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Abstract

:

The recent emphasis on sustainable development in the construction industry has made it essential to develop construction and building materials that are not only affordable, but have minimal negative impact on the environment. This study investigates the valorisation of steel slag, which is mostly considered to be a waste material in several parts of the world, by blending with calcined impure kaolinitic clay to partially replace ordinary Portland cement (OPC) in the preparation of self-compacting concrete (SCC). OPC was substituted with steel slag at a constant level of 10%, whereas calcined clay replaced OPC at varying levels, ranging from 10 to 30% in a ternary blended mix. The hardened properties evaluated include compressive and flexural strengths. Samples containing only calcined clay showed a lower fluidity, which was significantly improved when steel slag was added to the mix. SCC containing 10% steel slag and 20% calcined clay obtained 28 days compressive strength, which was 3.6% higher than the reference cement concrete. An XRD analysis revealed a significant decrease in the peak heights of portlandite in mixtures containing steel slag and calcined clay, regardless of their replacement percentage. Generally, all the blended cement samples performed appreciably in resisting sulphate attack. The results of this study demonstrate that using steel slag and calcined clay together can significantly improve the fresh and hardened properties of SCC without compromising its mechanical properties.
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1. Introduction


Many kinds of concrete have been developed over the years aimed at expanding the construction industry and coming up with solutions to several industry-related problems, while combating environmental issues. One such intervention is self-compacting concrete (SCC), which is known for its high performance and ability to flow and compact, utilising its own weight without the use of extra vibrators [1]. The properties of SCC, such as fluidity, stability, and flowing ability, make it preferable to other types of concrete [2]. Other benefits include a relatively lower cost, shorter production time, ease of placing in restricted areas due to its flowability, and ease of casting complex designs [3].



Due to these advantages, SCC has favoured the construction of high-rise structures, dams, bridges, and several infrastructural projects [4]. With advancements in the building sector and a consequent increase in the need for construction materials such as cement and fine aggregate, the use of supplementary cementitious materials (SCMs) is quickly gaining popularity [5]. Sustainability is being impacted by the increased use of traditional building materials such as Portland cement [5,6]. Cement production is, for example, generating about 7–8% of global CO2 emissions, while the high demand for concrete has contributed to the depletion of natural resources like aggregates and water [7]. It is, therefore, necessary to find replacements for these materials in order to lessen the construction industry’s reliance on them.



However, SCC, just like many other types of concrete, utilizes Portland cement, which is known to be unfriendly to the environment [8]. Therefore, the development of new environmentally friendly materials with the pozzolanic property that can be used as substitutes for Portland cement in concrete must be pursued to protect the global atmosphere from the effects of cement production [9]. To deal with the thorny issue of the greenhouse effect and global warming, the construction industry has welcomed the use of SCMs as partial substitutes for cement in concrete. Industrial and agricultural by-products, which, ordinarily, would be discarded as waste, have been recycled, valorised, and utilised as alternative binders in cementitious systems. Examples of such materials include steel slag, rice husk ash, fly ash, coconut shell ash, waste granite, silica fume, AND calcined clays, etc.



Kaolinitic clays, when calcined between 600 °C and 900 °C, have been found to be reactive due to their crystallinity and ordered structure [10,11]. The strength development of calcined clay blended cements is dependent on the interaction of the metakaolinite phase with portlandite to form calcium silicate hydrates and the reaction between metakaolinite with sulphate ions to generate the calcium aluminate hydrate phase [12]. It has been discovered that the incorporation of calcined clays in concrete reduces porosity and the diffusion of dangerous chemicals that accompanies it [13]. It has been proven that the kaolinite content and individual surface areas of calcined clays influence its reactivity. High-grade kaolinitic clays, however, have already discovered more lucrative uses in fields like the paper industry and refractories, rendering them expensive for concrete applications [14].



Several researchers [15,16,17,18] have, therefore, considered the potential use of low-grade clays as a cementitious material and have reported varying outcomes. Clays with a low amount of kaolinite are, however, known to compromise strength development due to poor pozzolanic reactivity. Therefore, to achieve the desired mechanical properties, a fair balance needs to be drawn between the kaolinite composition and cement substitution percentages [19]. Another way to maintain an appreciable level of mechanical characteristics without compromising durability properties is to uniformly mix with a known SCM in ternary blends to activate its synergistic advantages.



