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Abstract

:

The increased demand for cement mortar due to rapid infrastructural growth and development has led to an alarming depletion of fine aggregate. This has prompted the need for a more sustainable material as a total/partial replacement for natural fine aggregate. This study proposes the use of tin slag (TS) as a replacement for fine aggregate in concrete to bridge this sustainability gap. TS was used to replace fine aggregate at replacement levels of 0%, 25%, 50%, 75%, and 100% in cement mortar. Fresh and hardened properties of TS mortar were obtained. Flow tests showed that, as the TS quantity and the w/c ratio increased, the mortar flow increased. Similarly, the compressive strength increased as the TS replacement increased up to 50% replacement, after which a decline in strength was observed. However, with the TS replacement of fine aggregate up to 100%, a compressive strength of 6% above control was attained. The morphological features confirm that specimens with TS had a denser microstructure because of its shape characteristics (elongated, irregular, and rough), and, thus, plugged holes better than the control mortar. The natural sand’s contribution to strength was a result of better aggregate hardness as compared to TS. Hence, TS can be used as alternative for fine aggregate in sustainable construction.
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1. Introduction


Concrete is the most utilized material after water. Consequently, its demand has been on the rise at a rate of 5% annually. It is estimated that about 25 to 30 billion tons of concrete are manufactured globally every year [1]. This amount of produced concrete suggests that its constituents are exploited in huge volumes. This may further increase because of population explosion, unprecedented growth, and global industrialization. Fine aggregate constitutes about 30% of the volume of concrete. There are no exact measures on the quantity of fine aggregates available for use worldwide or by country. However, from 2018 estimates of cement consumed worldwide, about 8 billion tons of fine aggregate is consumed yearly [1]. It has been reported that the rate of depletion is faster than its renewal, and the consumption rate increases every year. In addition, natural sand is utilized for the production of glass and electronics and for road construction.



Reducing the consumption of natural sand by looking for alternative materials for its replacement is important. Lately, crushed and manufactured sand have been used as alternatives to natural fine aggregate (NFA) [2,3]. However, the crushing and manufacturing process is capital intensive. Many studies have been conducted to establish new substitutes for NFA by utilizing industrial waste materials such as steel slag [4], lead slag [5], copper slag [6], foundry sand [7], and recycled glass [8]. This reduces the dependence on natural sand and propels the sustainability of this declining resource. For example, Zhao et al. (2018) replaced 20% of fine aggregate in concrete with steel slag. The replacement showed that compressive strength was improved by 28% over the control concrete sample. Similarly, copper slag was used up to 100% as a fine aggregate replacement by Prem et al. (2018) [6]. It was observed that 100% copper mortars had a 3% compressive strength above the control mortar replacement. The use of foundry sand and recycled glass at 10% replacement has also been found to improve the mechanical properties of concrete [9,10].



Another such industrial waste readily available and under-utilized is tin slag (TS). TS is a by-product obtained from the production of tin. About 2 million tons of TS waste is available at landfills worldwide [11]. Very few studies have been conducted on the use of TS as a fine aggregate replacement. Shakil and Hassan [12] evaluated the properties of TS polyester polymer concrete. The compressive strength test showed that samples attained a strength of 125.07 MPa. Hashim et al. [13] applied TS as a replacement of fine aggregate to produce interlocking pavement bricks. The study showed that the compressive strength increased by 20%, however, the study considered only 100% and 20% TS replacement of fine aggregate. Rustandi et al. (2018) [14] utilized the pozzolanic properties of TS by replacing 10% of the cement. The TS mortar achieved only a 63% compressive strength of the control sample at 28 days.



