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Abstract

:

Utilisation of industrial waste-based material to develop a novel binding material as an alternative to Ordinary Portland Cement (OPC) has attracted growing attention recently to reduce or eliminate the environmental footprint associated with OPC. This paper presents an experimental study on the synthesis and evaluation of alkali activated Ground granulated blast furnace slag (GGBFS) composite using a NaOH solution as an alkaline activator without addition of silicate solution. Different NaOH concentrations were used to produce varied GGBFS based alkali activated composites that were evaluated for Uncofined Compressive Strength (UCS), durability, leachability, and microstructural performance. Alkali activated GGBFS composite prepared with 15 M NaOH solution at 15% L/S ratio achieved a UCS of 61.43 MPa cured for 90 days at ambient temperatures. The microstructural results revealed the formation of zeolites, with dense and non-porous morphology. Alkali activated GGBFS based composites can be synthesized using a sole alkaline activator with potential to reduce CO2 emission. The metal leaching tests revealed that there are no potential environmental pollution threats posed by the synthesized alkali activated GGBFS composites for long-term use.
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1. Introduction


The rapid growth of urban infrastructure developments and industrialization globally has created a huge demand and consumption of Ordinary Portland Cement (OPC), which contributes significantly to CO2 emissions [1,2]. The ever growing steel and iron industry results in a rapid generation of by-products (GGBFS) of about 300–350 Mt every year [3]. Worldwide cement manufacturing is projected to soar from 3.27 gigatons to 4.83 gigatons by 2030 and grow by 45% in 20 years, as compared to the present rate of production [4,5]. The current method used to produce OPC is energy intensive and emits an amount of 5–7% of global CO2 emissions, which deplete the ozone layer and causes global warming [5,6,7]. It also consumes a vast amount of natural resources such as fossil fuel and limestone, as 1 ton of cement requires about 2.8 tons of raw material, which then generates about 1 ton of CO2 [8,9]. The CO2 emission footprint resulting from cement production is set to grow by 2.34 gigatons (Gt) CO2 emissions in 2050 [5,10,11]. Hence, it is essential to develop alternative binding material to supplant OPC to minimise carbon dioxide emissions produced from the manufacturing of OPC and meet the sustainability requirements. Alkali activated binder is one of the innovations in replacing OPC which can be produced from waste materials such as mine tailings, iron slag foundry sand, fly ash, copper slag and granulated furnace slag with high alkaline activators, namely reactive silica, NaOH, KOH and silicates solution [12,13,14]. The role of the alkaline activator is to form an alkali activated gel material by releasing the Si and Al ions from the precursor and breaking the Si-O-Al, Si-O-Si and Al-O-Al bonds to the solution [15,16]. Alkali activated materials (AAMs) have excellent attributes and mechanical properties such as high mechanical strength, excellent fire resistance, and low and energy saving liquid limits and shrinkages during production compared to OPC production [17]. Although AAMs have the above-mentioned excellent mechanical and geotechnical properties, the environmental impact associated with them is highly dependent on the type of precursor material and the alkaline activator used [18]. According to previous studies in alkali activated materials the combination of alkalis and silicates possess high activation potential that produce AAMs with excellent mechanical properties [15]. Alkali activated materials using a combination of NaOH and NaSiO3 as alkaline activators is a well-established research that is reported in the literature. Murri et al. [19] demonstrated the feasibility to develop alkali activated granulated blast furnace slag-based binder using sodium silicate and sodium hydroxide as alkaline activators with a maximum strength of 44 MPa. Rafeet et al. [20] found that the UCS of AAM made with GGBFS and fly ash-cured at ambient temperature reached 77 MPa after 90 days curing [20]. Temuujin et al. [21] reported that AMMs prepared using GGBFS as a precursor and NaOH/NaSiO3 solution yielded a UCS of 70 MPa after 28 days of curing at ambient temperatures. Mejia et al. [22] found that the UCS of