Steel slag production is rising yearly due to the growth of the steel industry. Along with taking up a lot of land area, it also emits pollutants into the atmosphere, pollutes water bodies, and produces hazardous waste [20]. The removal of steel slag waste is costing the steel industry more and more money. Large quantities of carbon powder and limestone are introduced during the reduction stage of the arc-furnace steelmaking process. These materials interact with the oxides to remove any excess oxygen in the molten steel and leave reduced slag as the byproduct. Steel slag removal uses up a lot of natural resources in the numerous waste treatment procedures, in addition to seriously polluting the air and water [21].



In recent years, extensive research has been carried out on the alternative use of steel slag as a supplementary cementitious material in concrete. Some investigators have reported an increase in fluidity and workability with the inclusion of steel slag as a partial replacement for cement in concrete [22,23,24]. Studies conducted by Wang et al. [25] suggested a decrease in compressive strength as the steel slag content in the cement matrix increased from 0% to 45% at curing ages of 3, 7, 28, 90, and 365 days. Other reports also showed a reduction only at early ages and an appreciation of compressive strength as the curing period was extended to 28 and 90 days for 10% and 20% replacements. Chloride penetration was observed to decrease up to 40% with steel slag replacement [26].



The research gap in the utilization of ternary blended steel slag and calcined clay for concrete lies in the limited exploration of their combined potential as supplementary cementitious materials despite their individual benefits. While both steel slag and calcined clay have been individually investigated as alternative materials in concrete production, there is a lack of comprehensive research focusing on their synergistic effects when used together in concrete mixtures., especially in SCC. Investigating the ternary blend of steel slag, calcined clay, and Portland cement in concrete formulations could lead to the development of high-performance, environmentally friendly concrete with optimized mechanical properties, durability, and sustainability [27,28,29]. In order to mass produce and promote such a cementitious system for construction applications, there is a need to accumulate data that would effectively support the future adoption of this sustainable binder system. This work, therefore, studied and reported on the effect of these SCMs, in varying compositions, on the rheological characteristics of SCC. The hydration, compressive strength, flexural strength, and some durability properties such as chloride permeability and sulphate resistance were evaluated and reported. The findings were referenced to ordinary Portland cement. The outcome of this work suggests that a ternary binder system comprising low-reactive calcined clay and steel slag could be used for construction without compromising the major properties of SCC.




2. Experimental Study


2.1. Materials


EN 197-1 [30] CEM I (grade 52.5) Portland cement with a specific gravity of 3.08 g/cm3 and BET specific surface area of 375 m2/kg was used in the preparation of the concrete mixtures. Low-grade clay with a kaolinite content of 19% was calcined at 800 °C for 1 h at a heating rate of 20 °C/min. It was cooled to ambient temperature in the open air for approximately 1 h. The calcined clay was milled and sieved through a 75 µm sieve. Pulverized steel slag (SS) with a specific gravity of 2.5 g/cm3 was obtained from local suppliers. The chemical compositions of the cement, calcined clay, and steel slag are shown in Table 1. The XRD spectra of the calcined clay and steel slag are presented in Figure 1. The SEM images of the calcined clay and steel slag reveal rough and irregular surface particles, as shown in Figure 2 and Figure 3, respectively. For the concrete mixes, an uncrushed aggregate with a maximum particle size of 10 mm was used. The specific gravity, crushing value, and water absorption of the coarse aggregate were 2.55 g/cm3, 24.6%, and 0.5, respectively. Sharp sand with particles less than 5 mm and a moisture content of 0.5% served as fine aggregates for the concrete preparation.




2.2. Mix Design and Casting


Mixtures of SCC containing different proportions of steel slag and calcined clay were prepared to determine their effect on fresh and hardened properties. The first set comprised the reference concrete, containing only cement as the binder and labelled as 0SS0CC. The second set of SCC was prepared using 10%, 20%, 30%, and 40% by weight of calcined clay and was labelled 10CC, 20CC, 30CC, and 40CC respectively. The last set contained a ternary mix of steel slag and calcined clay, 10% steel slag and 10% calcined clay (10SS10CC), 10% steel slag and 15% calcined clay (10SS15CC), 10% steel slag and 20% calcined clay (10SS20CC), 10% steel slag and 25% calcined clay (10SS25CC), and 10% steel slag and 30% calcined clay (10SS30CC). A constant water-to-binder ratio and superplasticiser (Auracast 400) dosage of 0.5 and 1%, respectively, were used in all mixtures. The details of the mixture proportions are presented in Table 2. The different constituents of the SCC were mixed using a laboratory-type rotary mixer. A slurry comprising cement, steel slag, and calcined clay was firstly prepared, after which, the fine and coarse aggregates were added and allowed to mix for 5 min. The fresh properties of the concrete were determined before casting into steel moulds. The cast samples were left in open air at room temperature for 24 h before they were demoulded and cured under a pond of water for specific ages.