This study examines the utilization of TS as a replacement of NFA in cement mortar. Five different replacement fractions of TS (0%, 25%, 50%, 75%, and 100%) were introduced into the mortar mixes as replacements of fine aggregate. This was done using different water/cement (w/c) ratios of 0.5, 0.55, and 0.6. The specimens were prepared, and tests were conducted at fresh and hardened states. Test were conducted after 3, 7, and 28 days of water-curing the specimens. The workability of the mortar was measured by the flow table test to evaluate the effect of TS on the flowability of TS mortars. The mechanical properties measured were compressive strength, flexural strength and tensile strength




2. Experiment


2.1. Materials


The materials used in this study were cement, NFA, TS, and water. TS was used as a replacement material of fine aggregate in different weight fractions. Ordinary Portland cement (OPC) with a gauge of 42.5 and a specific gravity of 3.14 according to ASTM C (American Standard Testing Methods) 150 [15] was used. NFA and TS of a 4.75 mm maximum aggregate size were used. The TS used was obtained from the tin smelting company in Penang, Malaysia. Tap water was used for the mixing and curing of the mortar specimens. The physical and chemical properties of the fine aggregate were measured according to ASTM C128 [16] and presented in Table 1 and Table 2. The shape characteristics showed that the fine aggregate particles were round and smooth, whereas the TS particles were elongated and rough-surfaced. TS particles at the macro state are depicted in Figure 1.




2.2. Particle Size Gradation


The grading of aggregates was done in conformity to ASTM C33 [17] protocols. The initial sieve analysis performed for TS aggregate indicated that it did not conform to ASTM requirements, as shown in Figure 2. About 50% of the aggregate fell within the 4.75 to 2.36 range. The grading method used was to separate the aggregate passing through different sieves and thereafter combine the appropriate percentage allowed of each size according to ASTM standards. The aggregates were thoroughly mixed and a second sieve analysis was conducted. Figure 3 shows the chart of the second sieve analysis. Large aggregates (4.75–2.36 mm) that were in excess were grinded in a ball mill machine to reduce their sizes and were thereafter re-graded. This was necessary to ensure that aggregates were efficiently utilized and that wastage avoided. About 2% of aggregates were discarded.




2.3. Mix Proportioning and Sample Preparation


Fifteen different mixes were prepared for this study. All mortar specimens were prepared using a cement to fine aggregate volume ratio of 1:3. The control mix sample was NFA-based, while the other samples had 25%, 50%, 75%, or 100% of the fine aggregate replaced with TS. The TS percentage replacement levels of fine aggregate are shown in Table 3. The control sample (TS0) contained a 0% TS replacement of fine aggregate, whereas TS100 contained a 100% TS replacement of fine aggregate. The w/c ratios applied in this study were 0.5, 0.55, and 0.6.



It should be noted that the TS used in this study had a specific gravity of 14.5% above that of NFA. Therefore, multiplication factors (shown in Table 4) were applied to obtain the correct corresponding TS mass percentage replacement of fine aggregate. These multiplication factors were applied so that aggregate volumes of different mortar mixes (TS0, TS25, TS50, TS75, and TS100) were the same, despite the difference in the specific gravities of the NFA and the TS. The multiplication factors were derived from the densities of the aggregates (natural sand and TS) used for the different mixes. For example, the multiplication factor for TS25 = the density of the combined aggregates (75% NFA and 25% TS)/the density of the NFA. The constituent quantity of each mix sample is given in Table 5. To reduce error in this study, three specimens were produced for each mix proportion, and the average was taken. In this study, 135 cubes were prepared for compressive strength tests, while 45 cylinders and 45 prisms were prepared for splitting tensile and flexural strength tests, respectively. In addition, 45 mortar bars were prepared for ASR (Alkali silica reaction) tests. Demolding was done after 24 h and samples were cured in water for 3-, 7-, and 28-day periods.




2.4. Testing Procedures


Several tests were carried out on the TS cement mortar and control samples to evaluate the effects of the replacement of fine aggregate with TS. These involved the fresh and hardened states of the samples. The fresh property considered in this study was workability, and this was performed through a mortar flow test in accordance to ASTM C 1437 [18] guidelines.



