of the sample at 950°C.  222 

2.2.4. X-ray diffraction 223 

The R3 mixes were analyzed by XRD to identify the minerals phases precipitated by the reaction 224 

of the tested materials in the R3 paste. XRD data were collected using Cu K-alpha radiation on 225 

Bruker D8 Advance diffractometer operated at 40 kV 40 mA. Measurements were made with a 226 

flat-plate Bragg-Brentano geometry incident beam and receiving Soller slits of 0.04 rad were used. 227 

The incident beam divergence slit was fixed at 0.26° (0.5 mm). A beam knife was used to reduce 228 

air scattering and a receiving anti-scatter slit of 1.10° (2.5 mm) was positioned in the diffracted 229 

beam path. A Lynxeye 1D linear position-sensitive X- ray detector with a length of 2.951°2θ was 230 

used for data acquisition. During measurements, the samples were spun around the vertical 231 

goniometer axis at 15 rpm to improve particles statistics and measured over an angular range of 5 232 

to 70°2θ with a 0.020°2θ step size. With an accumulated time per step of 0.50 s, total measurement 233 

time was of 28 min per scan. The amorphous content was measured by a ZnO external standard. 234 

The mass absorption coefficient was corrected by calculations from the XRF oxide composition, 235 

and the bound water content from the TGA measurement. 236 

 237 

2.2.5. Mercury intrusion porosimetry 238 

The influence of each tested material on the pore structure and the porosity were measured by 239 

mercury intrusion porosimetry (MIP). A cylindrical specimen of cement paste composed of 80 % 240 

cement and 20 % SCM in weight with a water/binder ratio of 0.485 were cured under water for 28 241 
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days. This samples were sawed under cutting oil using a wheel saw to obtain a 1.5 mm thick slide 242 

with a weight between 1 to 1.5 g.  243 

 244 

The selection of the drying method is an important impact on MIP results (Gallé, 2001; Mindess 245 

et al., 2003; Moukwa and Aitcin, 1988; Scrivener et al., 2016). For example, Oven drying show 246 

increased the total volume percolated, freeze-drying and vacuum drying show a similar percolated 247 

volume with some change in the pore’s distribution. In this study, the solvent exchange method 248 

was selected as method to dry the sample because it seems the most adapted technique (Ma, 2014; 249 

Scrivener et al., 2016). However, this technique is not entirely be representative of the porosity in 250 

an undried material. 251 

 252 

The sample slides were broken in 4 parts and rinsed in isopropyl alcohol to remove the excess of 253 

cutting oil. The water in the pores were removed by immersing the samples in 150 mL of methanol 254 

for 7 days before a vacuum drying at 40°C. The MIP tests were performed with a Micromeritics 255 

Autopore IV 9500 which determines pore sizes in the range of 3 nm to 50 μm (corresponding to a 256 

0.014 MPa–225 MPa range of applied pressure) in step mode with a contact angle of 130°. 257 

However, due to some limitation as the ink bottle effect, the pore model, and the restriction to the 258 

open porosity, the true pore structure cannot be described by MIP however, the technique is still 259 

valuable in making comparative assessments of the pore size changes (Abell et al., 1999; Diamond, 260 

2000; Moro and Böhni, 2002; Scrivener et al., 2016). 261 

 262 

2.2.6. Determination of rheological properties  263 

The influence of tested materials on the rheological properties were studied on cement pastes 264 

composed of 64.0 g of cement, 16.0 g of SCMs and 38.8 g of distilled water. The mixing procedure 265 

was completed following the ASTM C1738, the paste obtain with this standard is expected to have 266 

rheological properties analogous to a concrete without its aggregates (ASTM International, 2014; 267 

Ferraris et al., 2001). The of rotational speed and torque were measured with the 3D printed 268 

geometry recommended by the NIST on the Anton Paar MCR 302 rheometer equipped with a 269 

CC27 cup and a C-PTD 200 temperature controller. The 3D geometry is a double spiral spindle 270 

with a diameter of 25 mm and is 55 mm long from the bottom to the top of the spiral. The geometry 271 
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was 3D printed in EOS StainlessSteel CX and was calibrated according to the NIST 272 

recommendations with the SRM 2493 (Ferraris et al., 2015; Olivas et al., 2017). 273 

 274 

The cement pastes were tested 15 minutes after the contact water/cement. The test consists in an 275 

up-curve of 18 measurements from 0.1 rpm to 100 rpm and a down curve of 23 measurements 276 

from 100 rpm to 0.1 rpm. Each measurement is a step during 15 s until the stabilization of the 277 

torque. The shear stress τ, the shear rate 𝛾̇ and the apparent viscosity μ are calculated thanks to the 278 

following equations where N and Γ are respectively the rotational speed and the torque (Eq. 3, Eq. 279 

4, Eq. 5). The parameters Kτ and Kμ are determined by the calibration of 3D printed geometry 280 

with the SRM 2493. 281 

 𝜏 = 𝐾τ × 𝛤 Eq. (3) 

