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Abstract

:

Low-grade calcined clay, due to its low cost, availability and low temperature calcination, has been gaining attention in recent times as a supplementary cementitious material (SCM) in the manufacture of revolutionary building materials to improve the fresh and hardened properties of concrete. Silica fume, on the other hand, has been used, over the years, to improve the performance of concrete due to its reduced porosity and improved transition zone quality. In spite of the individual contribution of these two pozzolans to the strength and durability of concrete, there is a knowledge gap in the properties of ternary blended mixes utilizing calcined clay and silica fume. In this study, the synergistic effect of calcined clay and silica fume on the fresh and hardened properties of cementitious mortar have been investigated. The two pozzolans were used to partially substitute Portland cement to form a ternary blended composite binder having, at a maximum, a replacement of 30% by weight and a varying content of calcined clay and silica fume. The influence of the binary and ternary blended mixes on hydration, pozzolanic reactivity and the mechanical and durability properties of mortar was studied. From the results, partial replacement of cement with 30% calcined clay and silica fume caused significant reductions in the portlandite content of the two hydrated pastes at all curing ages. Drying shrinkage was found to be less severe in the control mortar than the blended cement mixes. Compared to the blended cement specimens, the control suffered the most weight (13.3%) and strength (10%) losses, as indicated by the sulphate resistance test.
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1. Introduction


Partial substitution of Portland cement with supplementary cementitious materials (SCMs) is a common approach in the reduction of carbon dioxide linked to the manufacture of clinker. The increased demand for SCMs, however, cannot be satisfied just with the conventional supplementary cementitious materials (SCM), including fly ashes, metakaolin, silica fume and granulated blast furnace slags (GGBS) [1]. This is made even more apparent by the possibility that the supply of these industrial by-products (mostly used as SCM) could decline drastically in the coming years [2].



As a result, low-grade calcined clay has been gaining attention in recent times as an SCM in the manufacture of revolutionary building materials to improve the fresh and hardened properties of concrete [3,4,5]. This is primarily due to its low cost, availability, low temperature calcination and easy grinding to achieve a higher surface area [6]. However, in comparison to other kaolinitic clays, low-grade clays have relatively minimal amounts of kaolinite, making its reactivity lower as compared to high purity clays [7]. That notwithstanding, some researchers [8,9,10,11] have reported on improved mechanical and durability characteristics when partially substituting with ordinary Portland cement in concrete. In contrast to the decarbonization of limestone during the production of Portland cement clinkers, the calcination of clays occurs at lower temperatures (500 and 850 °C) and typically does not entail the emission of carbon dioxide. So, compared to the manufacturing of Portland clinkers, the production of calcined clays requires less energy and emits significantly less carbon dioxide.



To improve the performance of concrete, silica fume (SF) has historically been utilised more frequently [12,13,14]. Because of its reduced porosity and improved transition zone quality, SF, which must have a silica concentration of at least 85%, has been known to improve both strength and durability [15,16]. However, since silica fume is a waste product from the silicon industry, its cost and availability are greatly influenced by its proximity to raw material source. Additionally, because the particles are ultrafine, they have a large specific surface area, necessitating the use of water-reducing admixtures to improve workability [1].



Calcined clay is mainly aluminosiliceous, whereas silica fume is only a siliceous material. When calcined clay and silica fume react with the Ca(OH)2 that is released during cement hydration, a gel is formed that is used to improve the binding properties of the solid components of the concrete mix. Calcium aluminate hydrate (C-A-H) and calcium silicate hydrate (C-S-H) are both components of the gel generated in calcined clay–cement reactions, whereas C-S-H is the major component of the gel produced in silica fume–cement reactions [17]. The effectiveness of calcined clay and silica fume when used alone in concrete have been thoroughly researched and reported [18,19,20,21]. Calcined clay typically has a higher workability than silica fume, but the impacts of calcined clay and silica fume on strength and durability depend on their pozzolanic reactivity and fineness. When used separately, calcined clay and silica fume are both quite effective in improving compressive and tensile strengths as well as lowering porosity, chloride ingress and drying shrinkage [16,21].