The hardened properties measured were compressive strength, tensile strength, flexural strength, and alkali–silica reactivity. The compressive strength was measured using a 3000 kN compression testing machine in accordance to ASTM C109 [19] procedures. Cube dimensions of 50 × 50 × 50 mm3 were used in this experiment. The tensile strength test was performed according to ASTM C 496 [20] guidelines. Samples used for tensile strength tests were 70 mm (diameter) × 150 mm (length) cylinders. Testing was done with plywood strips positioned perpendicular to diametral lines drawn on the specimens.



The flexural strength testing, on the other hand, was performed according to ASTM348 [21]. The specimens applied for the flexural test had dimensions of 40 × 40 × 160 mm3. Figure 4 shows the hardened state tests (compressive, tensile, and flexural tests). Additionally, the alkali–silica reactivity check was performed according to ASTM C1567. This test was performed to determine the level of reactivity of the TS aggregate in the mortar. This was necessary because of the presence of CaO in TS, as shown in Table 2. The phase diagram of grounded TS (Figure 5) shows that it has a dominant amorphous phase with few crystalline peaks. The specimens used were 25 × 25 × 250 mm3 mortar bars.





3. Experimental Results


3.1. Workability


Workability is the property of mortar that allows for adequate compaction, placement, and finish without segregation and/or bleeding. The flowability for all samples containing graded and non-graded particles were measured by the flow cone test. Figure 6 illustrates the mortar flow after the flow cone tests. As can be seen, normal and scattered flows were observed. All samples of graded and ungraded TS mortars exhibited normal flow, except ungraded TS100 mortars of w/c ratios of 0.5 and 0.55. The flow test results for the ungraded and graded particles are presented in Figure 7 and Figure 8.



Figure 7 indicates that the workability of ungraded TS mortar marginally increased up to a 25% replacement, but, thereafter, a downward trend were observed for TS50, TS75, and TS100 mortars.



The workability of the control sample and of TS25 was 170 mm and 171 mm, respectively, at a w/c ratio of 0.6. As the percentage of ungraded TS increased, the workability of the TS mortar decreased, provided that the w/c ratio remained the same. For example, at a w/c ratio of 0.6, the workability increased from 170 mm to 171 mm for TS0 and TS25, and afterwards decreased to 160 mm, 141 mm, and 130 mm for TS50, TS75, and TS100 mortars, respectively. This effect is attributed to particle interference, which increasingly occurred as TS replacement increased. The larger particles (2.36–4.5 mm) were more prominent smaller particles (Figure 2). Thus, pockets of spaces narrower than the diameter of the smaller particles were created. These spaces trapped water that would have provided better consistency, thereby increasing the water demand [22]. In addition, due to the lack of smaller particles in the ungraded TS, the ball bearing effect by smaller particles (which is needed to lubricate larger particles) was reduced as TS replacement increased [23]. This trend was noticed at w/c ratios of 0.5 and 0.55, except regarding the TS 100 mortar, for which a scattered flow was observed. The mortar flow diameter does not give an accurate representation of flow. The scattered flow was attributed to inadequate cohesion between TS aggregates within the matrix, which is due to insufficient water for mixing [24]. Pockets of spaces created by the ungraded TS used up part of the mixing water. Figure 8 shows that the workability of graded TS mortar increased as the quantity of TS increased [25,26]. For example, the workability of graded TS mortar increased from 135 to 190, as the quantity of TS increased from 0 to 100% at a w/c ratio of 0.5. Cumulative increases of 10 mm, 15 mm, 30 mm, and 35 mm above the control were noticed for TS25, TS50, TS75, and TS100 mortars. The same trend was noticed at a w/c ratios of 0.55 and 0.6.