2.3. Testing Methods


The fresh SCC properties such as slump flow diameter, L-box test, V-funnel test, J-ring test, and T50 flow test were determined with reference to the guidelines provided by the European Federation of National Associations Representing for Concrete (EFNARC) [31]. For the slump flow test, a slump cone was filled with fresh concrete and compacted using the tamping rod. The cone was lifted vertically upwards, allowing the SCC to flow and spread freely. The slump flow diameter was measured using a ruler. The same concrete specification was prepared and used to fill the V-funnel to the brim without applying any external force. The stopper was open at the bottom of the funnel to allow the concrete to flow freely. The time taken for the V-funnel to be completely empty was recorded. To evaluate the workability using J-ring, the slump cone was placed in the middle of the J-ring filled with fresh concrete. The cone was lifted vertically to allow the concrete to flow freely. The extent of concrete flow was measured. The L-box consisted of two vertical arms forming an L-shape, with a horizontal plate at the junction. SCC was poured into one side of the L-box until it was full. The horizontal plate was lifted, allowing the SCC to flow through the gap to fill the other side of the box. The distance travelled by the SCC along the horizontal plate was measured. The T50 test apparatus consisted of a truncated cone-shaped mould with a diameter of 50 mm at the top and a height of 180 mm. The cone was filled with SCC and lifted vertically. The diameter of the concrete spread at the top of the mould after the cone was removed was measured. The compressive strength was tested using 100 × 100× 100 mm concrete cubes using procedures recommended by ASTM C109 [32]. A flexural strength test was carried out with reference to ASTM C78 [33]. The fresh concrete was placed in the moulds in three layers and tamped after each layer. It was left to cure for 24 h before demoulding and was cured under water until the compressive and flexural strength testing day. For the sulphate resistance test, concrete specimens, after curing, were immersed in a 5% Na2SO4 solution for a period of 90 days, and the effect of the Na2SO4 on the SCC was evaluated according to the weight loss and compressive strength. To study the hydration products, portions of the SCC, after the compressive strength test, were chipped, ground to a fine powder, and tested using the XRD technique. The rapid chloride permeability test (RCPT), recommended by ASTM C1202 [34], was used to determine the susceptibility of the SCC to chloride ingress. Then, 50 mm thick slices of 100 mm diameter concrete cores were subjected to electrical current measurements over a six-hour period. One sample was submerged in a NaCl2 solution, and the other in a NaOH solution. The ends of the specimen were kept at a potential difference of a 60 V direct current. Measurements of the current were recorded at regular intervals. The permeability of the concrete to chloride ions was determined based on the measured electrical conductivity.





3. Results and Discussion


3.1. Fresh SCC Properties


3.1.1. Slump Flow of SCC


The slump flow results of the SCC with varying compositions of calcined clay and steel slag are illustrated in Figure 4. From the results, all the slump values obtained were found between 550 and 745 mm, which are within the acceptable limit, as prescribed by EFNARC [31]. The highest slump flow diameter was recorded for the reference concrete at 745 mm, whereas the lowest was obtained for the concrete containing 40% calcined clay (550 mm). The slump flow diameter was observed to decrease steadily with an increasing calcined clay content. At 40% replacement with calcined clay (40CC), the slump flow diameter was reduced by 26.2%. This trend of a decreasing slump flow diameter was due to the amorphous nature of the calcined clay particles with a relatively higher surface area, which improved the cohesiveness of the concrete and ultimately reduced the slump flow diameter [35]. The introduction of steel slag into the mixture caused a slight stabilisation of the slump flow diameter for the samples containing 10%, 15%, and 20% calcined clay (730 mm, 740 mm, and 735 mm respectively). Beyond 20% calcined clay, the slump flow diameter declined. It is, however, worth noting that the slump flow diameter improved more in the samples with steel slag than the samples without. This is because the content of calcined clay at this stage was far more than that of steel slag, which had a relatively lower surface area, which has been confirmed by previous researchers [36,37].