Because calcined clay and silica fume both have a higher surface area than cement, they would fill the voids and eventually increase packing density, water demand and setting times. In a blend of calcined clay and silica fume, it is expected that the combined pozzolan particles would fill the voids within the cementitious system, improving the packing factor better than individual calcined clay and silica fume, thereby enhancing the performance of the cementitious material.



In spite of the individual contribution of calcined clay and silica fume to the strength and durability of concrete, there have been few investigations into ternary blended mixes prepared with aluminosilicates and silica fume. Chu and Kwan [17] studied the influence of metakaolin and silica fume on the properties of mortar and reported increased 7- and 28-days strength and workability. Morsy, Shebl and Rashad [22] investigated the effect of fire on the properties of ternary blended silica fume and metakaolin. Concrete containing 15% metakaolin and 15% silica fume immensely enhanced thermal shock resistance compared to the reference cement concrete. In studying how a combination of metakaolin and silica fume affect concrete, Srivastava et al. reported an optimum silica fume dosage of 6% and 15% of metakaolin to produce improved compressive strength properties. In filling the research gap, it is observed that there is little or no literature discussing the properties of ternary blended mortar prepared with calcined clay and silica fume. In this study, the synergistic effect of calcined clay and silica fume on the fresh and hardened properties of cementitious mortar including setting time, soundness, mortar flow, pozzolanic reactivity and mechanical and durability properties have been investigated. The results of this work are in reference to ordinary Portland cement and the optimum replacement discussed.




2. Materials and Methods


2.1. Materials


The materials used in this work are high strength ordinary Portland cement (CEM I 52.5 N) supplied by Hanson. The cement had a fineness of 410 m2/kg. Powdered silica fume, with a median particle size of 32 µm and specific gravity of 2.42, was obtained from Elkem. The calcined clay pozzolan was prepared by burning a low-grade clay, with a kaolinite composition of 20%, at a temperature of 900 °C for 2 h and a heating rate of 10 °C/h. The clay was taken from the kiln after calcination and placed on a laboratory bench for 2 h to cool to an ambient temperature. The calcined clay was milled and sieved to a fineness of 75 µm. The particle size distribution of the starting raw materials is shown in Figure 1. The chemical compositions and XRD (X-ray diffraction) spectra of the cement, calcined clay and silica fume are presented in Table 1 and Figure 2 and Figure 3, respectively.




2.2. Methods


2.2.1. Blended Cement Preparation


The calcined clay and silica fume were used to partially substitute Portland cement to form a ternary blended composite binder with a maximum replacement of 30% by weight and a varying content of calcined clay and silica fume. Sample 1 comprised 100% cement, referred to as control. Sample 2 was made up of 20% calcined clay and 10% silica fume (20CC10SF), whereas Sample 3 contained a blend of 10% calcined clay and 20% silica fume (10CC20SF). Sample 4 constituted 15% apiece of calcined clay and silica fume. Samples 5 and 6 were made up of 30% silica fume and calcined clay, respectively (30SF and 30CC).




2.2.2. Testing Methods


X-ray diffraction (XRD) analyses of the powders and hydrated samples were conducted with a 3rd generation Malvern Panalytical Empyrean XRD Diffractometer. Thermogravimetric analysis (TGA) of the blended cement was conducted with the Perkin Elmer DSC 7 analyser. The samples, after curing for 3, 7, 28 and 91 days, were blended and placed in the TGA equipment. The temperature was raised up to 1000 °C at a heating rate of 20 °C/min. Nitrogen gas of 50 mL/min was flashed into the chamber to avoid carbonation. As recommended by Benkeser et al. [23], the blended cement samples were kept at 40 °C to allow for the removal of free water. The calcium hydroxide (CH) content of the samples was recorded after each curing period using equation 1 [23]. Calcium hydroxide content was calculated from the change in mass between temperatures 330 °C and 450 °C.