From Figure 7 and Figure 8, it can be observed that higher w/c ratio yielded increased workability, both for graded and ungraded TS samples. For example, when the w/c ratio of the ungraded TS was increased from 0.5 to 0.6 at TS50, the workability increased from 132 mm to 160 mm, while an increase from 161 mm to 185 mm was observed for graded TS samples. This was due to an increase in water for the mixing constituents as the water content increased. However, in terms of shape and texture, round and smooth particles have better workability than elongated or angular particles [23,27]. Nonetheless, it was observed that graded TS mortars had higher flow diameters than ungraded TS mortars. This was attributed to the low water absorption of TS, which promoted water retention which improved lubrication between particles. Thus, the effect of yield stress and water demand resulting from the angular shape characteristics of TS was insignificant [28].




3.2. Alkali–Silica Reactivity


Figure 9 shows the result of the alkali–silica reaction test of samples in this study. The expansion of TS mortars at different replacement levels are presented. The drying shrinkage of TS100 mortars were just fractionally lower than the control. Thus, the differential effects on these mortars are insignificant. The shrinkage values of mortars at 14 days for TS25, TS50, TS75, and TS100 were 0.009%, 0.008%, 0.0096%, and 0.0097%, respectively, compared to the control specimen (TS0) value of 0.01%. The T50 mortar had the lowest expansion of 0.08%. The lower rate of expansion of TS mortars was attributed to the rough texture and angularity of aggregates, which provided a denser microstructure. This has been reported by other researchers [29,30]. However, the contribution of the fine aggregate’s hardness contributed to the compactness observed in TS50 mortars. Overall, all mortars had comparable results and were within the ASTM [31] expansion limit of 0.1%; therefore, TS aggregate is non-reactive.




3.3. Compressive Strength


In this section, the 28-day compressive strength of graded TS mortars with different w/c ratios are presented and compared to the control sample. In addition, the compressive strengths of the TS cement mortar and control samples obtained at days 3, 7, and 28 are presented to check the early strength of the TS cement mortar samples. Figure 10 shows the 28-day compressive strength of mortar mixes at different w/c ratios. In all samples (control and TS), It was observed that, as w/c increased, the compressive strength decreased. The compressive strength decreased by as much as 25% due to the increased w/c ratio. For example, at TS50, the compressive strength decreased from 45.42 MPa to 34.22 MPa when the w/c ratio increased from 0.5 to 0.6. This result is consistent with previous findings [32,33]. However, to achieve good workability, mortars must not exhibit segregation or bleeding. Samples with a w/c ratio of 0.5 had the highest compressive strength but were too stiff; thus, their use is not practicable. Additionally, mortars with a w/c ratio of 0.6 were most workable, but segregation and bleeding were noticed, as was low compressive strengths (Figure 6). Contrarily, bleeding and segregation did not occur in mixes with a w/c ratio of 0.55 Thus, mortar mixes containing a water to binder ratio of 0.55 were selected based on their workability and strength. Compressive strength development is presented in Figure 11. However, both ungraded and graded TS mortar samples were tested for compressive strength to evaluate the influence of grading, as workability results showed differing trends (as shown in Figure 7 and Figure 8).



Figure 11 shows the compressive strength development of mortar samples with a w/c ratio of 0.55 after 28-days of curing. All fine aggregate replacements with graded TS increased the compressive strength of cement mortar on all curing days (3, 7, and 28). For example, the 3, 7, and 28 days compressive strengths of the control sample were 25.43 MPa, 33.87 MPa, and 38.75 MPa, respectively, whereas the TS samples’ lowest values were 26.35 MPa, 34.5 MPa, and 40.2 MPa, respectively. The increase in strength was due to the improved bonding provided by the TS’s aggregate angularity and surface roughness. Furthermore, as TS increased in the cement mortar, the compressive strength also increased. This compressive strength increase peaked at 50% replacement (TS50), while further increase in TS quantity decreased the compressive strength of the TS mortar. For example, at 28 days, when TS increased from 25% (TS25) to 50% (TS50), the compressive strength increased from 40.2 MPa to 43.15 MPa. Thereafter, this value decreased to 42.99 MPa and 41.12 MPa as TS increased to 75% (TS75) and 100% (TS100), respectively. The decrease in compressive strength is attributed to the reduction of aggregate hardness as TS% increased to 75% and 100% [34].



