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Abstract 

The fineness of low-grade calcined clay (CC) particles in limestone calcined clay cement (LC3) 

and calcined clay cement (C3) plays an important role in terms of grinding time and energy 

consumption. In this regard, two low-grade kaolinitic clays (kaolinite content of less than 40%) 

from domestic sources were firstly calcined and then ground using a laboratory ball mill to 

achieve three fineness values of ~ 8 ± 2, 20 ± 2, and 32 ± 2 wt% retaining on 45 μm sieve. 

According to experimental results, the substitution of finer low-grade CCs in binary C3 and 

ternary LC3 concretes had a marginal improvement in the compressive strength, bulk water 

absorption, and electrical resistivity by 4.7, 5.2, and 14.5% compared to their counterpart 

coarser low-grade CCs mixtures, respectively. However, the chloride ions migration 

coefficients of mixtures containing low-grade CCs with the lowest fineness were 81-107% and 

100-134% of their counterpart mixtures with the highest fineness of CC particles at 28 and 91 

days, respectively. Overall, the low-grade CCs with a fineness of ~32 ± 2 wt% retaining on 45 

μm sieve by using less grinding time and energy consumption delivered a satisfactory 

mechanical and durability performance against chloride attack. 

 

Keywords: Limestone calcined clay cement (LC3), Fineness, Low-grade calcined clay, 

Kaolinite content, Chloride ions attack  

 

1. Introduction 

The production and availability constraints of common supplementary cementitious materials 

(SCMs), such as fly ash, silica fume, blast furnace slag, and natural pozzolans prevent them 

from satisfying the increasing demands of the construction industry (Scrivener et al., 2018a; 

Riahi Dehkordi and GivKashi, 2024). On the other hand, kaolinitic clays and calcium carbonate 

minerals like aragonite and calcite are plentiful resources that have the potential to broaden the 

utilization of SCMs in blended cements (Scrivener et al., 2018a; Zolfagharnasab et al., 2021; 

Du and Dai Pang, 2020; Díaz et al., 2017). In fact, calcined clays (CCs) are clays that have 

been thermally activated through dehydroxylation in the temperature range of 650-850 ℃ 

(Richardson, 2002). By comparing different types of clay, kaolinite-based CCs have the highest 

pozzolanic reactivity and have the potential to improve the mixtures properties (Fernandez et 

al., 2011). A novel approach has been introduced, combining kaolinitic CCs with limestone 

powder (LP) as SCMs. This method has resulted in the development of ternary blends known 

as limestone calcined clay cement (LC3) (Scrivener et al., 2018a). Additionally, this new 

ternary blend also has the potential for use in advanced mixes like self-compacting concrete or 

self-compacting lightweight concrete (Mazloom et al., 2020; Mazloom and Salehi, 2018; 

Afzali-Naniz et al., 2021). Although other SCMs such as slag and fly ash are generally regarded 

as having no additional emissions and energy consumption, CC due to the need for calcination, 

does have an impact. However, the calcination process for clay involves significantly lower 

temperatures compared to the clinker production, and there is no CO2 emitted during the 

decomposition of clay (Sharma et al., 2021). Studies have indicated that the energy needed for 

the clays calcination is approximately 60% of that needed for clinker production, and the CO2 

emissions are around 30% of those generated by clinker production (Gettu et al., 2019). In 

terms of environmental impact, a study by Pillai et al. (2019) found that LC3 concretes, which 
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exhibit comparable compressive strengths to Portland cement concretes, could potentially have 

a CO2 footprint that is 16% to 30% lower. 

Due to the use of metakaolin (MK) by other industries (mainly painting, paper, and ceramic 

industries), pure kaolinite clay has become more expensive (Barata and Angélica, 2011). 

Therefore, using CCs with low purity is proposed as an alternative option. Studies on LC3 

production show that clay with at least 40% kaolinite can be used as a 50% substitution of 

Portland cement. So, the utilization of low-grade clays with reduced kaolinite content could 

potentially address these constraints and also facilitate the utilization of waste materials in 

cement manufacturing. Initiatives have been undertaken in this direction, such as incorporating 

30% rejected clay brick (FRCB) in the formulation of LC3-50 (with a 50% clinker ratio) 

(Krishnan et al., 2020). Du and Dai Pang (2020) investigated the concrete durability with 

various replacement levels of cement by CC and LP. Permeability, electrical conductivity, 

RCMT, and water sorptivity of LC3 concretes were decreased compared to the control mixture. 

Maraghechi et al. (2018) concluded that the purity of CC has a remarkable effect on the 

concrete durability against chloride ion transport. 

Investigating the influence of fineness of particles and kaolinite content of low-grade CCs on 

the technical properties of binary and ternary blends containing CC, respectively named 

calcined clay cement (C3) and limestone calcined clay cement (LC3), is one of the necessary 

studies in this field. For instance, Bishnoi et al. (2018) produced LC3 blends by mixing 50% 

clinker, 31% CC, 15% LP, and 4% gypsum on a laboratory scale. The test results showed that 

while Blaine's fineness test could be a useful initial indicator for controlling the grinding 

process, laser diffractometry can offer a more comprehensive evaluation of the grinding of all 

cementing constituents. Krishnan et al. (2018) discussed that the industrial production of LC3 

concretes comprising 50% clinker, 30% CC, 15% LP, and 5% gypsum. The findings indicate 

that grinding-based improvement in fine particles of MK does not always lead to enhanced 

early-stage hydration of C3S. In a research by Lapeyre et al. (2019), the role of the particle size 

distribution (PSD) of MK in the hydration kinetics of tricalcium silicate paste (C3S–T1) was 

investigated. Also, Dumani and Mapiravana (2020) investigated the influence of different 

fineness of MK on the compressive strength of cementing pastes containing MK. The findings 

showed that the compressive strengths of the cementing pastes containing MK were not 

remarkably affected by the MK fineness, within the particle size range of 45 to 75 µm. This 

means that even the coarser MK can be used as a substitute for OPC, thus helping to decrease 

the expenses associated with grinding. Malacarne et al. (2021) investigated the influence of 

utilizing low-grade clay as a clinker substitute on the fresh properties of ternary cements. Their 

results demonstrated that the influence of the fineness of calcined limestone and clay on 

thixotropic and water demand of pastes is more considerable relative to their mineralogical 

compositions. Ayati et al. (2022) used eight types of low-grade CC as a replacement of cement. 