  C H ,   % = [ (   M a s s   330 ° C   −   M a s s   450 ° C   ) ×   4.113     M a s s   40 ° C     ] × 100  



(1)







A thermometric TAM air conduction calorimeter was used to track the evolution of the hydration heat rate. Then, 5 g of the blended cement samples were mixed with distilled water and fixed inside the calorimeter at a working temperature of 20 °C. The attached computer automatically generated heat of hydration data continuously for up to 60 h.



Using ASTM C305 [24], mortar samples were prepared for the determination of compressive strength using a water-to-binder ratio of 0.5 and a sand-to-binder ratio of 3. Mortar flow was determined according to methods prescribed by ASTM C1437 [25]. The Vicat method, specified by ASTM C191 [26], was used to determine the normal consistency and setting times of all the cement samples. Soundness was determined using the Le Chatelier’s apparatus as prescribed by EN 196-3 [27].



A Frattini test was conducted with reference to BS EN 196-5:11 [28]. Then, 20 g of the samples were mixed with 100 mL deionised water in plastic vials, sealed tightly and kept at a temperature of 40 °C for 28 days. It was then filtered and titrated to determine the amount of Ca2+ and OH−. Determination of water sorptivity of the hardened blended cement paste was conducted utilising the sorptivity coefficient, as prescribed by ASTM C1585-13 [29]. Permeable porosity was determined using methods outlined by ASTM C642-13 [30].



With reference to IS:13311 (part-1), ultrasound pulse velocity was used to determine how dense the hardened blended cement mortar was. This is an indication of how long it takes for a pulse to move from one side of the hardened mortar to the other using the ultrasound pulse velocity transducers. Drying shrinkage was determined according to the ASTM C490-07 standard [31]. The first reading was taken after 3 h of curing and recorded as L0. Final readings (Lt) were taken after 3, 7, 14, 28 and 91 days curing. The drying shrinkage of the samples were determined using Equation (2), where 250 (mm) is the effective length of the samples.


    ε   t   =     L   t   −   L   0     250    



(2)







For RCPT measurement, electrical current was allowed to pass through slices of mixed cement mortar samples for a total of six hours, using the ASTM C 1202 [32] RCPT technique. Sodium hydroxide and sodium chloride solutions were used to treat two slices of the same material, respectively. A potential difference of 60 V was preserved at the endpoints of the specimens. Samples were cured in water for 28 days before submerging in 5%-Na2SO4 solutions to conduct the sulphate resistance test. Following a 90-day standing period, the impact of the 5%-Na2SO4 solution on each subject’s compressive strength and weight loss was assessed.






3. Results and Discussions


3.1. Water Demand, Setting Time and Soundness


Table 2 provides results for setting times, water demand and soundness. It is observed that each blended cement, depending on its material composition, impacted water demand and setting times differently. Blended cement containing 30% silica fume (30SF) and 30% calcined clay (30CC) recorded the least and highest water demand, respectively, which were also reflected in the setting time results. If cement retains its volume after setting it is mostly considered to be sound. The amount of free lime, MgO and SO3 contained in cement is the main cause of its excessive expansion [33]. From Table 2, it can be seen that all results for the soundness test fell below the EN-196-3-specified maximum limit of 5.0 mm. This is due to the low MgO and SO3 content in the blended cements [33,34]. The blended cements showed improved soundness as compared to the control.




3.2. Mineralogical Studies


XRD patterns of 28-days hydrated blended cement pastes containing varying content of calcined clay and silica fume are shown in Figure 4. The XRD patterns, as identified by the ICDD database, reveal the presence of quartz, calcite, alite belite, calcium silicate hydrates and portlandite in both the reference and blended cement pastes. After 28 days of hydration, the blended cement paste was found to have substantially smaller peaks, which is due to the reaction between the pozzolans and portlandite to create additional cementitious products like calcium silicate hydrates (C-S-H) [4,9].