Compressive strength was improved because of the densification of TS mortars, which is linked to TS’s rough surface structure and the well-bonded interfacial transition zone (ITZ) of TS mortars. Better adherence was expected for rough-surfaced materials compared to smooth-surfaced fine aggregate. The elongated and angular shape of the TS aggregate also contributed to the filling pores between the TS mortar a greater extent than the control mortars. The elongation of TS aggregates allowed a greater depth of embedment while their angularity improved the bond within the matrix. Similar results were reported by Ouda and Abdel-Gawwad [35] and Guo et al. [36]. Ouda and Abdel-Gawwad observed that the rough surface and angularity of oxygen furnace slag aggregate are attributed to the progressive contribution of strength up to 100% replacement. Likewise, Guo et al. indicated that the rough surface and angularity of steel slag resulted in a higher bonding strength. On the other hand, the contribution of natural sand was attributed to the hardness of the natural sand aggregate as compared to the TS. Thus, the combined effect of the fine aggregate strength of natural sand and the good adherence and bonding characteristics of the TS aggregate provided the optimum strength recorded at 50% replacement. Conversely, when the TS content increased above 50%, the contribution of natural sand to compressive strength in terms of hardness reduced. This is because the contribution of natural aggregate reduces while that of TS increases as the amount of TS increases beyond 50%. However, the effects of aggregate hardness and bonding characteristics were optimal at 50% replacement. Thus, the optimum strength was obtained at 50% replacement.



A different trend was observed with the ungraded TS (Figure 12). A progressive reduction in the compressive strength was noticed, even at 50% replacement, which had the highest compressive strength for graded TS.



The control mortar had the highest compressive strength of 35.78 MPa, whereas TS25, TS50, TS75, and TS100 had compressive strengths of 32.51 MPa, 28.67 MPa, 28.33 MPa, and 22.54 MPa, respectively. This shows that the effect of the TS aggregate in terms of bond improvement in graded TS was not seen in the ungraded TS. This was due to inadequate distribution of aggregates within the matrix because larger aggregates dominate as TS replacement increases. Consequently, more pores are formed within the matrix and the progressive compressive strength reduces.



Figure 13 shows the strength development in graded and ungraded samples. An upward trend was observed with graded TS and a downward trend for ungraded TS samples. The increase in strength noticed in the graded TS mortar was attributed to improved packing density, as smaller aggregates fill pore spaces between larger aggregates. This was affirmed in Li et al. [37]. It was observed that packing density is a major factor that influences the compressive strength behavior of cement composites. The compactness of composites produced from mixed aggregates slows down crack propagation because of improved packing density as pore spaces are filled by smaller aggregates. This results in a smaller number of cracks and crack diameters, as compared to uniform or ungraded aggregates. On the other hand, in ungraded samples, a progressive reduction in compressive strength was noticed as TS replacement increased. This was credited to the progressive increase in particle interference due to the increasing number of larger particles. Thus, packing density was not optimized, so a larger number of pores and, consequently, a low compressive strength resulted.




3.4. Splitting Tensile Strength


Cement composites such as mortar are generally weak while in tension. Under tension, the ITZ bears the tensile stresses for the matrix to be together. The strength of the ITZ is much weaker than that of the aggregates; thus, disintegration occurs as tensile stresses increases beyond the ITZ strength. Figure 14 shows the tensile strength of graded TS mortar samples with a w/c ratio of 0.55 at 3, 7, and 28 days. The tensile strength increased as number of curing days increased. For example, for TS25, when number of curing days increased from 3 days to 28 days, the tensile strength increased from 3.08 MPa to 4.1 MPa. The tensile strengths obtained at 28 days were similar for all the TS and control samples. The control sample C, TS25, and TS50 achieved tensile strengths of 4.08 MPa, 4.1 MPa, and 4.15 MPa, respectively. Similar findings were observed after 7 days of curing in all considered samples. However, after 3 days of curing, the tensile strength increased for TS25 and TS50, but decreased to values close to the control sample C. The 3-day tensile strength increased from 2.63 MPa for TS0 up to 3.08 MPa for TS50, and afterwards there was a decline to 2.62 and 2.57 for the TS75 and TS 100 mortars, respectively. The higher tensile strength observed in the TS50 mix was due to the greater contribution of the hardness effect by natural sand and the bonding effect in TS when compared to other mixes. However, Waheed [38] observed a significant 35% increase in concrete strength over the control, when 20% of TS was used for sand replacement. Therefore, the gains in strength in relation to aggregates might slightly differ from mortar because of the involvement of coarse aggregates in concrete.