3.1.2. V-Funnel and T-50 Flow Time of SCC


The V-funnel test was performed to determine the viscosity of the self-compacting concrete. It indicates how long it takes for the concrete to flow out of the V-shaped funnel. A higher V-funnel time is an indication of a high viscosity and low flowability. The T-50 flow time test, on the other hand, measures the time taken for the wet concrete to travel to the edge of the 50 cm diameter circle after removing the slump cone. These two tests were conducted to determine the viscosity and filling ability of the fresh concrete by recording the overall flow time. Figure 5 presents the results of the V-funnel and T-50 tests. It was observed that the T-50 and V-funnel flow times significantly increased with increasing percentages of calcined clay in the concrete matrix up to 40% replacement. The V-funnel flow time for all mixtures ranged between 8.2 s (recorded for 0SS0CC) and 14.5 s (recorded for 40CC). The T-50 time also followed a similar trend, with the reference sample and 40CC obtaining the least and highest T-50 times, respectively. The addition of 10% steel slag into the mix did not have a significant impact on the fluidity of the concrete in the both the V-funnel and T-50 times. Studies conducted by other researchers [38,39] have concluded that the rise in V-funnel and T-50 flow times is due to the fine surface particles of the calcined clay, which fill the voids between larger aggregates more effectively and result in a denser packing structure.




3.1.3. L-Box Blocking Ratio and J-Ring Test


The L-box blocking ratio (H2/H1) measures the ratio of the height of fresh concrete occupying the horizontal portion (H2) to that of the vertical portion of the apparatus (H1), whereas the J-ring measures the difference in the height of the fresh concrete in and outside the J-ring bar. The two experiments were conducted with reference to the standards prescribed by EFNARC to ascertain the concrete’s capacity to pass through reinforcement bars. The results obtained for the L-box and J-ring tests are presented in Figure 6. The results showed increasing J-ring values as calcined clay increased from 0 to 40% in the concrete matrix. Equal quantities of steel slag and calcined clay in the mixture (10SS10CC) recorded a relatively lower J-ring value. There was, however, an increase again when the calcined clay content increased from 10% to 15%, 20%, 25%, and 30%. The reference sample obtained the lowest, while the specimen containing 40% calcined clay replacement obtained the highest. This was because the addition of calcined clay can lead to an increase in yield stress, which is the minimum stress required to initiate flow. The addition of calcined clay alters the rheological behaviour of the paste by increasing its viscosity and yield stress. As a result, the concrete mixture becomes more resistant to flow, leading to longer V-funnel and T-50 flow times. Therefore, the greater the replacement, the less likely the concrete will flow at a constant water-to-cement ratio. These effects are similar to the findings of some past investigators [40,41].



All blends, in sum, demonstrated an appreciable consistency and workability. Steel slag demonstrated its capacity to make up for the loss of fluidity associated with the addition of calcined clay. The mixtures comprising 10% steel slag and 10% or 15% calcined clay as Portland cement replacements appeared to be the optimum combination to achieve satisfactory fresh SCC properties.





3.2. Hardened SCC Properties


3.2.1. Compressive Strength of SCC


Figure 7 illustrates how varying levels of cement replacement with calcined clay and steel slag influenced the 7- and 28-day compressive strength of SCC. The results indicated a consistent decrease in strength as the replacement percentage of calcined clay increased up to 40% in the mixture at both curing ages. For instance, the 7-day strength of the reference specimen was 43.55 MPa. However, this decreased by 8.7%, 19.6%, 28.9%, and 44.7%, respectively, when 10%, 20%, 30%, and 40% of the cement was replaced by calcined clay. This was due to the slow reaction between the calcined clay and the constituents of the cement, especially at early ages. The initial reactivity of pozzolans is known to be slow during preliminary stages but accelerates with time at 28 days and beyond, thereby improving strength [42]. A similar downward trend of compressive strength was reported by Dixit et al. [43], when cement was partially substituted by calcined marine clay and cured for 1, 7, and 28 days.