 
𝛾̇ =

𝐾𝜏

𝐾𝜇
× 𝑁 Eq. (4) 

 
𝜇 = 𝐾𝜇 ×

𝛤

𝑁
 Eq. (5) 

 282 

By considering the Bingham model, the yield stress 𝜏0 and the plastic viscosity µ are respectively 283 

estimated as the y-intercept and the slope of the linear regression of the curve τ = f (𝛾̇) where 𝛾 ̇ > 284 

1 s-1 in agreement with the publication of the NIST (Olivas et al., 2017). 285 

 286 

2.2.7. Scanning electron microscopy 287 

The influence of LCLL and calcined LCLL on the microstructure of the cement paste. A cylindrical 288 

specimen of cement paste cured under water was sawed under cutting oil using a wheel saw to 289 

obtain a 1 mm thick slide. The slides were rinsed in isopropyl alcohol and immersed in 100 mL of 290 

isopropyl alcohol for 48 h. After this procedure, the samples were vacuum dried and vacuum 291 

impregnated with low viscosity epoxy resin to solidify the internal microstructure. To insure good 292 

quality BSE image, samples were first ground using a SiC paper of 600 grit and polished with 9 293 

μm, 3 μm, 1 μm diamonds paste using deodorized petrol as a lubricant. To avoid contamination 294 

from previous polishing steps, the sample was cleaned in isopropyl alcohol using an ultrasonic 295 

cleaner after each step. The samples were a scanned with a Hitachi TM3030 tabletop SEM 296 

microscope equipped with a backscattered electron detector under an accelerating voltage of 15 297 

kV. 298 
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 299 

2.2.8. R3 thermodynamic modelling 300 

Thermodynamic modelling was carried out using GEMS-PSI (Kulik et al., 2004) based on Gibbs 301 

energy minimization. This software allows to compute equilibrium speciation of dissolved species, 302 

the quantity and the composition of solid phases. The thermodynamics data for aqueous species 303 

and hydration products were respectively taken from the PSI-Nagra (Hummel et al., 2002) and 304 

CEMdata18 (Lothenbach et al., 2019). In this study, thermodynamic modelling was used to 305 

calculate the heat released based on calcium hydroxide consumption on the R3 paste at 40°C with 306 

reactive silica, reactive alumina and inert materials. These models are respectively presented as 307 

CaO-SiO2-KOH, CaO-Al2O3-KOH, and CaO-KOH systems. 308 

3. Results 309 

3.1. Mortar 310 

The results of compressive strength and relative strengths Portland cement and Portland blended 311 

cements are respectively presented in Fig.2 and Fig.3. For each specimen tested, the relative 312 

compressive strength (RCS) was calculated from Eq. 6: 313 

 
𝑅𝐶𝑆 =

𝑅100 𝐶𝑒𝑚𝑒𝑛𝑡 
𝑖 𝑑𝑎𝑦𝑠

− 𝑅20𝑆𝐶𝑀 
𝑖 𝑑𝑎𝑦𝑠

𝑅100 𝑐𝑒𝑚𝑒𝑛𝑡 
𝑖 𝑑𝑎𝑦𝑠

 Eq. (6) 

where 𝑅100 𝐶𝑒𝑚𝑒𝑛𝑡 
𝑖 𝑑𝑎𝑦𝑠

and 𝑅20𝑆𝐶𝑀 
𝑖 𝑑𝑎𝑦𝑠

 are respectively the compressive strength at i-days of the unblended 314 

cement reference and of blended cement with SCM. 315 

As for a 20% replacement, a dilution effect appears and it is equivalent to an increase of the water 316 

to cement ratio from 0.485 to 0.610, which causes a reduction of compressive strength (Cyr et al., 317 

2005; Li et al., 2018). This effect can be observed in the mortars containing inert materials like 318 

ground quartz (Q). 319 

 320 

In this study, the addition of 20% of quartz causes a reduction of 20–30% in compressive strength 321 

from 1 to 112 days. Also, quartz mortar has a relative strength lower than 20%. When a pozzolanic 322 

or a latent hydraulic material is incorporated to blended cement, the increase of relative strengths 323 

above 20 % is attributed to the reaction of active phases to form more hydrated products. 324 

According to Fig.2, silica fume exhibits highly reactive properties. Therefore, the compressive 325 

strength is always significantly higher than Portland cement. For GGBS, and (fly ashes), the 326 
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compressive strength results are similar or closer to Portland cement mix. However, these samples 327 

show some difference in relative compressive strength.  328 

 329 

 330 

Figure 2:Compressive strength of mortar with 20% of SCM replacement at 1, 7 ,28 and 112 days 331 