3.5. Flexural Strength


Flexural strength is sensitive to the aggregate type and little variations in specimen preparation and testing. Figure 15 shows the results of the flexural strength test of the graded TS mortar samples. The test was conducted on the TS and control samples after 3, 7, and 28 days of water curing. It was observed that, as the curing days increased, the flexural strength increased for the control and for all TS samples. Flexural strength gain of 11% to 15% was recorded from 7 to 28 days curing periods across all replacement levels. In addition, it was observed that the flexural strength increased as TS levels increased up to 75%, but peaked at 50%. However, a further increase in TS (TS100) resulted in decreased flexural strength. At 28 days of curing, the flexural strengths of TS25, TS50, TS75 and TS100 were 12.00 MPa, 12.35 MPa, 11.79 MPa and 11.48 respectively, whereas the control sample was 11.54 MPa. This shows that compressive strength at all replacement levels up to 100% were comparable to the control. The bond properties of the TS mortar matrix are influenced by the irregular and elongated aggregate shape.



The angularity and distribution of aggregates in the cement paste played a significant role in the process of load transfer [39]. In normal-strength concrete, cracks are mostly propagated around the aggregate particles [40]. Thus, a stronger ITZ and aggregate particle interlocking in TS mortar reduces the impact on the failure plane as the stresses induced are distributed.





4. Conclusions


This study was undertaken in order to evaluate the performance of TS mortar at different TS replacements. The findings show that TS aggregate can be used to replace NFA. Based on the findings of this experimental research, the following conclusions are drawn:




	
Grading has a great effect on the fresh properties of TS mortar. Ungraded mortar was observed to have reduced workability as TS replacement increased, whereas grading improved the workability and reduced the water demand of graded TS mortar.



	
Mortar containing 50% showed higher compressive strength than the reference mortar at all ages. Additionally, TS100 mortars had a compressive strength comparable to the control.



	
The splitting tensile and flexural strengths of tin slag mortars were higher than the corresponding control mortars.



	
The expansions of TS mortars were below allowable limits of 0.1%.



	
TS could be used as a substitute for natural sand for the production of mortars. This would minimize cost and natural resource depletion, thus engendering the sustainability of fine aggregate.
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Figure 1. The macro morphology of tin slag. 
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Figure 2. Initial sieve analysis. 
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Figure 3. Second sieve analysis. 
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Figure 4. Hardened state tests: (a) the compression test, (b) the split tensile test, and (c) the flexure test. 
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Figure 5. XRD (X-ray diffractometer) pattern of tin slag aggregate [14]. 
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Figure 6. Mortar consistencies: (a) normal flow and (b) scattered flow. 
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Figure 7. Flow diameters of ungraded TS at different w/c ratios. 
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Figure 8. Flow diameters of graded TS at different w/c ratios. 
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Figure 9. The expansion of the mortars at 14 days. 
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Figure 10. The compressive strength of graded TS at different w/c ratios. 
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Figure 11. The compressive strength development of graded TS mortars at a w/c of 0.55. 
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Figure 12. The 28-day compressive strength of ungraded TS mortars at a w/c of 0.55. 
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Figure 13. 28-day compressive strength of ungraded and graded TS mortars at a w/c of 0.55. 
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Figure 14. The tensile strength across curing days at a w/c of 0.55. 
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Figure 15. Flexural strength of mortars with a w/c of 0.55 at 3, 7, and 28 days of curing. 
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Table 1. Physical properties of fine aggregate and tin slag (TS).
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	S/N
	Physical Properties
	Sand
	TS