The index of pozzolanic activity and strength activity index of clays were determined. They 

also showed that mortars containing CC have higher compressive strengths than mortars 

containing pulverized fuel ash. 

Li et al. (2022) studied the influence of calcined MK content on water demand, pozzolanic 

activity, and mixture efficiency. The results showed higher pozzolanic reactivity and improved 

compressive strength with increasing MK content. In addition, higher MK content and fineness 

increased the water demand significantly. Kluge and Assmann (2018) investigated the effect 

of different mills of CCs on the short-term strength (7 days) of mixtures. The variables used in 
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this study were cement fineness, CC fineness, and the amount of CC by considering three 

variables for each factor. The results indicated that the effect of CC fineness was less significant 

compared to that of cement and the amount of cement. Also, with increasing fineness, the 

strength increased, but with increasing the amount of CC, the strength decreased. Andrés et al. 

(2015) studied the impact of fineness of clinker, LP, and CC on compressive strength and 

mercury penetration porosity. They showed that CC fineness is almost as important as clinker 

fineness, but LP’s fineness has a significant effect only at early ages. Ferreiro et al. (2019) 

studied the influence of fineness and calcination temperature of raw clays on the LC3 binders 

performance. They showed that the 2-day strength of blended cement was affected by clinker 

substitution. In contrast, the long-term efficiency and strength were influenced by LP content, 

fineness, raw clay composition, and temperature. Pérez and Martirena-Hernandez  (2020) 

studied the concurrent grinding of LC3 binders and assessed how grinding duration affects the 

PSD of CC, LP, and clinker in the performance of these blends. The findings suggested that as 

grinding time increased, fineness improved, leading to enhanced compressive strength, albeit 

with an increase in water demand.  

CC fineness is the main influencing factor on rheology and water demand, while compressive 

strength is controlled by clinker fineness. Zunino and Scrivener (2020) compared two 

fragmentation methods to increase kaolinite content in low-grade CC. The findings indicated 

that kaolinite tends to be concentrated in finer particles after the grinding process, and the 

separation of particles can elevate the kaolinite content of CCs and enhance their pozzolanic 

reaction. Zolfagharnasab et al. (2021) investigated the durability of LC3 binders containing 

low-grade CCs against chloride attack. They showed that these mixtures could be recognized 

as a promising option with sufficient durability. Yadak Yaraghi et al. (2022) investigated the 

suitability of conventional tests for assessment of the durability and permeability of low-grade 

CC mixtures. Based on the findings, it was determined that the water absorption test based on 

BS 1881-122, could not effectively determine the penetration characteristics of binary and 

ternary binders containing CC. Siline and Mehsas (2022) researched to explore the impact of 

enhancing the MK fineness on its chemical reactivity. Their findings indicated that increasing 

the MK fineness does not appear to enhance its chemical reactivity. This conclusion was drawn 

based on the observation that the strength activity index remained unchanged. Luzu et al. 

(2022) investigated the optimal ratio of LC3 binders to obtain the highest possible packing 

density. The results showed that grain size distribution is not a critical parameter, especially in 

mortars, and adding LP fillers improves packing density. Also, Ferreiro et al. (2017) studied 

the impact of fineness and type of raw clay on the efficiency and strength of binders. The early 

strength of blended cements appears to be mainly independent of particle fineness. On the other 

hand, the long-term performance can be remarkably enhanced by increasing the fineness of 

CC. 

Although research has been conducted in this area, studies are still limited and there are 

discrepancies between opinions among researchers. Most existing studies have only 

investigated these concrete's pozzolanic reactivity, hydration kinetics, and efficiency. Among 

the hardened properties, compressive strength has often been the only investigated parameter. 

Nevertheless, more research is still needed to attain a better finding of the effect of CC’s 

fineness and kaolinite content on the mechanical, permeability, and chloride-induced durability 

of ternary LC3 and binary C3 concretes. 
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This study aimed to fill the gap in existing studies regarding the effect of the fineness of low-

grade CC on the technical properties of C3 and LC3 and compare the results with Portland 

cement (PC) concrete. In this regard, two types of low-grade CCs with kaolinite content of 

19.4% and 28.7% from local resources were used. Low-grade CCs were ground by laboratory 

ball mill to achieve three fineness values of ~ 8 ± 2, 20 ± 2, and 32± 2 wt% retaining on 45 μm 

sieve. The results of ternary blends (containing 20% CC and 10% LP) were compared with 

corresponding binary blends (containing 30% CC). In other words, the potential of using lower 

fineness of low-grade CCs to produce LC3 concretes while maintaining desirable engineering 

properties has been studied. Also, a Distance-Based Approach (DBA) has been performed to 

compare the performance of different mix designs. 

2. Experimental program 

2.1. Material 

In this research, a Type II Portland cement (PC) was used. The C2S, C3S, C3A and C4AF phases 

contents of PC were 17.75%, 58.64%, 5.10% and 11.81%, respectively. It should be noted that 

the used PC meets the requirements of ASTM C150 (2020). In addition, two types of low-

grade CCs with different kaolinite contents were gathered from local resources located in north-

western parts of Iran. The preparation of powdered samples of these raw clays for calcination 

are shown in Fig 1. Both raw clays were calcined in a fixed-bed electrical furnace at 800 ◦C for 

1 hr. The calcination process of CCs is shown in Fig 2. 