3.3. Pozzolanic Reactivity


3.3.1. Isothermal Calorimetry


Heat evolution was monitored to determine how blended cements influenced the kinetics of cement hydration using isothermal calorimetry. Figure 5a shows the heat flow of the blended cement pastes up to 60 h, and the amount of heat released throughout the period of hydration is shown in Figure 5b. In comparison to the control paste, calorimetry patterns for the blended cement pastes are anticipated to show higher peaks and acceleration during the hydration reaction. The results showed that the addition of the pozzolans clearly had an impact on the calorimetric properties of the blended cement pastes, especially on the primary peak. The incorporation of calcined clay and silica fume caused an increase in exothermic peak values and a decrease in peak times [35]. It can be seen that ternary mixed cements have substantially longer induction periods than the reference cement does, and that these periods lengthen as replacement levels rise. The long induction period is due to the low kaolinitic content of the calcined clay which slowed down the initial hydration process. However, the presence of Al2O3 and SiO2, especially in the silica fume, hastens the reaction between Ca(OH)2 from the cement to release heat and eventually enhance the hydration process [36]. Hydration in silica fume-rich pastes were found to be release lower amounts of heat as compared to pastes containing calcined clay. This impact becomes increasingly apparent as the pozzolan content rises, as evidenced in the compressive strength results reported in Section 3.5. Once more, it can be seen that the reference cement peak displays a bump, which often denotes the transformation of afwillite to monosulphate. This peak bump vanished in pastes containing pozzolans, caused by the effectiveness of pozzolanic reactivity [37]. This is in line with previous studies on the hydration of ternary mixed cements with various pozzolan contents. It is also observed that, in comparison to the control, pastes containing calcined clay and silica fume reported lower exothermic peak values with shorter corresponding peak periods [21,38,39].




3.3.2. Portlandite Consumption


Thermogravimetric analysis (TGA) was used to quantitatively evaluate the portlandite content (CH) in the blended cement pastes at 3, 7, 28 and 91 days, as a measure of pozzolanic reactivity. Generally, the higher the Ca(OH)2 content remaining after hydration, the lower the reactivity of the material [23]. Figure 6 shows the formation of portlandite in the pastes with varying calcined clay and silica fume content. The reference cement paste was observed to exhibit a consistent rise in portlandite content up to 91 days of hydration. This was expected and in line with the results obtained by the heat of hydration test. The extent of hydration reaction and the amounts of tricalcium silicates and dicalcium silicates account for this high portlandite content in the reference cement, which could influence mechanical strength development [40]. However, the portlandite content at early ages in the control sample was found to be lower than all the blended cement samples. This is because pozzolanic reactivity at early ages is known to proceed slowly [18,41]. This behaviour has also been reported by Wild and Khatib [42]. Partial replacement of cement with 30% calcined clay and silica fume caused significant reductions in the portlandite content of the two hydrated pastes at all curing ages. Between the two incorporated mineral admixtures, the paste prepared with only silica fume was found to contain less portlandite content at the end of the curing period. The portlandite content remaining in 30% silica fume pastes after 3, 7, 28 and 91 days hydration were 7.7%, 13.3%, 12.8% and 8.6%, respectively, less than that of the 30% calcined clay pastes. This is due to the lower kaolinite content of the clay which consequently affects pozzolanic reactivity, leaving some amounts of Ca(OH)2 unreacted [43].



Pastes containing a ternary blend of silica fume and calcined clay showed a relatively higher degree of reactivity, resulting in lower portlandite content after hydrating for 91 days. Portlandite content ranged between 10.6% and 17.4%. It is noteworthy that pastes containing higher silica fume content recorded lower portlandite content. This is attributed to the high silica content and large surface area of the silica fume which lead to improved reactivity and the production of extra calcium silicate hydrate gels (C-S-H) [44]. Two factors are responsible for the overall decrease in portlandite content in the blended cement pastes. Firstly, the clinker component is significantly reduced due to pozzolan replacement, which invariably reduces the tricalcium silicate (C3S) content, slowing down the hydration process. Secondly, the calcined clay and silica fume have high contents of amorphous silica which propels pozzolanic reaction and consumption of portlandite [45].