	1
	Specific gravity
	2.62
	3.0



	2
	Water absorption
	2.0
	1.98
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Table 2. Chemical properties showing major oxides of fine aggregate and tin slag.
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	S/N
	Chemical Properties
	Sand
	TS





	1
	Silica
	91.5
	15.8



	2
	Alumina
	3.55
	7.10



	3
	Magnesium oxide
	1.3
	0.85



	4
	Iron oxide
	1.2
	33.4



	5
	Calcium oxide
	0.5
	21.3



	6
	Titanium(IV) oxide
	-
	5.74



	7
	Zirconium oxide
	-
	2.16



	9
	Niobium(V) oxide
	-
	1.36



	10
	Tin(IV) oxide
	-
	1.62



	11
	Tantalum(V) oxide
	-
	1.31



	12
	Tungsten(VI) oxide
	-
	3.08
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Table 3. The mix percentages of tin slag (TS) in mortar.
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	Designation
	Fine Aggregate (%)
	Replacement Levels of TS (%)





	Control (TS0)
	100
	0



	TS25
	75
	25



	TS50
	50
	50



	TS75
	25
	75



	TS100
	0
	100










[image: Table] 





Table 4. The Multiplier factors for tin slag mortars.
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	Designation
	Multiplier Factor





	TS25
	1.06



	TS50
	1.12



	TS75
	1.16



	TS100
	1.20










[image: Table] 





Table 5. The mix proportions of constituents for 1 m3 of mortar.
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	Mix
	Designation
	Cement (kg)
	Sand (kg)
	Tin Slag (kg)
	Water (kg)
	w/c





	M1
	TS0
	530
	1590
	0
	265
	0.5



	M2
	TS25
	530
	1192.5
	421
	265
	0.5



	M3
	TS50
	530
	795
	890
	265
	0.5



	M4
	TS75
	530
	397.5
	1383
	265
	0.5



	M5
	TS100
	530
	0
	1908
	265
	0.5



	M6
	TS0
	530
	1590
	0
	291.5
	0.55



	M7
	TS25
	530
	1192.5
	421
	291.5
	0.55



	M8
	TS50
	530
	795
	890
	291.5
	0.55



	M9
	TS75
	530
	397.5
	1383
	291.5
	0.55



	M10
	TS100
	530
	0
	1908
	291.5
	0.55



	M11
	TS0
	530
	1590
	0
	318
	0.6



	M12
	TS25
	530
	1192.5
	421
	318
	0.6



	M13
	TS50
	530
	795
	890
	318
	0.6



	M14
	TS75
	530
	397.5
	1383
	318
	0.6



	M15
	TS100
	530
	0
	1908
	318
	0.6
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
w b os G

Tensile strength (MPa)

525 1575 5100

o & n

m3dys m7dys m28dys





media/file8.jpg
Intensity

300
Q = Quartz

H = Hematite

S = Cassiterite
A = Corundum
200

w0

20 40 60 80
2 theta





media/file27.png
B
U

4
= 3.5
(o
2 3
i
‘gnz.S
g
22
@
% 1.5
c
(o))
o1
0.5
0

1525 TS50 TS75 TS100

M 3dys B 7dys M 28dys





media/file13.png
Flow diameter (mm)

180
160
140
120
100
80
60
40
20

170

150
135

171
152
140‘\

160

140
132

120
| 110

1525 TS50

mO05 m0.55

0.6

141

TS75

130
110115

TS100





media/file12.jpg
8gg8g888R
(wiw) Ja33wep Moy

°

05 WO55 H06






media/file18.jpg
(edW) yiBuans anssaiduwio)