(mean values and standard deviation bars). 332 

As shown in Fig.3, the relative strength of GGBS is greater than all the other SCMs from 1 to 28 333 

days. This difference is clearly visible at 7 and 28 days and then decreases at 112 days to reach a 334 

value equal or lower to other reactive SCMs. For the fly ashes (FA-E and FA-PA), an absence or 335 

a low reactivity is observed at 1 and 7 days. These reactivities are still lower than GGBS blended 336 

cement at 28 days, but, the reactivities are equivalent or higher than Portland cement and GGBS 337 

blended cement at 112 days due to the pozzolanic reactions. For inert SCMs like limestone filler, 338 

the compressive strength remains lower or equivalent to the compressive strength of quartz 339 

blended cement with a decrease around 20-25%, for all the days tested due to the dilution effect. 340 

Similar results were obtained by (Donatello et al., 2010; Li et al., 2018; Tironi et al., 2013).  341 

 342 
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 343 

Figure 3:Relative compressive strength of mortar samples with SCM at 1, 7, 28 and 112 days. 344 

The red line refers to the quarts reference mortar sample. 345 

Considering the results obtained with the other SCMs, it is possible to compare LCLL and calcined 346 

LCLL blended cement’s reactivities. For calcined LCLL, the reactivity is closer to a low reactive 347 

fly ash, with inert behavior at 1 and 7 days and a reactivity lower or equivalent to a fly ash at 28 348 

and 112 days. On the other hand, the LCLL shows an inert behavior in blended cement, similar to 349 

quartz from 28 to 112 days. Moreover, the results at 1 and 7 days for relative compressive strengths 350 

show a significant decrease of about 10% more than quartz blended cement. These results indicate 351 

a retarding effect of the LCLL on the hydration of cement in the first days, creating a delay on 352 

hydration at one and seven days. This delay is probably due to the presence of carbonaceous 353 

materials in LCLL as already observed for hydration of cement (Dutta et al., 1995) and fly ash 354 

(Wesche, 1991). For certain conditions, like concreting in hot weather, this retarding effect is 355 

beneficial.  356 

 357 
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3.2. Frattini  358 

The results of the Frattini tests allow to calculate calcium reductions. These are calculated by 359 

considering the ratio of the vertical distance of data point to the lime solubility curve and from the 360 

lime solubility curve to the zero point at the given [OH-]. The Europeans standard EN 196-5 361 

(British Standard Euronorm, 2005) only provides Ca(OH)2 solubility data at 40 °C for [OH-] 362 

between 35 and 90 mmol/L. In this last [OH-] range, the theoretical maximum [Ca2+] concentration 363 

is calculated by using the formula given in the European’s norm according to the Eq. 7: 364 

 
[𝐶𝑎2+] =

350

[𝑂𝐻−] − 15
 Eq. (7) 

 365 

The results (Fig.4a) indicate that samples containing 80% Portland cement and 20% of test SCM, 366 

show pozzolanic activity for FA, SF, whereas quartz (Q) and limestone filler (FC) are inactive. 367 

 368 

For each SCM sample, the difference in calcium concentration was calculated for each sample 369 

between the theoretical maximum calcium removed from the EN-196 and the observed calcium 370 

concentration in the sample. The difference was then quantified as a percentage of the theoretical 371 

maximum (Fig.4b). These results confirm that quartz powder (Q), limestone filler (FC) and slag 372 

(GGBS) are not pozzolanic. Since the GGBS is a hydraulic binder, the low value of calcium 373 

removal for GGBS samples was expected, since this reaction did not consume calcium, as a 374 

pozzolanic reaction does (Suraneni et al., 2019). 375 
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 376 

 377 

Figure 4:a) Frattini results for the different SCM studied. The dashed line refers to the max CaO 378 

content according to the EN-196-5 European standard and b) calcium reduction form Frattini 379 

test for each SCM tested. 380 

A strong pozzolanic activity of silica fume (SF) with a 56% calcium removal and fly ashes (FA) 381 

with a calcium removal between 38 and 44%. These results are in agreement with others (Li et al., 382 

2018; Suraneni et al., 2019; Suraneni and Weiss, 2017). As observed in a previous work (Donatello 383 

et al., 2010), some negative values were observed in particular for GGBS and control, which 384 

indicates filtration and/or experimental errors in the titration procedure during the sample 385 

preparation or titration. As they recommended, negative results for calcium reductions were 386 

normalized to 0 % equivalent calcium removal. 387 

 388 

For the LCLL and the calcined LCLL (LCLL-C) the results are similar to the mortar test 389 

observation. With a low calcium reduction of 4%, unlike quartz and limestone filler, the LCLL 390 

fails to show a pozzolanic reactivity. However, the calcined LCLL shows a calcium reduction 391 

around 44%, similar to a fly ash. Moreover, the LCLL and calcined LCLL show a high 392 

concentration of hydroxyl ions, seen in Fig.4. This can be explained by the high concentration of 393 

soluble sodium ions from the LCLL in solution.  394 

 395 
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3.3. R3: Heat release and calcium hydroxide consumption  396 