3.3.3. Frattini Test


The Frattini test is a widely recognized technique for evaluating pozzolanic reactivity of blended cements. After titration, the Frattini test results are presented as Ca2+ and OH−. A lime solubility curve is used to separate the pozzolanic area from the non-pozzolanic. A plot of the OH− against CaO in the form of Ca2+ on the solubility curve gives an indication of the pozzolanic reactivity or otherwise of the blended cement. Table 3 presents the Frattini test results data. Figure 7 shows the pozzolanic reactivity of the blended cement pastes at 28 days, as determined by Frattini test showing a plot of CaO against OH− [46]. Silica sand (inert material), known for its unreactivity, was used as a reference in determining the pozzolanic reactivity of the blended cements pastes. As demonstrated by the portlandite consumption in Figure 6, a specimen containing only calcined clay was found just below the lime solubility curve. This is an indication of pozzolanic reactivity, however small. The specimen containing 30% silica fume, on the other hand, was positioned far below the curve, outperforming all the blended cement pastes. This demonstrates the consumption of portlandite, confirming the material’s pozzolanic properties. It is observed that specimens containing greater amounts of calcined clay showed relatively weaker reactivity due to lower kaolinite content. Silica sand is positioned within the over saturated region above the curve, signifying the absence of pozzolanic reactivity. This trend of reactivity is similar to observations reported by Boakye et al. [19].





3.4. Workability


The workability of the blended cement mortar containing varying silica fume and calcined clay content were determined by a measure of the relative mortar flow, as shown in Figure 8. The mortar flow of the control specimen (OPC) represents the 100% mortar flow mark on Figure 8. The workability of all the blended cement specimens were found to be less than the control specimens. With a constant water-to-cement ratio, mortar samples containing 30% silica fume (30SF) were observed to be the least workable among the blended cement mortars, obtaining a relative mortar flow of 54.7% compared to the control mortar. Samples marked 20CC10SF, 10CC20SF and 15CC15SF recorded relative mortar flow of 80.7%, 60.3% and 78%, respectively. The mix containing 10% silica fume and 20% calcined clay (20%CC10SF) obtained the optimum workability. This is due to the smaller particle size of the silica fume which resulted in higher water demand to form a workable paste, as demonstrated in Table 2. The higher the silica fume content, the greater the water demand. This trend is consistent with results reported by earlier researchers [17,47,48].




3.5. Mechanical Properties


The relative compressive strength of the blended cement mortar is presented in Figure 9. The relative strength of the control mortar is represented by 100%. Compressive strength of all the blended cement mortar mixes trailed the control mortar at 3 and 7 days. SF-rich ternary blended mixes were observed to outperform the CC-rich mixes at early ages. This is attributed to the fact that calcined clay at early ages behaves as an inert material with little or no reactivity [41]. The reactivity of silica fume, on the other hand, has been reported to commence within the first 12 h of hydration [49]. It is also observed that the early-age strength (3 and 7 days) for 30CC and 30SF were lower as compared to the other mixes. This is due to the low and slow reactivity of pozzolanic materials at early ages, leading to lower strength development. Compressive strength, however, improved at 28 and 91 days, outperforming the control. At 28 days, apart from 30CC which fell short of the control mortar by 1%, all blended mixes recorded relative strengths greater than the control. Strengths obtained by 20CC10SF, 10CC20SF, 15CC15SF and 30SF were 1.3%, 16.7%, 13% and 9.1%, respectively, greater than the control. 10CC20SF obtained the highest relative strength at 28 days. This enhanced strength is due to the chemical interaction between Ca(OH)2 from the cement hydration and glassy SiO2 phases of the pozzolans to generate further cementitious compounds in the form of calcium silicate hydrates (C-S-H). The filler and lubricating effect of silica fume in cementitious matrices cause an improvement in the packing density and rheological characteristics of the resultant mortar, resulting in improved mechanical properties [50]. In addition, a lower kaolinite content of the calcined clay could be responsible for its low reactivity, even at 28 days, leading to a relatively lower strength development. All blended mixes outperformed the control mix when curing was extended to 91 days. Pozzolanic reactivity at 91 days improved significantly, even for CC-rich mortar mixes. This pattern of strength development is supported by the results obtained for the pozzolanic reactivity measurements in Section 3.3. This observation is consistent with results obtained by Chu and Kwan [17].