AAMs prepared with fly ash, GGBFS, and Na2SiO3 as an activating agent, cured at ambient temperature for 7 days, reached up to 40 MPa. Mejia et al. [22] further demonstrated the feasibility of developing GGBFS/ metakaolinite based AAMs using silica source and sodium hydroxide as activating agents; a maximum UCS of 60 MPa was attained by curing at room temperature for 28 days. Zivica [23] produced an alkaline activated binary cement (GGBFS and OPC) and activated it with NaOH and silica fume; mortars produced UCS from 10 to 45 MPa after 90 days of curing at room temperature [23]. Allahverdi et al. [24] blended Taftan pumice (95%) and GGBFS (5%), and used a combination of NaOH, and Na2SiO3 to achieve a UCS between 30 and 36 MPa. The above-mentioned previous work shows that AAM derived from industrial waste has excellent mechanical strength using a combination of NaSiO3 and NaOH. Alkali silicates (NaSiO3) are expensive and have higher CO2-equivalent emission than that of OPC, in terms of production [15,25]. Hence the utilization of AAM as compared to OPC has been limited to a small scale. Previous studies reported that sodium silicate is a more environmentally unfriendly solution than NaOH in terms of its carbon footprint [26]. Therefore, there is a need to investigate the use of the eco-friendly activating agent NaOH as a solo activating agent to synthesise AAM with excellent mechanical strength. Sithole et al. [15] investigated the possibility of using NaOH as a sole activating agent to synthesize alkali activated GGBFS composites at elevated temperatures. The developed geopolymer yielded a durable brick with UCS of 72 MPa. Furthermore, Sithole et al. [13] successfully developed BOFS based AAMs using a sole alkaline activator. The author then investigated the mechanical properties of BOFS/FA based AAMs using sodium hydroxide as an activating agent. The results showed that developed BOFS/FA AAMs met the minimum requirement as per ASTM C34-13, C129-14a and SANS227: 2007 [9]. Nadoushan [27] blended Taftan pumice (75%) and GGBFS (25) and then cured it for 28 days at ambient temperature. KOH and NaOH solutions were used activating agents; a UCS of up to 55 MPa was achieved [27]. Falayi et al. [28] studied the feasibility of using FeCr slag as a precursor and KOH as an alkaline activator; an alkali activated FeCr slag with a UCS of 24.5 MPa was developed. In another study Falayi et al. [29] reported that it is feasible to produce BOFS/GMT or Fly Ash/ GMT based AAMs that have good mechanical properties and are environmentally friendly. Most research reported in literature on alkali activated material use both NaSiO3 and NaOH as activating agents. There is scarce and not well documented literature on using a sole alkali activator without addition of sodium silicate or silica reactive instead of a combination of silica and alkali solutions. Furthermore, many documented studies continue to investigate alkali activated binder cured at elevated temperature of which for a country like South Africa (SA) that is facing severe energy crisis. This practice can cause power cuts; the use of elevated temperatures will put more strain on the energy grid on a production scale. Furthermore, the concept of alkali activated material in SA has not gained much traction to date due to the expense of alkali activating agents such as NaSiO3 as compared to NaOH. It is with this in mind that this study was pursued to demonstrate the feasibility to synthesize alkali activated GGBFS using NaOH as an alkali activator without addition of sodium silicate or silica reactive to produce green and sustainable alkali activated GGBFS composites cured at ambient temperatures to save energy. This study aims to produce a sustainable alkali activated GGBFS cured at ambient temperatures using a NaOH as an activating agent, without an addition of any silica reactive source or solutions. The dissolution of alumino-silicates from the GGBFS as a precursor under different NaOH concentrations was studied. The synthesised alkali activated GGBFS were evaluated for mechanical strength, durability, and microstructural performance. To establish the most favourable condition for geo-synthesis of GGBFS the following parameters were investigated: molarities of NaOH ranging from 5 to 15 M; the liquid to solid ratio (from 20% to 30%); the curing age (7, 28, 56 and 90 days). Lastly, the environmental effects of the synthesized alkali activated GGBFS geopolymer was also studied through 30 days of metal leachability testing.