Heat release is a great indicator of the presence of chemical reactivity since hydrated phases’ 397 

precipitations are mainly exothermic reactions. Fig.5 shows the cumulative heat released and the 398 

lime consumption after 7 days at 40°C. However, beyond this time, the signal recorded by the 399 

isothermal calorimeter is hardly perceptible from the baseline. After 7 days, the silica fume shows 400 

the greatest heat released with 620 J/g of SCM, followed by the GGBS with 440 J/g, and the fly 401 

ashes around 247 J/g. The same type of result was obtained for the calcium hydroxide 402 

consumption, with values around 212, 70 and 80 g/100 g of SCM for the silica fume, GGBS and 403 

fly ashes respectively. GGBS showed a higher heat released than fly ashes despite a lower 404 

portlandite consumption. This consumption did not follow the pozzolanic pattern where heat 405 

released is expected to be proportional to portlandite consumption. It is then a characteristic of the 406 

hydraulic behavior of slag (Suraneni et al., 2019). The heat release and the calcium hydroxide 407 

consumption of limestone filler is extremely low due to its inert behavior. However, the quartz 408 

powder showed a significantly higher value than limestone filler, particularly for the calcium 409 

hydroxide consumption. Similar results for quartz were observed and are due to the greater  410 

solubility of quartz at 40°C and with a high pH from the R3 paste composition (Li et al., 2018; 411 

Suraneni et al., 2019). 412 

 413 

 414 

Figure 5 : (a) Heat release and (b) calcium hydroxide consumption after 7 days at 40°C. 415 

The results for the LCLL were unexpectedly higher than limestone filler and quartz powder, with 416 

a heat release of 211 J/g and a portlandite consumption of 62 g/100 g. These results were similar 417 
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to a fly ash which contradicts the mortar and Frattini tests results. However, an expansion of the 418 

paste was clearly visible on each R3’s replicate ampoules containing LCLL (Figure 12). This hints 419 

for a hydro reactivity causing gas generation in the paste, at 40°C and high pH. On the other hand, 420 

the calcined LCLL with a heat release of 284 J/g and the calcium hydroxide consumption of 421 

87 g/100 g, showed reactivity slightly higher than fly ashes. In these R3 samples, no expansion 422 

was observed in the ampoules which indicates the absence of hydro reactivity and confirm the 423 

reactivity of calcined LCLL. These results are consistent with mortar and Frattini tests. 424 

 425 

 426 

Figure 6 : R3 test heat released in function of the portlandite consumption for the SCM studied.  427 

 428 

The grey, red, blue dashed lines refers respectively to the thermodynamically modelling of CaO-429 

SiO2-KOH, CaO-Al2O3-KOH, and CaO-KOH systems calculating with GEMS-PSI.Fig.6 shows 430 

the heat release versus calcium hydroxide consumption. According to (Suraneni et al., 2019), this 431 

is a way to classify the tested materials according to their reactivity types known as: inert (quartz, 432 

limestone), pozzolanic (fly ashes), highly pozzolanic (silica fume) and hydraulic (slag) materials. 433 

For the CaO-SiO2-KOH, CaO-Al2O3-KOH, and CaO-KOH systems, the thermodynamic 434 

simulations with GEMS-PSI, respectively, give the following heats of reaction: 279 J/g, 390 J/g 435 

and 3.9 J/g per grams of calcium hydroxide (respectively shown by the grey, red, blue dashed 436 

lines). The red line represents the linear relationship between the heat released and portlandite 437 
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consumption for a pozzolanic sample only composed of pure reactive silica. In the same fashion, 438 

the grey line represents a pozzolanic sample only composed of pure reactive alumina describing 439 

the same tendency. 440 

 441 

Thermodynamic modelling results are correlated with the experimental results for the R3 paste on 442 

fly ashes and silica fume in function of the SiO2 and Al2O3 composition. On Fig.6, the different 443 

reactive silica/reactive alumina ratios are represented with the grey dash lines. For fly ashes the 444 

reactive silica and alumina are estimated from the modelling around 75% silica and 25% alumina. 445 

These results are confirmed by the silica and alumina content in the raw composition (Table 1). In 446 

this case, the estimated proportion of reactive silica in calcined LCLL is approximately around 447 

50%. The same reasoning can be applied to LCLL and shows a greater proportion of reactive 448 

alumina. However, the values for GGBS samples were not correlated with the thermodynamic 449 

modelling since the hydraulic behavior of slag was not simulated in this study with the 450 

thermodynamic modelling. 451 

 452 

3.4. R3: X-ray diffraction 453 

Fig.7 shows the XRD diffractograms from the R3 sample extract from the calorimeter ampoules 454 

after 7 days at 40°C. For each sample, the hydration reactions were stopped, when solvent 455 

exchange is completed. For inert materials, as quartz or limestone, the major phases are still 456 

portlandite (calcium hydroxide), calcite and quartz or limestone. Nonetheless, the silica fume 457 

samples showed portlandite peaks with a lower intensity, a bump around 30° 2θ and higher 458 

intensity from 5 to 7.5° 2θ. This indicates C-S-H formation by consumption of portlandite. 459 