 

 
Clay sample 1 

Kaolinite content: 19.4% 

Clay sample 2 

Kaolinite content: 28.7% 

Fig 1. Samples of raw clays before calcination process (Bahman-Zadeh et al., 2022). 
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Fig 2. The process of calcination of CCs (Yaraghi et al., 2022). 

The kaolinite content of the CCs was measured by determining the weight loss between 

approximately 400–600 degrees Celsius using thermogravimetric analysis (TGA) with the 

tangential method (Scrivener et al., 2018b). TGA was performed using the STA 504 instrument 

in an atmosphere of Ar gas, with a heating rate of 10 ℃ per minute. The IR spectrum of raw 

clay samples and TGA results are presented in Fig 3 and Table 1, respectively. 

 

 

Fig 3. IR test spectrums of studied raw clays. 

 

 

 

 



 

7 
 

Table 1. TGA test results for CCs 

Material 

Approximate temperature 

range for dehydroxylation 

(℃) 

Mass loss 

(%) 

Amount of kaolinite 

from TGA test 

(%) 

CC (19.4%) 540-640 2.71 19.4 

CC (28.7%) 420-600 4.00 28.7 

 

Binders including ASTM C150 Type II PC, two various CCs from different domestic deposits 

and LP. The chemical composition as achieved by X-ray fluorescence (XRF) and the physical 

properties of PC, CCs and LP are given in Table 2. 

Table 2. Chemical Characteristics of cementitious materials by XRF analysis. 

Chemical 

compounds 
SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO SO3 L.O.I. 

Density 

(gr/cm3) 

PC 21.62 4.29 3.88 64.89 0.41 0.78 2.29 2.41 1.52 3.10 

CC (19.4%) 78.71 19.4 0.23 0.04 0.04 0.74 - 0.06 0.60 2.58 

CC (28.7%) 71.30 22.6 0.09 2.70 0.05 0.33 0.09 0.01 2.57 2.55 

LP 1.78 0.47 0.26 49.9 - 0.32 2.26 0.97 43.83 2.62 

 

The composition of aggregates consisted of 55% sand, 20% fine gravel, and 25% coarse gravel, 

to be within the range recommended by the National Concrete Regulations. Table 3 shows the 

maximum size, density, and moisture percentage of aggregate components. Fig 4 shows the 

aggregate grading curve. 

Table 3. Specifications of aggregates used include; Density, water absorption and moisture content 

Moisture available 

(%) 
SSD (%) 

Density 

(gr/cm3) 

Maximum size 

(mm) 
Aggregate 

0.27 1.97 2.57 19 Coarse gravel 

0.5 2 2.55 12.5 Fine gravel 

0.65 2.2 2.54 9.5 Sand 
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Fig 4. Aggregate grading curve with a maximum size of 19 mm 

Considering that CCs and LP absorb water and reduce the workability of the mixture, and due 

to the need to keep the ratio of water to binder constant for making samples, using 

superplasticizer (SP) as a chemical admixture was inevitable in this research. The SP admixture 

used in this research was based on polycarboxylate ether according to the specification of G 

class of ASTM C494 standard (2020). 

 

2.2. The process of preparing blended cements 

In this research, in addition to ternary blends (including PC, CC, and LP), binary blends 

(including PC and CC) and a plain mixture containing PC have also been used to compare the 

results. In total, 13 types of binders were prepared in this research, and 13 mix designs were 

obtained by keeping other variables constant. Using low-grade CC with two different purity 

percentages and three different fineness values has been investigated. 

The clays were calcined in a furnace at 800°C, and then the CCs were ground using a laboratory 

ball mill to make their particle diameter smaller than 4 mm. Low-grade CCs with 19.4% and 

28.7% purity were used. CCs were crushed into three levels of fineness using a ball mill. All 

the CCs were passed through a 100-grade sieve during grinding. The percentage of retaining 

on the 45-micron sieve was used to measure fineness. The highest fineness, close to the fineness 

of PC, i.e., the remaining percentage of 8±2 on the 45-micron sieve, was selected. The lowest 

fineness, the lowest allowed limit according to ASTM regulations, i.e., 32±2 percentage of 

residue on a 45-micron sieve, and average fineness, 20±2% residue on a 45-micron sieve was 

selected. According to the ASTM standard, the maximum percentage of residue on the 45-

micron sieve can be 34%. LP was also ground using a ball mill close to the fineness of PC, i.e., 

the remaining percentage was 8±2 on a 45-micron sieve. Fig 5 shows the process of calcining, 

crushing, and grinding of CCs. 
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a          b    c   d 

Fig 5. Preparation of blended cements; a) calcination of clay in the furnace, b) crushing machine, c) 

grinding machine, d) ball mill grinding 

Binary blends  were prepared with a ratio of 70% PC and 30% CC, and ternary blends with a 

ratio of 70% PC, 20% CC, and 10% LP. The particle size distribution curve of CCs obtained 

after production using a laser beam diffraction device is shown in Figures 6 and 7. Fig. 6 shows 

the cumulative particle size distribution and Fig. 7 shows their density distribution. By 

comparing the distribution of particles, it is clear that even though the percentage of residue on 

the 45-micron sieve was considered to be almost similar in the two types of CC, the CC (28.7%) 

particles were softer than the CC (19.4%) particles. 

 

Fig 6. Comparison of cumulative particle size distribution 
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Fig 7. Comparison of particle size density distribution 

 

2.3. Mixing procedure 

Table 4 shows the design of the mixtures used in this study according to the components. In 

this study, thirteen concrete mixtures with total binder contents of 400 kg/m3 and constant water 

to binder ratio of 0.4 were considered. In binary blends, the amount of PC replaced by CCs was 

30%. In ternary blends, the substitution levels of PC were 20% for CCs and 10% for LP. The 

slumps of all mixtures were adjusted between 30 and 60 mm (S1-S2) using SP. The dosages of 

SP have been expressed as weight percentages of binders. 