TS50 1875 5100

TS25

055 M6

0s





media/file9.png
Intensity

300 5

200 -

100 +

Q = Quartz

H = Hematite
S = Cassiterite
A = Corundum

60 80
2 theta





media/file14.jpg
05 WO55 W06

15100

() ¥3130v10 MO






media/file20.jpg
Compressive strength (MPa)

50

a5

a0

3

3

2

2«

1

1

125 TS50

m3dys m7dys m28dys

5100





media/file23.png
TS50 TS75 TS100

1525

B Ungraded TS

o LN o LN o LN o LN o
< o o oN o i i

(VdIN) HLONIYLS JAISSTHAINOD





media/file5.png
Cummulative percentage

120

100

passing (%)

2 3 4
Aggregate size (mm)

—@®—Sand —@—Tinslag —@—Lowerlimit —@— Upper limit





media/file15.png
0.6

m05 m0.55

00C H
S6T Hilll
06 T

S6T H
08T Hill
Ay |

S8T H
OLT i
19T

08T H
0ST il
OS T

0LT HA
OST il
ST

(WW) ¥313NVIa MO

TS50 TS75 75100

TS25





media/file19.png
o
LN

LN
<

o n o wnw o wn O uwun O
<t o o NN -

(edIA) Yr8uaJis aAaissaidwo)

TS50 TS75 TS100

1525

0.55 m0.6

0.5





media/file28.jpg
Flexural strength (MPa)

14

12

bt

5

©

o

IS

~

°

TS25 550 575 T5100

W3Days W7Days M28Days





media/file2.jpg
Cummulative percentage

120
100

passing (%)
D
538

N
S

o

1 2 3

0
3

Aggregate size (mm)

—o—Sand —@—Tinslag —@—Lower limit

—e—Upper limit





nav.xhtml


  recycling-06-00042


  
    		
      recycling-06-00042
    


  




  





media/file11.png





media/file6.jpg





media/file24.jpg
50
45

35
30

20
15
10

7525 TS50

. Ungraded TS

Ungraded TS Trendiine

1575 Ts

Graded TS

Graded TS Trendline

00





media/file29.png
Flexural strength (MPa)

14

12

1

o

0¢]

(@)

I

N

o

1525 TS50 TS75 TS100

B 3Days M 7/Days M 28Days





media/file1.png





media/file10.jpg
@ )





media/file7.png





media/file16.jpg
EXPANSION (%)

012

01

o

006

004

002

Potential delterious expansion

isk of deleterious expan:

001 00092 0008 0005 010097
50 T525 Ts50 7575 75100
TS replacements  —— Limit for expansion






media/file3.png
Cummulative percentage

120

100

passing (%)

2 3

Aggregate size (mm)

—@®—Sand —@—Tinslag —@—Lower limit

—@— Upper limit





media/file22.jpg
(V) HLON3HLS INISSIANOD

0

T$100

875

7850

7825

BUngraded TS





media/file17.png
EXPANSION (%)

0.12

, ]

Potential deleterious expansion

Low risk of deleterious expansion

0.01 0.0092

TSO 1525

I TS replacements

0.0097

0.008 0.0096
] [
TS50 TS75

— Limit for expansion

TS100






media/file4.jpg
Cummulative percentage

120
100

2
3 8

passing (%)
]

20

1 2 3

Aggregate size (mm)

—e—Sand —@—Tinslag —@—Lower limit

—&— Upper limit





media/file25.png
COMPRESSIVE STRENGTH (MPA)

50
45
40
35
30
25
20
15
10

o U

TS25 TS50

B Ungraded TS

Ungraded TS Trendline

TS75 TS100

Graded TS
Graded TS Trendline





media/file0.jpg





media/file21.png
Compressive strength (MPa)

50

45

40

3

92

w
o

2

92

2

o

1

92

1

o

92

o

1525 TS50

B 3dys W 7dys H28dys

TS75

TS100