For slag, the presence of reactive alumina with sulfate and carbonate in the paste shows the 460 

formation of ettringite (AFt) and hemicarboaluminate (Hc) respectively by the peaks at 9° 2θ and 461 

11° 2θ. Fly ashes show the formation of ettringite (AFt) and monocarboaluminate (Mc) 462 

respectively by the peaks at 9° 2θ and 11.7° 2θ (Hewlett et al., 2004; Lothenbach et al., 2007; 463 

Skibsted and Snellings, 2019). Similar results to fly ashes were observed with calcined LCLL, but 464 

with a stronger monocarboaluminate (Mc) peak intensity, indicating their higher concentration. 465 

However, LCLL shows new peaks between 10 and 11° 2θ but no ettringite was observed. These 466 

peaks are attributed to monosulfoaluminate (AFm) and hemicarboaluminate (Hc) phases which 467 
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contain alumina. In the R3 paste, LCLL is the only alumina source which let’s suppose that LCLL 468 

released alumina ions in solution in the test conditions (40°C). 469 

 470 

 471 

Figure 7 : XRD spectra on R3 mixes after solvent exchange hydration stoppage. (P:Porlandite, 472 

C:Calcite, Q:Quartz, AFt:Ettringite, Mc:Monocarboaluminate, Hc:Hemicarboaluminate). 473 

 474 

For each R3 mixes the crystalline compositions were measured by Rietveld analysis. Results are 475 

presented Fig.8. For inert materials, like the limestone filler, no consumption of portlandite was 476 

observed. On the other hand, samples containing quartz showed a low consumption of portlandite, 477 

and the formation of amorphous phases. This may also indicate the low reactivity of quartz to form 478 

C-S-H in R3 experimental condition. Materials as fly ashes or slag containing reactive silica and 479 

alumina, show higher consumption of portlandite. Fly ashes showed an ettringite content around 480 

3.2 to 3.4 g and monocarboaluminate from 2.3 to 3.1 g per 100 g of anhydrous. Slag showed an 481 

ettringite content of 3.4 g and hemicarboaluminate of 3.6 g per 100 g of anhydrous. The 482 

amorphous content measured in the slag and fly ash samples, also show an increase between 17 g 483 

to 28 g per 100 g of anhydrous. However, these values contain the new amorphous phases formed, 484 

as C-S-H, but composed in the majority of unreacted SCM. For samples with silica fume, a higher 485 

consumption of portlandite and an important formation of amorphous phases are observed. This 486 
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indicates a high reactivity  with portlandite to form C-S-H which here, compose the major part of 487 

the amorphous phases (Scrivener et al., 2016). 488 

 489 

Figure 8 : R3 mixes composition from quantitative PXRD results after solvent exchange 490 

hydration stoppage. 491 

 492 

The calcined LCLL samples show a similar trend to fly ashes with a lower ettringite content and a 493 

higher monocarboaluminate content. The decrease of ettringite is explained by the high pH of the 494 

solution due to soluble alkalis from calcined LCLL. These conditions favored the solubility of 495 

carbonates and the precipitation of carbonate phases (Dow and Glasser, 2003). Moreover, even 496 

though calcination at high temperature treatment was applied, some stable phases remain hardly 497 

reactive, such as corundum or quartz which limits the amount of amorphous generated. Indeed, a 498 

lower level of amorphous was observed due to a lower level of reactive silica and alumina in 499 

calcined LCLL at 1050°C, as (Wang et al., 2017). 500 

 501 

For LCLL, the consumption of portlandite and the formation of new phases, such as 502 

monosulfoaluminate and hemicarboaluminate, seen on the R3 test results, are indicators of the 503 

possible reactivity of LCLL. However, by considering the crystalline part detected and the 504 

amorphous content of LCLL, new amorphous phases, like C-S-H, were not significantly present. 505 
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This indicates the inert behavior of silicate phases of LCLL as albite or nepheline. The presence 506 

of phases containing alumina tends to confirm the hydro reactivity of LCLL in the R3 test 507 

conditions which released ions containing alumina (Kimmerle et al., 1993; Øye, 2017). 508 

An iterative thermodynamic simulation was realized from the quantitative XRD data, to evaluate 509 

the reaction percentage of LCLL, and validate the observed results from R3 tests. According to the 510 

simulations in the R3 conditions, 13% of LCLL reacted during the R3 test. This result is represented 511 

by the white triangle on Fig.6. This tends to confirm the unexpected reactivity of LCLL during the 512 