The concrete mixing process was done using a 60-liter pan mixer. The following steps outline 

the sequence for mixing materials and preparing concrete samples: 

• Mixing gravel and sand with 1/3 of water for 1 min; 

• Adding dry SCMs to mix and mixing for 0.5 min; 

• Adding PC, the remaining water, and mixing for 1.5 min; 

• Modifying  the slump by incorporating SP and thoroughly mixing for 1.5 min; 

• Molding concrete samples and 24 hour-curing under a plastic sheet at room temperature 

(~25 ◦C); 

• Demolding samples and curing until testing days in a saturated limewater (RH~100%, 

~21 ◦C). 
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Table 4. Specifications of concrete mix designs (Kg/m3) 

Mix. ID 
Binders 

Gravel Sand Water SP (gr) 
PC CC LP 

OPC 400 797.3 - 797.3 967.0 160 60 

FC3 (19.4%) 280 787.7 - 787.7 955.3 160 74 

MC3 (19.4%) 280 787.7 - 787.7 955.3 160 67 

CC3 (19.4%) 280 787.7 - 787.7 955.3 160 67 

FC3 (28.7%) 280 788.2 - 788.2 955.9 160 63.9 

MC3 (28.7%) 280 788.2 - 788.2 955.9 160 58.1 

CC3 (28.7%) 280 788.2 - 788.2 955.9 160 54.2 

FLC3 (19.4%) 280 788.2 40 788.2 955.9 160 59.7 

MLC3 (19.4%) 280 788.2 40 788.2 955.9 160 55.1 

CLC3 (19.4%) 280 788.2 40 788.2 955.9 160 55.4 

FLC3 (28.7%) 280 788.6 40 788.6 956.3 160 57.2 

MLC3 (28.7%) 280 788.6 40 788.6 956.3 160 54.1 

CLC3 (28.7%) 280 788.6 40 788.6 956.3 160 51.3 

(F: Fine, M: Medium, C: Coarse), (C3: Calcined Clay Cement), (LC3: Limestone Calcined Clay 

Cement), (CC: Calcined Clay), (LP: Limestone Powder), (SP: Superplastisizer) 

 

2.4. Test methods 

As previously stated, the aim of this research was to assess the durability of concretes with 

varying levels of fineness of low-grade CCs. Therefore, the conducted experiments were 

divided into three main categories: mechanical properties, permeability, and durability (Fig 8). 

2.4.1. Compressive strength 

The compressive strength test (Fig 8-c) was performed at 3, 7, 28, 90, and 180 days of curing 

according to the ASTM C39 standard (2021). Cubic samples with dimensions of 10 cm were 

stored to test the compressive strength until the test age in saturated lime water. For each test 

age, the average results of three samples were reported.  

2.4.2. Bulk water absorption 

Bulk water absorption of the samples was conducted based on the BS 1881-122  standard 

(2020). As mentioned in previous studies (Yaraghi et al., 2022; Antoni, M., 2012), ettringite 

exhibits strong stability in LC3 blends attributed to the incorporation of LP and the creation of 

CO3-AFm compounds, with the presence of this phase noted in matured samples. However, 

ettringite becomes unstable at temperatures exceeding 50°C; thus, preparation techniques 

involving high temperatures are not advised (Scrivener et al., 2018b). Therefore, following the 

sample preparation procedure outlined in BS 1881-122 for water absorption measurement 



 

12 
 

(drying concrete samples for 72 hours at 105°C) could lead to notable modifications in the 

microstructure of LC3 binders and affect the mixtures. Consequently, utilizing BS 1881-122 

for evaluating the permeability of LC3 concrete presents significant limitations, and 

adjustments to the sample preparation method are necessary for this type of mixture. 

Alternative techniques such as extended drying at 50°C and vacuum drying of specimens could 

be considered for the modified water absorption test preparation (Yaraghi et al., 2022). For this 

reason, all studied samples were kept at 50◦C for 14 days and then placed in a sealed room for 

24 hours to overcome this drawback. 

2.4.3. Water sorptivity 

To measure the amount of water sorptivity, disk-shaped samples with a diameter of 10 and a 

height of 5 cm, which were obtained by cutting cylindrical samples of 20 x 10 cm, were used, 

and the test was performed according to the ASTM C1585 standard (2020). First, the samples 

were kept in an oven at a temperature of 50°C for 14 days. Then after weighing, the samples 

were placed in a container of water, so that the water level was 2±1 mm above the bottom of 

the samples, while the water with the bottom of the sample should be in complete contact (Fig 

8-d). It should be noted that after removal from the oven, the samples were completely covered 

with insulating tape to prevent the absorption of moisture from the environment. For each 

sample, three specimens were prepared at the ages of 28 and 90 days. 

2.4.4. Electrical resistivity 

For this test, cylindrical concrete samples with dimensions of 10x20 cm were made and stored 

in saturated lime solution until the test age. For each mixture design, three samples were tested 

and the average results were reported. The electrical resistance results were read in all four 

directions in each sample. The test was performed according to ASTM C1760  (2021) at 7, 28, 

90, and 180 days. Fig 8-b shows a picture of this experiment. 

2.4.5. Rapid chloride migration test (RCMT) 

This test was performed according to NT BUILD 492 (1999) at the ages of 28 and 90 days. 

One sample was tested for each age. Samples with a diameter of 10 cm and a height of 5 cm 

obtained by cutting cylindrical samples were tested. Fig 8-a shows a view of the RCMT test. 