The trend in compressive strength development, however, changed when a constant content (10%) of steel slag was introduced as a base pozzolan in the concrete mixture. The compressive strength values obtained at 7 days for 10SS10CC, 10SS15CC, 10SS20CC, and 10SS25CC were 40.8 MPa, 41.7 MPa, 42.3 MPa, 38.6 MPa, and 35.1 MPa, respectively. With the addition of steel slag, the compressive strength at 7 days was observed to increase with an increasing calcined clay content up to 20%. Beyond 20% calcined clay, the compressive strength suffered a decline. At 28 days, 10SS10CC, 10SS15CC, and 10SS20CC obtained compressive strengths of 58.2 MPa, 56.6 MPa, and 56.6 MPa, which are about 6.2%, 3.5%, and 3.9% higher than the reference sample. The compressive strength improvement in these mixtures was linked to the fine surface particle sizes of steel slag in comparison to the calcined clay, which led to refinement of the pore sizes and packing density [44]. Other researchers have attributed the rise in compressive strength to the active interaction between the steel slag and calcined clay constituents to facilitate the production of calcium silicate hydrates, responsible for the development of strength [45,46,47,48]. However, as the calcined clay content increased in 10SS25CC and 10SS30CC, the compressive strength declined due to the dilution effect and its consequential effect of portlandite consumption. Substitution of the cement component with calcined clay diluted the overall cementitious content in the concrete mixture, leading to a decrease in the hydration products (calcium silicate hydrates) formed during the curing process. Consequently, the development of intermolecular bonds and the overall strength of the concrete were adversely affected. A similar trend of results has been reported by other researchers [49,50].




3.2.2. Flexural Strength


The test for flexural strength was conducted using a three-point loading system on prism specimens cured for 7 and 28 days. The results presented in Figure 8 are an average of three specimens produced for each mixture. From the results, the addition of low-grade calcined clay alone in percentages up to 40% caused a reduction in the flexural strength at both 7 and 28 days. The flexural strength losses at 7 days were 4.8%, 14.3%, 15.7%, and 23.8%, respectively, lower than the reference specimen. At 28 days, the results obtained for 10CC, 20CC, 30CC, and 40CC trailed the reference specimen by 0.4%, 2.6%, 5.7%, and 18.9%, respectively. The lower rate of strength development at 7 days was due to the characteristics of the calcined clay, which almost behaved as an inert material in the concrete mixture due to its slow reactivity at early ages [51]. The low kaolinite content of the clay impacted its metakaolinite composition after calcination, which eventually affected pozzolanic reactivity [52]. This reactivity, however, greatly improved at 28 days, but was not enough to overcome the effect of dilution at all replacement levels.



Similar to the compressive strength, the flexural strength achieved a significant improvement when the binary mixture containing calcined clay was doped with 10% steel slag. At a curing age of 28 days, the interaction between the constituents of the steel slag and calcined clay caused the specimens 10SS10CC, 10SS15CC, and 10SS20CC to obtain flexural strengths which were 5.5%, 5.6%, and 1.8%, respectively, greater than the reference concrete. This was due to the synergistic influence of the strong reaction between the alumina phases in the Portland cement with the steel slag–calcined clay blend, as reported by Sujjavanich et al. [50]. Again, the synergistic filling of voids by the steel slag–calcined clay particles produced a relatively denser structure, which translated into strength [53]. The influence of steel slag in 10SS25CC and 10SS30CC could not match the dilution effect [54] caused by the 35% and 40% total pozzolan infiltration, thereby compromising the flexural strength by 13.8% and 14.9%, respectively. This observation is consistent with the literature, which confirms the slow reactivity of pozzolans at early ages and the active consumption of portlandite at later ages to produce further cementitious compounds, improving strength [55].





3.3. XRD Analysis of Hydrated SCC


Phase identification of the blended cement paste mixtures containing calcined clay and steel slag was conducted using XRD analysis. After 28 days of curing, the samples were crushed and ground in an agate mortar into fine powder. The powdered sample was subsequently used for the XRD study. Figure 9 presents the XRD patterns of all the SCC mixtures. The dominant phases present include calcite, quartz, anorthite, and portlandite. Portlandite [Ca(OH)2] is seen at the diffraction peak with a 2θ angle of 16.5° and 33.3°. There was a significant reduction in the peak heights of portlandite in the mixtures containing steel slag and calcined clay, irrespective of their percentage replacement. The most significant reduction was found in the mixtures containing 10% steel slag and 10% calcined clay (10SS10CC) and 10% steel slag and 15% calcined clay (10SS15CC). Thus, it can be concluded that some of the portlandite produced during the hydration reaction was depleted by its pozzolanic reactivity with the steel slag and calcined clay, which can improve the microstructure of the concrete matrix by creating further calcium silicate hydrate gel and subsequently leading to strength improvement, as seen in Figure 8, Figure 9 and Figure 10. This is in line with results reported by other researchers [50,56].