R3 test due to the hydro reactivity. Moreover, to validate the process, the same modelling was 513 

repeated for the quartz R3 sample. The result showed a reaction of quartz about 6%, which is 514 

represented by the white dot the Fig.6. 515 

 516 

3.5. Mercury intrusion porosimetry  517 

 518 

The Fig. 9 presents the results from mercury intrusion into cement pastes. In order to limit the 519 

number of trials, the second fly ash (FA-PA) has not been tested. Different porosity and critical 520 

pore radius values are observed for the different SCMs. The critical pore radius is defined by the 521 

inflection point of the main intrusion seen in the cumulative intrusion curb from raw MIP data. 522 

This critical pore radius also appears as the main peak on the differential pore size distribution 523 

(Scrivener et al., 2016). 524 
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 525 

Figure 9 : a) MIP differential pore size distribution and b) porosity and critical pore radius for 526 

the different SCMs tested. 527 

 528 

For the Portland cement and the GGBS, the porosities are respectively of 23.9 % and 23.5 %. 529 

However, the critical pore radius is smaller for OPC than GGBS as seen in (Chen et al., 2013; Lin 530 

et al., 2018). The silica fume shows a lower porosity than cement, around 21% with a pore entry 531 

radius of less than 7 nm. Very similar to the literature (Duan et al., 2013; Feldman and Cheng-Yi, 532 

1985; Poon et al., 1999). The fly ash tested shows greater porosity than the previous around 25% 533 

with a critical pore entry radius of 25 nm again, in a similar trend to the literature (Poon et al., 534 

1999; Yu et al., 2017) . Moreover, the limestone filler and the quartz powder show porosities of 535 

26 % and 27 % respectively with a similar critical pore entry radius around 20 nm. Similar to the 536 

literature (Elgalhud et al., 2016; Lin et al., 2018; Panesar and Francis, 2014). LCLL stands out by 537 

having the highest porosity of 28% with a critical pore entry radius similar to limestone and quartz 538 

filler. In contrast, calcined LCLL has a slightly lower porosity than LCLL with 26 % and a similar 539 

critical pore radius of 15 nm to GGBS. This shows that the pore diameter of the calcined LCLL 540 

mixture is smaller than for the LCLL mixture. However, in the two mixtures containing LCLL or 541 

calcined LCLL, the observed porosity is greater than that of Portland cement. 542 

 543 
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3.6. Rheology  544 

 545 

The rheological properties were measured for each mix of cement paste. Fig.10 presents the 546 

measures in plastic viscosity and the yield stress obtained by a geometric spindle mounted on a 547 

rheometer. The measures of LCLL and LCLL-C are compared to Portland cement and other SCMs 548 

mixes. OPC shows a plastic viscosity and stress yield of 0.25 Pa.s and 27 Pa respectively.  Silica 549 

fume shows a plastic viscosity and yield stress greater than all other mixes with 0.38 Pa.s and 72 550 

Pa , as expected due to the size of its particles (Ferraris et al., 2001; Vikan and Justnes, 2007) . 551 

Except for SF and LCLL mixes, all SCMS mixes tested showed lower or equivalent rheological 552 

properties to OPC. Limestone filler shows a plastic viscosity and yield stress of 0.11 Pa.s and 27 553 

Pa respectively, consistent with the literature (Svermova et al., 2003; Vikan and Justnes, 2007). 554 

Quartz filler has a plastic viscosity of 0.25 Pa.s , similar to cement, but a yield stress inferior to 555 

OPC with 21 Pa. Since the yield stress is related to a Power law to flow (Charrier and Ouellet-556 

Plamondon, 2020; Roussel, 2012) it is expected that its decrease is linked to a greater flow, which 557 

was also observed after the addition of quartz powder in mixes (Lin et al., 2018; Tavares et al., 558 

2020). Adding fly ash or GGBS show a decrease in plastic viscosity, with respectively 0.29, 0.20 559 

and 0.20 for FA-E, FA-PA and GGBS as previously seen in the literature (Jiang et al., 2020; 560 

Thiyagarajan et al., 2018). Here, the LCLL has a plastic viscosity similar to cement and quartz 561 

powder with 0.25 Pa.s. However, its yield stress is higher than other cement and SCMs mixes, 562 

with 30 Pa this suggests that adding LCLL would increase the flow due to its higher content in 563 

graphite which increases its water demand. This has also been observed in fly ashes: since FA-E 564 

has a greater LOI than FA-PA it also has a greater yield stress due to its high carbonaceous content.  565 

This is also confirmed by LCLL-C which has a yield stress of 22 Pa. After calcination it has a 566 

lower LOI which entails a lower yield stress. Moreover, its plastic viscosity is also the lowest 567 

observed, with 0.1 Pa.s.  568 

 569 
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 570 

Figure 10 : Plastic viscosity and yield stress on the cement paste. 571 

3.7. SEM-BSE 572 

 573 

Samples of cement pastes containing 20% LCLL and 20% LCLL-C were observed at 28 days and 574 