2.4.6. Mercury intrusion porosimetry (MIP) 

Mercury intrusion porosimetry (MIP) was performed on paste samples that had been cured in 

limewater for 28 days. To stop the hydration process, the samples with dimensions of around 

10 mm × 10 mm × 3 mm, underwent treatment using the solvent exchange technique outlined 

in Reference (Snellings et al., 2018). Thermo Finnigan Pascal 440 and 140 porosimeters, 

featuring a maximum mercury injection pressure of 182 MPa, were employed in this 

investigation. The contact angle between the solid and mercury was adjusted to 140°, and the 

surface tension of mercury was determined as 0.480 N/m. These parameters were used to 

compute the pore radius. 
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a                   b                c         d 

Fig 8. Pictures of different experiments; a) Chloride ion migration, b) Surface electrical resistance, c) 

Compressive strength test, d) Capillary water absorption. 

 

3. Results and discussion 

3.1. Compressive strength 

Fig. 9 indicates the compressive strength development of C3 and LC3 concretes between 3 and 

91 days. At all ages, the compressive strengths of all concretes containing CCs were lower than 

OPC concrete. It can be due to the dilution effect of using 30% SCMs (20% CC + 10% LP) 

instead of clinker (Yaraghi et al., 2022). As it is illustrated, C3 mixtures containing CC (28.7%) 

showed higher compressive strength in comparison with CC (19.4%) binary mixtures. 

Elevating the kaolinite content in CCs typically leads to enhanced compressive strengths of C3 

concretes. This improvement can be primarily attributed to the increased reactivity of CCs, 

particularly when they possess higher purity levels of MK (Zolfagharnasab et al., 2021). 

However, in LC3 concretes, there was no remarkable difference between compressive strength 

results of CC (19.4%) and CC (28.7%) ternary mixtures. 

Comparing the results of binary and ternary samples containing CCs, ternary LC3 (19.4%) 

concretes had a compressive strength comparable to that of binary C3 (19.4%) concretes. In 

comparison, the compressive strength of LC3 (28.7%) concretes was lower than corresponding 

C3 concretes. The comparable compressive strength of C3 and LC3 concretes containing low-

grade CC (19.4%) attributed to the filling effect of LP and the reactions of alumina-containing 

phases in CCs with CaCO3 from LP (synergic reactions) leads to the formation of additional 

CO3-AFm phases. Therefore, it appears that in LC3 (19.4%) mixtures, the filler effect of LP 

and synergistic reactions may compensate for the lower pozzolanic reactivity of CC at 19.4%. 

However, when CC content is increased to 28.7%, the impact of the pozzolanic reaction on 

compressive strength may outweigh the positive effects of using LP and CC together. 

Specifically, replacing 20% of OPC with CC in LC3 (28.7%) mixtures could result in the 

formation of fewer pozzolanic hydrates compared to binary mixtures containing 30% CC 

(Bahman-Zadeh et al., 2023). 

In order to understand the effect of the fineness of CC particles on C3 and LC3 concretes, the 

relative compressive strength of each mixture compared to their corresponding mixtures with 

the highest fineness of CCs (i.e., FC3 or FLC3 mixtures) is demonstrated in Fig 10. Generally, 

the coarser CCs containing mixtures showed less compressive strength than finer CCs 

mixtures. The fineness of CCs had more influence at early ages, so the difference between the 

minimum and maximum relative compressive strengths of mixtures varied from 19% to 6% at 
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3 and 91 days, respectively. This better early age-compressive strength of finer CC mixtures 

can be attributed to the smaller PSD of CC can lead to improved particle packing, filling the 

gaps between clinker grains (Poon et al., 2001). Additionally, the finer CC particles can act as 

nucleation sites, promoting nucleation effects and potentially enhancing the overall 

performance of the cementitious system (Andres et al., 2015). However, the results confirmed 

that the coarser CCs obtained by less grinding time and energy consumption, had the great 

potential of being used in C3 and LC3 concretes in terms of compressive strength. 

 

Fig 9. Compressive strength of studied mixtures. 

 

Fig 10. Relative compressive strength of mixtures compared to the corresponding mixture with the 

finest CCs. 
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The results of water absorption test are shown in Fig 11. According to the results, incorporating 

CCs (either in binary or ternary binders) led to increased permeability by up to 34% compared 

to OPC mixture. These findings are in contradiction with the results of (Zolfagharnasab et al., 

2021; Yaraghi et al., 2022), which reported lower water absorption for CCs mixtures. These 

contradictory results can be attributed to difference in test methods. Both of them 

(Zolfagharnasab et al., 2021; Yaraghi et al., 2022) have determined that using the BS 1881-122 

method may change the hydrated cement system and result in inaccuracies when assessing 

permeability. The lower water absorption of binary blends containing CCs compared to their 

counterpart ternary mixtures is primarily due to the higher amounts of CCs in C3 concretes and 

the greater formation of pozzolanic products. This enhancement is more noticeable in the CC 

(28.7%) mixtures, which was up to 34% difference between CC3 (28.7%) and CLC3 (28.7%). 

Moreover, because of the higher pozzolanic reactivity of CC (28.7%) compared to CC (19.4%), 

the water absorption rates of CC (28.7%) mixtures were slightly lower than those of CC 

(19.4%) blends. It can be concluded that the blends made with the finer CCs exhibited a little 

less and almost identical water absorption values compared to the coarser CCs. The water 

absorption of mixtures with the highest fineness of CC, including FC3 (19.4%), FLC3 (19.4%), 

and FLC3 (28.7%) was 20%, 7%, and 3% lower than CC3 (19.4%) and CLC3 (19.4%), 

respectively. However, in FC3 (28.7%), the water absorption was 9% higher than in CC3 

(28.7%). This exception can be due to the agglomeration of finer platy particles of CC around 

the clinker grains that resulted in higher permeability (Andres et al., 2015). 