3.4. Chloride Ingress Resistance


The overall charge passed in the RCPT provides an indirect estimation of the concrete’s resistance to chloride ions. A higher resistance to chloride infiltration is implied by a lower charge passed. Although the test has drawn a few critiques, it is still commonly used in global construction practises to assess the quality of concrete, particularly concrete’s resistance to chlorides. The validity of this test method for assessing the chloride resistance of concretes containing SCM’s was stressed, once again, in a recent investigation [57]. Figure 10 shows the experimental data of the SCC after 7 and 28 days of curing. From the results, the concrete containing calcined clay and steel slag obtained a minimum amount of charge passed at 7 and 28 days. This demonstrates an exceptional resistance to chloride ions at both early and later ages. However, the resistance at 28 days was found to be greater than that at 7 days. According to the ASTM 1202 concrete classification, the quality of concrete containing pozzolans is significantly improved only after longer periods of curing. All the blended cement concrete samples, irrespective of the various admixture combinations, offered a better chloride resistance than the reference cement concrete (which is still considered to be moderate). Additionally, calcined clay has a higher concentration of reactive aluminates, which can result in a higher chloride binding rate as compared to other systems because of the different hydration products [58].




3.5. Sulphate Resistance


Self-compacting concrete samples were subjected to a sodium sulphate environment and were evaluated for weight loss, physical changes, and compressive strength variations. There was no spalling, cracking, or deterioration observed on the concrete after visual inspection. In Figure 11, a relationship between these impacts is also depicted. It is seen that a 5% Na2SO4 environment had a negative impact on the weight and ensuing compressive strength of the self-compacting concrete. The highest losses were found in the reference sample. Generally, all the blended cement samples performed appreciably in resisting the sulphate attack. A direct relation was seen to exist between weight loss and strength loss. As the weight of the samples decreased, the compressive strength decreased with an R2 value of 0.9746, signifying a good fit. The performance of the concrete containing steel slag and calcined clay was due to the low porosity of the blended cement concrete, confirmed in the chloride permeability test results in Figure 10 and consistent with the works of previous researchers [59]. The addition of the two pozzolans contributed to the refinement of the pore structure within the concrete matrix. This refinement impeded the ingress of aggressive sulphate ions into the concrete matrix, limiting their interaction with the cementitious phases and mitigating the detrimental effects of sulphate attack. Also, the finer particle sizes of the calcined clay and steel slag improved packing within the concrete mixture, resulting in a denser microstructure, which reduced capillarity and permeability, restricting the movement of sulphate ions through the concrete matrix. The resistance of the cement samples to sulphate attack is shown in Table 3.





4. Conclusions


This study investigated the use of ternary blended calcined clay and steel slag as alternative binders and their effect on the rheology, mechanical strength development, and durability properties of self-compacting concrete. The following conclusions were drawn from an analysis of the results:




	
All blends showed a good consistency and workability. Steel slag effectively compensated for the decrease in fluidity caused by the addition of calcined clay. Mixtures containing 10% and 10/15% calcined clay showed optimal performances in achieving desirable fresh SCC properties.



	
After 28 days, the specimens 10SS10CC, 10SS15CC, and 10SS20CC achieved compressive strengths approximately 6.2%, 3.5%, and 3.9% higher than the reference sample. Except for sample 10SS30CC, which lagged behind the reference specimen, all mixtures containing steel slag exhibited flexural strengths higher than the reference SCC.



	
Concrete containing calcined clay and steel slag obtained a minimum amount of charge passed at 7 and 28 days. This demonstrates an exceptional resistance to chloride ions at both early and later ages.