3.6. Durability


3.6.1. Sorptivity and Permeable Porosity


Figure 10 shows the sorptivity coefficient and permeable porosity results of the blended cement mixes prepared with varying content of calcined clay and silica fume. The sorptivity coefficient was reduced by 45% and 75.8% with the addition of 30% calcined clay and 30% silica fume, respectively. It is, therefore, clear that silica fume is superior to calcined clay in resisting water absorption. The sorptivity values recorded for 20CC10SF, 10CC20SF and 15CC15SF were 0.028 mm/s 0.5, 0.019 mm/s 0.5 and 0.026 mm/s 0.5, respectively. The higher the silica fume content, the lower the sorptivity coefficient. Permeable porosity results followed a similar trend. The sole inclusion of 30% calcined clay and silica fume caused reductions in permeable porosity by 73.4% and 87.1%, respectively. The control sample showed the least sorptivity coefficient and permeable porosity values. The presence of low-grade calcined clay in the mix could not significantly impact the sorptivity and porosity of the blended cement mixes. It appears that the properties of the silica fume overshadowed and affected the performance of calcined clay in the blended mixes. The results obtained are due to the particle size distribution of the silica fume which fill the voids within the cementitious matrix, refining the pores and leading to a decrease in sorptivity and porosity. Chen et al. [51] studied the influence of ternary blended silica fume and metakaolin on porosity and sorptivity and reported similar results.




3.6.2. Freeze and Thaw Resistance


Figure 11 is a graphical presentation of the freeze–thaw resistance results of calcined clay-silica fume blended cement mortar mixes after 120 cycles. The control mix, before the freeze–thaw cycles recorded a compressive strength of 52 MPa, which steadily declined as the number of cycles increased. At the end of the 120 cycles, the control mix had retained about 62.9% of its strength. It is clear from the results that the control mix offered the least resistance to the cycles at all levels. This observation is consistent with earlier reports [52]. Generally, the freeze–thaw effect on blended cement mixes was observed to be marginal within the first 30 cycles and became more severe beyond 60 cycles. Even though all samples suffered a reduction in strength as a result of the freeze–thaw cycles, the blended cement samples, irrespective of pozzolan content and dosages, demonstrated a better resistance compared to the control mix. Among the blended cement mixes, the specimen containing 30% silica fume (30SF) obtained the highest compressive strengths values.



Strength retention values for 20CC10SF, 10CC20SF, 15CC15SF, 30CC and 30SF were 79.6%, 77.6%, 76.8%, 72.9% and 86.2%. This implies that the best-performing blended cement mix (30SF) outperformed the least (Control) by 23%. The deterioration of cementitious materials by freeze and thaw occurs within the pore structure of the material via the release of expansive forces during the freezing of bound water. Thus, the amount of ice present determines the severity of freeze–thaw damage, which is directly related to the porosity of the cementitious material [52]. Superior freeze and thaw resistance in the blended cement mixes is attributed to finer pore structure and lower porosity compared to the control mix. This leads to a relatively lower internal expansive force and a higher resistance to freeze and thaw attack. This explains the reason for the better freeze–thaw resistance in SF-rich samples. Similar trend of results was reported by earlier researchers [52,53,54].




3.6.3. Drying Shrinkage


The contraction of the overall mass upon moisture loss causes shrinkage, a common phenomenon that affects practically all cementitious products. Figure 12 is a graphical presentation of the drying shrinkage results for the control and ternary blended cement mixes cured for 3, 7, 14, 28 and 91 days. Drying shrinkage was found to be more severe in the first 14 days of the curing. By 14 days, the samples had obtained about 75% of the total shrinkage recorded after 91 days of curing. This is about 10% of the total shrinkage of ordinary Portland cement which can record a potential drying shrinkage up to 1000 microstrain [55]. From Figure 13, drying shrinkage was found to be less severe in the control mortar than the blended cement mixes. Different blended cement mixes impacted drying shrinkage differently. Results recorded for 20CC10SF, 10CC20SF, 15CC15SF, 30CC and 30SF after 91 days curing were 31.54, 45.8, 33.45, 50.67 and 54.5 microstrain, respectively. Drying shrinkage in the blended cement mixes containing silica fume obtained higher values than the ones without. Rao [56], in his study on the long-term influence of silica fume, reported an increase of about 10% in drying shrinkage with the addition of silica fume. This was supported by studies conducted by Zang et al. [57]. Mortar mixes containing calcined clay outperformed silica fume-rich mixes in withstanding drying shrinkage. Increased drying shrinkage in silica fume blended mortars is due to pozzolanic reactivity and pore refinement mechanisms within the cementitious matrix [56,58].