 

Fig 11. 28-day water absorption values and difference with OPC mixture. 
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all C3 binary mixtures except MC3 (19.4%) and CC3 (19.4%) showed lower initial and 

secondary rates of water absorption after 91 days. Nevertheless, until 28 days, only binary 

mixtures including FC3 (19.4%), FC3 (28.7%), and CC3 (28.7%) had similar or lower initial 

and secondary rates of water absorption. These can be due to the filling effect of the finer 

particles in the cementitious matrix of binary mixtures containing the finest CCs in FC3 

(19.4%) and FC3 (28.7%) and the highest content of metakaolin in CC3 (28.7%) and FC3 

(28.7%) mixtures. Generally, LC3 ternary mixtures had more Si and Ss relative to their 

corresponding C3 binary mixtures which can be attributed to the lower content of CCs in LC3 

mixtures. In binary blends containing CC (19.4%) and ternary blends containing CC (28.7%), 

by increasing the fineness of CCs the initial rate of water absorption was reduced; however, in 

other cases, it remained almost constant. 

Table 5. Initial and secondary rates of water absorption 

Mixture ID 
28 Days 91 Days 

Si × 10-4 (mm/√s) Ss × 10-4 (mm/√s) Si × 10-4 (mm/√s) Ss × 10-4 (mm/√s) 

OPC 128.7 33.9 85.7 21.9 

FC3 (19.4%) 134.0 21.4 63.1 11.7 

FLC3 (19.4%) 166.7 37.7 101.6 21.8 

MC3 (19.4%) 142.9 41.2 96.6 11.4 

MLC3 (19.4%) 157.6 34.7 99.6 24.9 

CC3 (19.4%) 136.6 36.1 100.7 15.2 

CLC3 (19.4%) 159.0 34.4 98.3 25.8 

FC3 (28.7%) 133.3 17.9 78.6 10.6 

FLC3 (28.7%) 137.1 34.1 84.7 29.9 

MC3 (28.7%) 140.3 36.4 84.4 12.9 

MLC3 (28.7%) 175.2 22.8 96.6 27.4 

CC3 (28.7%) 112.8 36.3 76.9 10.5 

CLC3 (28.7%) 150.4 33.1 136.5 15.2 

Si : Initial rates of water absorption, Ss : Secondary rates of water absorption.  

3.4. Electrical resistivity 

Fig. 12 shows the surface electrical resistivity of concretes. The electrical resistivity of concrete 

is directly influenced by the permeability, the ionic composition of the pore solution, and the 

connectivity of pores in the concrete microstructure (Ramezanianpour et al., 2011). At 7 days, 

the electrical resistivity of C3 binary blends incorporating CC (19.4%) was up to 10.3% lower 

than that of the OPC mixture. It can be due to the dilution effect, pozzolanic reactivity, and 

lower kaolinite content of CC (19.4%) at early ages. Besides, C3 binary concretes containing 

CC (28.7%) showed higher electrical resistivity compared to binary CC (19.4%) mixtures by 

about 1.5 times after 91 days. After 28 and 91 days of curing, all CC containing concretes 

displayed higher electrical resistivity. This enhancement is primarily associated with the 
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refinement of the concrete's pore structure, as well as the increased tortuosity of the paths for 

ion transport within the concrete pore solution (Du and Dai Pang, 2020).  All ternary LC3 

concretes demonstrated lower electrical resistivity in comparison with their corresponding 

binary mixtures. This difference was more remarkable between binary and ternary concretes 

containing CC (28.7%). It seems that the replacement of LP in LC3 concretes resulted in lower 

electrical resistivity due to the lower kaolinite content of ternary binders as opposed to binary 

mixtures, as also reported by Yadak Yaraghi et al. (2022). In comparison with three different 

fineness of CCs, Fig 13 showed that the binary and ternary binders demonstrated slightly better 

electrical resistance relative to coarser CC particles mixtures. In other words, at 91 days, the 

electrical resistivity of FC3 (19.4%), FLC3 (19.4%), FC3 (28.7%), and FLC3 (28.7%) was 6%, 

7%, 1%, and 4% than those of CC3 (19.4%), CLC3 (19.4%), CC3 (28.7%), and CLC3 (28.7%), 

respectively. Thus, the mixtures with lower fineness (coarser particles) of CCs had comparable 

electrical resistivity while using less energy consumption and grinding time compared to higher 

fineness (finer particles) mixtures containing CCs. 

 

Fig 12. Surface electrical resistivity of concrete mixtures. 
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Fig 13. Relative electrical resistivity of mixtures compared to the corresponding mixture with the 

finest CCs. 

3.5. Rapid chloride migration test (RCMT) 

The RCMT results for concrete specimens after 28 and 91 days of curing are demonstrated in 

Fig 14. The results show that 30% replacement of PC drastically reduced the Dnssm values for 

concretes incorporating SCMs, especially at 90 days. The C3 binary mixtures containing CC 

(19.4%) outperformed the counterpart ternary LC3 mixtures at 28 and 91 days. In binary and 

ternary blends containing CC (28.7%), LC3 mixtures had comparable Dnssm values at 28 days, 

but after 91 days of curing, C3 mixtures showed lower Dnssm relative to LC3 concretes. This 

could suggest that the creation of carboaluminate compounds was not sufficient to offset the 

impact of using reduced amounts of low-grade CC in LC3 mixtures (Yaraghi et al., 2022). As 

expected, the C3 and LC3 concretes containing the higher kaolinite content of CC (28.7%) had 

remarkably reduced the chloride coefficient compared to CC (19.4%) containing mixtures. As 

for various fineness of CCs mixtures, results in Fig 15 revealed that the chloride ions migration 

coefficient of mixtures with the coarser particles were from 81-107% and 100-134% of their 

counterpart mixtures with the finest CC particles at 28 and 91 days, respectively. Therefore, by 

the progress of cementitious materials’ hydration and pozzolanic reaction at later ages, the 

durability of mixtures containing the lower fineness of CC against chlorides enhanced 

significantly compared to their corresponding mixtures with higher fineness. In C3 and LC3 

concretes, the fineness of low-grade CCs was more effective in the reduction of Dnssm values 

at early ages until 28 days. 
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Fig 14. Results of the rapid chloride migration test. 