1 year. The Fig. 12 presents BSE scanning electron images of LCLL and LCLL-C grains. After 28 575 

days, the grains of LCLL-C and LCLL show no signs of hydration. It is important to note the 576 

difference in shape between the grains of LCLL and calcined LCLL. The grains of LCLL are 577 

heterogeneous composed of the different phases of the LCLL while the grains of LCLL calcined 578 

are grains comprising several phases fused together. After 1 year, the grains of LCLL partially 579 

hydrated are observed in the periphery while the grains of LCLL calcined are fully hydrated with 580 

the exception of the corundum grains which compose it. Moreover, no portlandite was observed 581 

around the hydrated calcined LCLL grain, suggesting a pozzolanic reaction. This confirms the low 582 

reactivity of LCLL even after 1 year and the increase in reactivity of LCLL after calcination at 583 

1050 ° C.  584 

 585 
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 586 

Figure 11 : SEM BSE observation of LCLL and LCLL grains after 28 days and 1 year of 587 

hydration. 588 

 589 

4. Discussion  590 

4.1. LCLL reactivity  591 

According to the previous mortar and Frattini tests, the reactivity of LCLL can be considered 592 

equivalent to an inert material in cement, similar to quartz. This result was expected since 593 

important quantities of low reactivity phases composed LCLL, such as corundum, quartz, albite 594 

and nepheline. The SEM observation of LCLL also confirms the low reactivity of LCLL grains in 595 

cement after 1 year. Moreover, the SEM observation shows LCLL monophasic grains with angular 596 

edges. The lower compressive strength of the early age of hydration observed on mortars can be 597 

explained by the presence of carbonaceous materials in LCLL. Similar effects were observed by 598 
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(Dutta et al., 1995). However, as observed on MIP results, the porosity and the critical pore radius 599 

are more important in LCLL containing cement paste which explains the lower compressive 600 

strength (Chen et al., 2013). Moreover, hydro reactivity occurred during R3 tests due to its higher 601 

temperature increase necessary for improving kinetics of pozzolanic reactions. This turn LCLL 602 

into reactive material. From the crystalline part detected by XRD and the raw composition of 603 

LCLL, it is possible to calculate the remaining LCLL content in the R3 paste after 7 days. This 604 

result gives a LCLL content about 19% and a new amorphous material about 2.5%. This result is 605 

similar to quartz powder and indicates the inert behavior of silicate phases of LCLL such as albite 606 

or nepheline. The presence of phases containing alumina tends to  confirm the hydro reactivity of 607 

LCLL in the R3 test conditions by releasing ions containing alumina (Kimmerle et al., 1993; Øye, 608 

2017). This hypothesis seems to be consistent with the Fig.7 of R3 results for LCLL, where the 609 

phases induced by the hydro reactivity seem to show a higher proportion of reactive alumina. 610 

These reactions are followed by the generation of gases in the paste, which engenders paste 611 

expansion (Fig. 12). However, in this study, no expansion was observed on mortar specimens. 612 

Temperature and chemistry, particularly pH, are key parameters to induce hydro reactivity and 613 

expansion. A low hydro reactivity can explain the higher porosity in cement, however other 614 

parameters as the higher carbonaceous material content or the particle shape can also affect the 615 

porosity. Among the previous possibilities, carbonaceous material presence would explain better 616 

the higher porosity in LCLL containing mixes. Such results were also observed with FA-E MIP 617 

results. The carbonaceous material content also entails change on the rheological behavior of mix 618 

containing LCLL. The presence of a high content of graphite might have increased the yield stress 619 

and the viscosity of cement paste, but the high concentration of LCLL in free alkali, in particular 620 

sodium, can also explain this observation (Grzeszczyk and Kucharska, 1990). Moreover, the shape 621 

of LCLL grains explains the difference of rheological behavior between LCLL and fly ash. With 622 

an angular shape LCLL grains tends to increase the yields stress and the plastic viscosity. A 623 

contrary, rounded fly ash particles tend to decreased the same properties (Aïtcin and Flatt, 2015). 624 

Consequently, we can expect that mixes containing LCLL will have a greater water demand and a 625 

smaller slump or flow.  626 

 627 
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 628 

Figure 12 : Ampoules of R3 samples with LCLL (right) and calcined LCLL (left) after 7 days 629 

testing. 630 

In these conditions, the use of LCLL as SCM can be motivated by an alternative stabilization in 631 

concrete as a filler. In this context, optimized packing method can make it useful. However, further 632 

tests must be done to confirm the absence of hydro reactivity or durability concerns with the 633 

cement, water and aggregates used.  634 

 635 

4.2. Calcined LCLL reactivity  636 

Calcination appears as an interesting solution to improve the reactivity of LCLL in cement. In R3, 637 