3.6.4. Sulphate Resistance


The ability of mortar and concrete to resist sulphate attack is crucial to their service performance and durability. Table 4 presents the impact of 5%-Na2SO4 on compressive strength and weight after immersing the samples for 90 days. The relationship between mass loss and compressive strength is shown in Figure 13. The mass and compressive strength of the blended cement mortar is seen to be negatively impacted by 5% Na2SO4. When compared to the blended cement specimens, the control suffered the most weight (13.3%) and strength (10%) losses. An increase in silica fume content in the mix resulted in a corresponding decrease in weight and compressive strength. Samples marked 20CC10SF, 10CC20SF, 15CC15SF, 30CC and 30SF recorded 7%, 5.2%, 6.2%, 4.6% and 4.2% mass losses, and 4.2%, 3.2%, 3.5%, 2.5% and 2.1% compressive strength losses, respectively. Changes in mass and strength are caused by interactions between the hydrated cement and sulphate ions, leading to the secondary formation of ettringite and changes in phase assemblage which could ultimately result in expansion and mass and strength loss [59]. Relatively lower effect of sulphate attack on the blended cement specimens is due to refinement of the pore structure and depreciation of tricalcium aluminate (C3A) in the mix [59]. This leads to an increasing consumption of excess Ca(OH)2 through the pozzolanic reactivity of the mineral admixtures. From the results, it can be seen that pozzolanic reactions in the silica fume-rich specimens were more effective compared to that of calcined clay. As seen in the relationship between mass loss and strength loss in Figure 13, compressive strength decreased with increasing mass loss. An R2 value of 0.9948 was obtained which indicates a good fit.






4. Conclusions


This study has investigated the use of binary and ternary blended calcined clay and silica fume as alternative binder, and their effect on hydration, reactivity and the mechanical and durability properties of cementitious mortar. Overall, the experimental findings showed that the co-addition of calcined clay and silica fume can improve the fresh and hardened properties of mortar by harnessing the individual characteristics of the pozzolans involved. The following conclusions have been drawn from analysis of the results:




	
After 28 days of hydration, XRD analysis revealed substantially smaller peaks in the blended cement pastes. This is attributed to the reaction between the calcined clay/silica fume and portlandite to generate additional cementitious products like calcium silicate hydrates, evidenced by the improvement of strength in the ternary mixtures, especially at later ages.



	
The portlandite consumption test showed a significant depletion of Ca(OH)2 in the blended cement mixes compared to the control paste. Pastes containing a ternary blend of calcined clay and silica fume showed a relatively higher degree of pozzolanic reactivity, resulting in lower levels of portlandite after 91 days of hydration. Between the two pozzolans, silica fume-rich pastes were found to contain less portlandite content at the end of the curing period. This was confirmed by the Frattini test results.



	
Generally, all blended cement samples exhibited lower porosity and permeability compared to the control. Porosity in silica fume-rich samples was found to be inversely proportional to the degree of porosity and permeability. The higher the silica fume content, the lower the sorptivity coefficient. Even though all samples suffered a reduction in strength as a result of the freeze–thaw cycles, the blended cement samples, irrespective of pozzolan content and dosages, demonstrated a better resistance compared to the control mix. Among the blended cements, the paste prepared with 30% silica fume offered the greatest resistance to freeze and thaw.