	
The XRD analysis revealed a significant decrease in the peak heights of portlandite in mixtures containing steel slag and calcined clay, regardless of their replacement percentage. From the XRD analysis, there were significant reductions in the peak heights of portlandite in mixtures containing steel slag and calcined clay, irrespective of their percentage replacement. The most significant reduction was found in mixtures containing 10% steel slag and 10% calcined clay (10SS10CC) and 10% steel slag and 15% calcined clay (10SS15CC).



	
Overall, the blended cement samples exhibited higher performances in resisting the sulphate attack. A direct relation was seen to exist between weight loss and strength loss due to sulphate attack. As the weight of the samples decreased, the compressive strength decreased.








The incorporation of calcined clays and steel slag in concrete could enhance sustainability by reducing reliance on traditional cement, thereby decreasing the carbon emissions associated with cement production. Further studies into the long-term durability of these concrete mixtures are recommended.
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Figure 1. XRD of steel slag and calcined clay. 
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Figure 2. SEM image of calcined clay. 






Figure 2. SEM image of calcined clay.



[image: Infrastructures 09 00046 g002]







[image: Infrastructures 09 00046 g003] 





Figure 3. SEM image of steel slag. 
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Figure 4. Slump flow of SCC with varying contents of calcined clay and steel slag. 
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Figure 5. V-funnel and T-50 flow of SCC with varying calcined clay and steel slag content. 
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Figure 6. L-box blocking ratio and J-ring flow diameter of SCC. 
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Figure 7. Compressive strength of SCC. 
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Figure 8. Flexural strength of SCC. 
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Figure 9. XRD patterns of 28-day hydrated SCC containing calcined clay and steel slag. 
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Figure 10. Chloride permeability of SCC. 
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Figure 11. Relation between weight loss and compressive strength loss after subjecting the SCC to 5% Na2SO4 environment for 90 days. 






Figure 11. Relation between weight loss and compressive strength loss after subjecting the SCC to 5% Na2SO4 environment for 90 days.



[image: Infrastructures 09 00046 g011]







 





Table 1. Chemical composition of cement, steel slag, and calcined clay.
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	Composition, %
	SiO2
	A12O3
	Fe2O3
	MgO
	CaO
	Na2O
	K2O
	MnO
	TiO2
	P2O5
	Cl
	SO3
	LOI





	Calcined clay
	63.52
	17.89
	12.75
	1.54
	0.31
	0.02
	1.69
	0.46
	0.34
	0.01
	–
	0.13
	1.34



	Steel slag
	10.51
	2.12
	25.8
	6.86
	42.89
	0.62
	0.12
	4.37
	0.63
	0.31
	–
	0.12
	5.65



	OPC
	17.56
	3.05
	3.84
	2.05
	60.24
	4.05
	2.31
	0.13
	0.15
	0.21
	0.02
	4.68
	1.71










 





Table 2. Mix proportion of SCC.
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Mix ID

	
Cement,

	
SS,

	
Calcined Clay,

	
Sand,

	
CA

	
Superplasticizer,




	

	
kg/m3

	
kg/m3

	
kg/m3

	
kg/m3

	
kg/m3

	
%






	
0SS0CC

	
600

	
0

	
0

	
1050

	
900

	
1




	
10CC

	
540

	
0

	
60

	
1050

	
900

	
1




	
20CC

	
480

	
0

	
120

	
1050

	
900

	
1




	
30CC

	
420

	
0

	
180

	
1050

	
900

	
1




	
40CC

	
360

	
0

	
240

	
1050

	
900

	
1




	
10SS10CC

	
480

	
60

	
60

	
1050

	
900

	
1




	
10SS15CC

	
450

	
60

	
90

	
1050

	
900

	
1




	
10SS20CC

	
420

	
60

	
120

	
1050

	
900

	
1




	
10SS25CC

	
390

	
60

	
150

	
1050

	
900

	
1




	
10SS30CC

	
360

	
60

	
180

	
1050

	
900

	
1











 





Table 3. Weight and compressive strength loss after sulphate attack.
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	Sample
	Weight Loss, %
	Strength Loss, %





	0SS0CC
	12.3
	7.5



	10CC
	10.5
	6.5



	20CC
	9.5
	5.7



	30CC
	8.3
	5



	40CC
	4.5
	3.6



	10SS10CC
	3.6
	2.4



	10SS15CC
	3.45
	2.1



	10SS20CC
	3.7
	2.3



	10SS25CC
	3.1
	2.3



	10SS30CC
	2.3
	2.4
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