 

Fig 15. Relative chloride ions migration coefficient of mixtures compared to the corresponding 

mixture with the finest CCs. 
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as similarly stated by other researchers (Andres et al., 2015; Bahman-Zadeh et al., 2022). The 

pozzolanic hydrates formation in the pastes containing CC may contribute to the densification 

of the microstructure and pore refinement (Bahman-Zadeh et al., 2022). In addition, the 

threshold pore diameter (as defined in Ref. (Scrivener et al., 2018b)) and average pore diameter 

of pastes are given in Table 6. It can be seen that by increasing the fineness of CCs in binary 

and ternary blends, the average diameter of pores had changed towards smaller values and a 

reduced threshold pore diameter was achieved. In addition, the C3 binary pastes had smaller 

average pore diameters than their corresponding LC3 ternary blends. A similar trend for 

threshold pore diameter has been observed for binary and ternary binders containing CCs 

except for MC3 (19.4%) and CC3 (19.4%) relative to their corresponding LC3 pastes. Also, 

the average pore diameter of all CC containing pastes was smaller than OPC paste (19.4 nm) 

except for MLC3 (19.4%) and CLC3 (19.4%) which were 25.2 and 26.1 nm, respectively. In 

addition, based on the results in Table 6, the threshold and average pore diameters of mixtures 

containing CC (28.7%) were smaller than CC (19.4%) mixtures. This further refinement of the 

porosity in higher kaolinite content CC pastes was observed in previous studies(Avet and 

Scrivener, 2018; Bahman-Zadeh et al., 2022). 
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Fig 16. MIP results of CC pastes in comparison with PC paste. 

 

Table 6. Threshold and average pore diameters of studied mixtures. 

Mixture ID Threshold pore diameter (nm) Average pore diameter (nm) 

OPC 50.6 19.4 

FC3 (19.4%) 26.6 11.6 

MC3 (19.4%) 54.7 11.5 

CC3 (19.4%) 110.2 10.0 

FLC3 (19.4%) 32.9 17.0 

MLC3 (19.4%) 43.3 25.2 

CLC3 (19.4%) 69.1 26.1 

FC3 (28.7%) 27.1 11.3 

MC3 (28.7%) 37.0 10.5 

CC3 (28.7%) 42.5 12.6 

FLC3 (28.7%) 26.7 11.7 

MLC3 (28.7%) 39.5 10.2 

CLC3 (28.7%) 59.2 16.4 
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decision criteria. The durability criterion includes various experimental results such as bulk 

water absorption, water sorptivity, electrical resistivity, RCMT, and MIP. Table 7 illustrates 

the normalized values of decision criteria. 

Table 7. Normalized values of different decision parameters. 

Criterion 1. Strength 2. Durability 

Mix. ID 
Compressive 

strength 

Bulk water 

absorption 

Water 

sorptivity 

Electrical 

resistivity 
RCMT MIP 

OPC 2.70 1.63 0.50 -1.95 -2.18 -0.84 

FC3 (19.4%) -0.43 0.98 1.66 -0.02 0.11 0.61 

FLC3 (19.4%) -0.29 -0.25 -1.17 -0.65 -1.12 0.63 

MC3 (19.4%) -0.40 -0.57 -0.13 -0.51 0.34 0.91 

MLC3 (19.4%) -0.81 -0.82 -0.85 -0.79 -1.06 -0.39 

CC3 (19.4%) -0.92 -0.65 -0.03 -0.38 0.28 -1.92 

CLC3 (19.4%) -0.95 -0.82 -0.87 -0.93 -1.23 -2.09 

FC3 (28.7%) 0.76 0.90 1.37 1.49 0.95 0.67 

FLC3 (28.7%) -0.29 -0.90 0.05 0.36 0.91 0.82 

MC3 (28.7%) 0.75 0.90 0.39 1.35 1.06 0.43 

MLC3 (28.7%) -0.61 -0.90 -1.00 0.11 0.50 0.59 

CC3 (28.7%) 1.01 1.63 1.48 1.62 0.71 0.87 

CLC3 (28.7%) -0.51 -1.14 -1.38 0.28 0.74 -0.28 

 

After determining the decision criteria, they need to be standardized for calculating the distance 

index. Ultimately, the distance between each alternative for the optimal state is derived from 

Equation 1. Another point regarding calculating the distance index is that different criteria need 

to be weighted to determine their importance. Various weighting scenarios are considered. 

Equal importance between two criteria and considering only one criterion are among the 

investigated scenarios. Furthermore, Fig 17 depicts the changes in the distance index for 

different mix designs based on different weights . 

𝐷𝑘 = {∑[𝑊𝑗 ∗ (𝑧𝑘𝑗 − 𝑧∗𝑗)]

𝑗

2

}

0.5

 (Eq. 1.) 

Where: k= Number of alternatives, Dk= Distance index for the kth alternative, j= Number of 

criteria, zkj= Standardized value of the kth alternative with respect to criterion j, z∗j= Benchmark 

value of criterion j, Wj= Weight of criterion j. 

According to the DBA concept, the optimal alternative has the lowest distance index. 

According to the results in Table 8, the mixture of OPC will be the best design when the 

importance of both decision criteria is equal. Among clay-containing specimens, the binary 
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combination CC3 (28.7%) shows the best performance considering both strength and durability 

criteria. Considering only the strength criterion, the OPC sample outperforms the binary and 

ternary mixtures containing CC considerably. This is due to the decrease in strength caused by 

using CCs. Also, as indicated by the durability criterion, FC3 (19.4%), CC3 (28.7%), and FC3 

(28.7%) will be the best mixtures, respectively. The finer particle size and higher grade of CC-

containing mixtures have improved the performance. However, among ternary mixtures 

containing CC and LP, FLC3 (28.7%) will be the best mixture. 