	
Drying shrinkage was found to be less severe in the control mortar than the blended cement mixes. Different blended cement mixes impacted drying shrinkage differently. Drying shrinkage in the blended cement mixes containing silica fume was more pronounced than the ones without. A higher level of sulphate resistance was achieved in the calcined clay-silica fume composite cements than the control. Compared to the blended cement specimens, the control suffered the most weight (13.3%) and strength (10%) losses. An increase in silica fume content in the mix resulted in a corresponding decrease in weight and compressive strength.



	
Compressive strength of all the blended cement mortar mixes trailed behind the control mortar at 3 and 7 days. SF-rich ternary blended mixes were observed to outperform the CC-rich mixes at early ages. However, at 91 days, compressive strength significantly improved, outperforming the reference cement mortar.








The findings of this research are expected to contribute to the development and utilisation of alternative binders for infrastructure, especially in areas where conventions SCM’s are scarce. The mix designs tested and presented in this research offer a wide range of options for construction applications depending on the intended purpose. Further studies into the long-term durability of these ternary mixes are recommended.
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Figure 1. Particle size distribution of calcined clay, silica fume and sand. 
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Figure 2. XRD of cement. 
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Figure 3. XRD of calcined clay and silica fume. 
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Figure 4. XRD pattern of hydrated blended cement mortars. 
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Figure 5. (a). Heat of evolution of blended cement. (b). Cumulative heat of blended cement. 
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Figure 6. Portlandite content in hydrated calcined clay-silica fume blended cement pastes. 
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Figure 7. Pozzolanic reactivity by Frattini test. 
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Figure 8. Relative mortar flow of blended cement mortar. 
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Figure 9. Relative compressive strength of blended cement mortar. 
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Figure 10. Sorptivity and permeability porosity of blended cements. 
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Figure 11. Effect of freeze–thaw cycles on blended cements. 






Figure 11. Effect of freeze–thaw cycles on blended cements.



[image: Applsci 13 11906 g011]







[image: Applsci 13 11906 g012] 





Figure 12. Drying shrinkage of ternary blended cement. 
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Figure 13. Relationship between mass loss and strength loss. 
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Table 1. Chemical composition of raw materials.
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	Composition, %
	SiO2
	A12O3
	Fe2O3
	MgO
	CaO
	Na2O
	K2O
	MnO
	TiO2
	P2O5
	Cl
	SO3
	LOI





	Calcined clay
	62.77
	18.71
	11.68
	1.89
	0.25
	0.03
	2.12
	0.46
	0.41
	0.03
	-
	0.2
	1.5



	Silica fume
	93.5
	-
	1.25
	2.0
	0.15
	-
	1.85
	-
	-
	-
	-
	0.4
	0.9



	Cement
	18.88
	3.57
	3.36
	1.89
	59.64
	4.7
	2.12
	0.14
	0.14
	0.22
	0.01
	4.9
	0.4










 





Table 2. Normal consistency, setting time and soundness of blended cements.
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	Sample
	Control
	20CC10SF
	10CC20SF
	15CC15SF
	30SF
	30CC





	Normal consistency, %
	28.7
	32.4
	31.4
	30.8
	27.5
	33.1



	Initial setting time, min
	142
	165
	153
	150
	140
	182



	Final setting time, min
	242
	261
	256
	260
	240
	280



	Soundness, mm
	1.02
	0.92
	0.52
	0.51
	0.54
	0.86










 





Table 3. Frattini test results data.
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	Sample
	OH− (mmol/L)
	CaO (mmol/L)





	30CC
	57.4
	7.8



	20CC10SF
	57.5
	7.2



	15CC15SF
	56.4
	6.3



	10CC20SF
	58.5
	5.6



	30SF
	59.3
	4.8



	Silica sand
	58.6
	10.4










 





Table 4. Changes in mass and compressive strength.
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	Sample
	Mass Loss, %
	Strength Loss, %





	Control
	13.5
	10



	30CC
	7.0
	4.2



	20CC10SF
	5.2
	3.2



	15CC15SF
	6.2
	3.5



	10CC20SF
	4.2
	2.1



	30SF
	4.6
	2.5
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