Frattini, and mortar test calcined LCLL shows reactivity similar to a fly ash. However, the result 638 

in compressive strength shows a lower efficiency than fly ash.. This efficiency difference was 639 

explained by the higher crystalline phase content and the lower quantity of reactive silica in 640 

calcined LCLL. But this lack of silica could be compensated by a higher concentration of reactive 641 

alumina which allows the precipitation of additional aluminate phases to densify the cementitious 642 

matrix. This is confirmed by MIP results showing a lower porosity and a lower critical pore 643 

diameter indicating a smaller porosity size than uncalcined LCLL. SEM observation also confirms 644 

the higher reactivity of calcined LCLL with almost complete reacted grains. In contrast to 645 

uncalcined LCLL, the LCLL-C grains contains different melted phases which enhances the 646 

reactivity of the grains with more chemical species available.  In terms of chemical composition, 647 

the calcined LCLL is closer to calcined clay. As previously studied on calcined clay, the addition 648 
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of sulfate or carbonates allow the formation of new phases as ettringite, monocarboaluminate and 649 

hemicarboaluminate (Avet et al., 2016). 650 

 651 

This effect was clearly visible on the R3 test for calcined LCLL with ettringite and 652 

monocarboaluminate. In comparison to fly ashes, calcined LCLL showed a higher formation of 653 

monocarboaluminate. This preferential precipitation occurs in R3 mixes due to both the high 654 

CO3/SO4 ratio in the paste and the higher pH of the solution caused by the alkalis released by 655 

LCLL (Dow and Glasser, 2003; Feng et al., 2016; Palomo, 2012). Moreover, the calcination 656 

cancelled the delay on compressive strength in the early days of hydration observed with raw 657 

LCLL. This observation tends to confirm the effect of carbonaceous residues in LCLL on the 658 

setting time as already observed with fly ash blended cement (Wesche, 1991). The decreased of 659 

carbonaceous residues in LCLL-C also demonstrate lower yield stress and plastic viscosity, which 660 

indicate a lower water demand. However, the very low plastic viscosity of LCLL-C can entail 661 

some concern about segregation in concrete, in particular with big aggregate (Roussel, 2012). The 662 

high alkali content of LCLL is a significant advantage, since it decreases the liquid formation 663 

temperature and the energy needed for calcination (Wang et al., 2017). This allows the formation 664 

at high temperature of glass materials rich in sodium similar to soda-lime glass already use in 665 

cement (Shi and Zheng, 2007). 666 

 667 

The calcination improves significantly the reactivity of LCLL and allows a possible use in concrete 668 

as a reactive SCM to replace a part of cement. However, high temperature calcination requires 669 

specific industrial processes with higher energetic, environmental and financial impacts. With a 670 

lower calcination temperature than cement, the replacement of a part of cement by calcined LCLL 671 

could reduce the same previously stated impacts. Moreover, incorporating calcined LCLL and its 672 

important reactive alumina amount to models based on calcined clay limestone cement as LC3 by 673 

additions of non-calcined carbonates or sulfate. These cements could further reduce the 674 

environment and energetic impacts without affecting the blended cement performance (Scrivener 675 

et al., 2018). Further investigations must be done to evaluate the real environment and energetic 676 

impacts of calcined LCLL in cement. 677 
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5. Conclusion 678 

Based on the presented results, the following concluding remarks can be drawn: 679 

a) The valorization of treated SPL in cementitious materials, offers new opportunities for 680 

aluminum and cement industries to decrease the environmental impact of their materials 681 

by reusing a local waste and avoiding landfill. 682 

b) LCLL is not reactive in cement. Hydro reactivity and expansion due to gas generation can 683 

happen depending on the chemistry or the temperature of hydration of the binder. This 684 

hydro reactivity releases aluminates in solution which precipitates aluminates phases 685 

conferring to LCLL a low reactivity.   686 

c) Use of LCLL as filler in cement is possible. However, to avoid expansion or durability 687 

concerns, preliminary tests must be realized to evaluate the compatibility of LCLL with 688 

cement, aggregates and water. Moreover, the presence of graphite in uncalcined LCLL 689 

tends to entail delay in the setting time.  690 

d) The calcination of LCLL at 1050°C significantly improves the reactivity in cement. 691 

Calcined LCLL reactivity shows similarities to a calcined clay with highly reactive 692 

alumina. Hydro reactivity concerns are not observed with calcined LCLL due to the high 693 

temperature destruction, evaporation or incorporation in new phases, of hydro-reactive 694 

compounds. More investigation of the reactivity of LCLL with temperature is needed. 695 

e) The replacement of a part of cement by calcined LCLL could reduce the environmental 696 

and energetic impacts of blended cement. This lower impact of LCLL is due to its lower 697 

calcination temperature than cement and the valorization of a treated hazardous material.  698 

f) More investigation will be done to understand the conditions which lead hydro-creativity 699 

and its impact on durability. For calcined LCLL, more investigation must be done to 700 

evaluate the chemistry and aluminum incorporation in hydrated cement phases such as C-701 

S-H. 702 
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