In general, according to the results in Table 8 and Fig 17, increasing the fineness and grade of 

CCs in mixtures reduces their distance index, and they exhibit better performance in various 

tests. Only in CC3 (28.7%) sample, the effect of increasing particle size was not observed in 

the results. Additionally, the distance index for all ternary mixtures increased compared to their 

corresponding binary mixtures, indicating decreased strength and durability. 

Table 8. Distance index for different Wj 

Mix. ID / Wj W1=W2=0.5 =11W =12W 

OPC 0.38 0.00 0.76 

FC3 (19.4%) 1.56 3.12 0.15 

FLC3 (19.4%) 1.54 2.99 0.75 

MC3 (19.4%) 1.58 3.10 0.58 

MLC3 (19.4%) 1.80 3.50 0.81 

CC3 (19.4%) 1.85 3.62 0.81 

CLC3 (19.4%) 1.89 3.64 0.99 

FC3 (28.7%) 0.99 1.94 0.37 

FLC3 (28.7%) 1.53 2.99 0.62 

MC3 (28.7%) 0.99 1.94 0.44 

MLC3 (28.7%) 1.69 3.31 0.74 

CC3 (28.7%) 0.86 1.68 0.34 

CLC3 (28.7%) 1.66 3.21 0.86 

 

According to the results in Fig 17a, with an increase in the importance of strength, FC3 (19.4%) 

preferred relative to OPC mixture. When the weight of the strength criterion is less (more 

important to the durability criterion), binary mixtures containing CC with a grade of 28.7% 

will be preferable. FC3 (19.4%) will have the lowest distance index when the weight is less 

than 0.1. In the distance of 0.1-0.3 (weight of strength), CC3 with a 28.7% grade will be better. 

According to the results, a significant difference in the distance index between binary and 

ternary mixtures is observed. This is due to the effect of adding LP in ternary blends of LC3 

concrete. Due to considering two decision criteria, the interpretation of the results in Fig 17b 

is very similar to Fig 17a. Only when the importance of the durability criterion exceeds 0.7, 

the results obtained for samples containing CC with the lower grade will be the preferred 

option. However, it is necessary to mention that the environmental impact of using CC 

compared to Portland cement is considerable, and further studies need to consider other criteria 

such as environmental and economic assessments, including carbon footprint, energy 

consumption, and cost. 
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(a) 

 

 

(b) 

Fig 17. Distance index values according to different weighting; a) Strength criterion, b) Durability 

criterion 
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4. Conclusion 

This study mainly focused on the effect of the fineness of low-grade calcined clays (CCs) on 

their reactivity in binary and ternary concretes. For this purpose, two kaolinitic low-grade CCs 

were ground by laboratory ball mill to achieve three fineness values of ~ 8 ± 2, 20 ± 2, and 32± 

2 wt% retaining on 45 μm sieve named fine, moderate and coarse CCs, respectively. 

Experimental investigations of binders with the 30% substitution of the PC by CCs (C3 binary 

blends) or combined 20% CCs and 10% LP (in LC3 ternary blends) were compared with the 

control mixture without CCs and LS. It is worth noting that the experiments were conducted in 

a controlled laboratory environment, so the results may not completely represent how the C3 

and LC3 concretes would perform in actual construction situations. The following conclusions 

can be drawn: 

• Utilizing low-grade CCs (kaolinite contents < 30 wt%) in C3 and LC3 concretes 

resulted in lower compressive strength, higher water absorption, higher electrical 

resistivity, and lower chloride ions migration coefficient than PC concrete. 

• Binary blends incorporating higher kaolinite content CC (28.7%) showed superior 

performance in comparison with corresponding LC3 concretes in terms of compressive 

strength, bulk water absorption, and electrical resistivity. However, in binary and 

ternary blends containing CC (19.4%), the difference between these results was 

insignificant. 

• Regarding RCMT results, the C3 binary mixtures containing CC (19.4%) outperformed 

the counterpart ternary LC3 mixtures at 28 and 91 days. In binary and ternary blends 

containing CC (28.7%), LC3 mixtures had comparable Dnssm values at 28 days, but after 

91 days of curing, C3 mixtures showed lower Dnssm relative to LC3 concretes. 

• Regarding the chloride ions migration coefficient of mixtures with various fineness of 

CCs, results revealed that the chloride ions migration coefficient of mixtures with the 

coarser particles were 81-107% and 100-134% of their counterpart mixtures with the 

finest CC particles at 28 and 91 days, respectively. 

• Based on MIP results, the blends made with the highest fineness of CCs demonstrated 

a lower total porosity and a considerably greater pore refinement compared to the blend 

made with the coarser CCs. This can be attributed to the filling effect and higher 

pozzolanic reaction of the highest fineness-containing mixtures. 

• Substitution of finer low-grade CCs in C3 and LC3 mixtures had a marginal 

improvement in the compressive strength, bulk water absorption, and electrical 

resistivity by up to 4.7, 5.2, and 14.5% relative to coarser low-grade CCs mixtures, 

respectively. In other words, the mixtures with the CCs’ fineness of ~32 ± 2 wt% 

retaining on 45 μm sieve performed a comparable compressive strength, bulk water 

absorption, and electrical resistivity with the counterpart mixtures containing CCs with 

higher fineness of 8 ± 2 wt% retaining on 45 μm sieve. 

• Overall, C3 and LC3 concretes containing low-grade CCs with the fineness of ~32 ± 2 

wt% retaining on 45 μm sieve obtained using less grinding time and energy 

consumption delivered a satisfactory mechanical and durability performance compared 
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to their corresponding CC mixtures with the fineness of ~8 ± 2 wt% retaining on 45 μm 

sieve. 

• According to the results of the distance index, mixtures containing low-grade CCs will 

be the more suitable option compared to the control mixture, when the importance of 

durability exceeds approximately 70%. This percentage will change with changes in 

decision criteria and alterations in the grade of CCs. 
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