2. Materials and Methods


2.1. Materials


GGBFS was obtained from a South African steel manufacturing firm and was used as a as an aluminosilicate source. NaOH with 96% purity was used as an activating agent in this study and was supplied byRochelle Chemicals, Johannesburg, SA. The GGBFS was pulverized to increase the surface area of the aluminosilicates to a median particle size of D50 ≤ 45 µm as shown in Figure 1. The chemical and physical properties of GGBFS are shown in Table 1. The oxide composition demonstrates that GGBFS has a high content of CaO and SiO2. The XRD pattern in Figure 2 shows that GGBFS is amorphous with a hump at 20°–40°; quartz and magnetite were the main identified phases. The XRD qualitative analyses showed that GGBFS is composed of 98 % amorphous silica, which has been reported to have a faster reaction to silica compared with that of crystalline silica [30].




2.2. Equipment


The chemical compositions of GGBFS before and after alkaline activation were analysed by the Rigaku ZSX Primus II (Applied Rigaku Technologies, Austin, TX, USA). The minerology and quantification were determined by X-ray Diffraction. The synthesized composites were carbon coated and mounted onto a scanning electron microscope for particle morphology determination using a Tescan Vega 3 XMU machine (Tescan Orsay Holding, Brno, Czech Republic). The unconfined compressive strength of the alkali activated GGBFS specimens were analysed using a cyber plus compression machine (Matest S.p.A, Treviolo, Italy). Particle size distribution was conducted using a Microtrac particle size analyser (Microtrac MRB, Osaka, Japan). The potential toxic leachates were determined using an Inductively Coupled Plasma-Optical emission spectrometer (ICP) (Thermo Fisher Scientific, Waltham, MA, USA).




2.3. Preparations of Alkali Activated GGBFS to Determine the Optimum Curing Conditions


To establish the optimum curing conditions to investigate the effect of curing age on UCS, NaOH flakes were added to the deionized water to prepare varied NaOH solutions with concentrations of 5, 10, 15, 20, 25 and 30, as shown in Table 2. The alkali activated pastes were prepare by blending NaOH solutions with GGBFS until homogeneity was attained. The pastes were poured into 50 × 50 × 50 mm3 moulds, compacted using a vibration table and then covered to avoid water evaporation after casting. The pastes were then wrapped with plastic to allow setting at ambient temperature. After 1 day, the samples were removed from the mould and cured in plastic bags at ambient temperatures. The workability of the paste was determined by varying the liquid/solid ratio from 15 to 30 % as shown in Table 2. The mechanical strength was used as a determining factor to choose the best curing conditions. The optimum curing conditions (15 M NaOH solution and 15 % L/S ratio) were used to prepare pastes to investigate the effect of curing age (7, 14, 28, 56 and 90 days) on mechanical strength.




2.4. Unconfined Compressive Strength (UCS) Testing


The 7, 14, 28, 56 and 90 days cured specimens were placed between the two plates of a cyber-compression machine with maximum load of 1.0 MPa/s. The load applied on the samples was displaced at a rate of 2 mm/min until the limit of UCS was reached and the geopolymers failed.




2.5. Metal Leachability of the AAMs


The metal leachability test analysis was carried out using the toxicity characteristic leaching procedure (TCLP) tests (TCLP) procedure under USEPA method 1311. The synthesized Alkali Actiavted GGBFS composites were placed in a column that was entirely enclosed with extraction buffer. Sodium acetate and acetic acid of the required pH level of 4.93 ± 0.05 was used. The extraction process was conducted for 30 days. After 30 days, the leached metal concentrations were analysed by ICP using a 175 Inductively Coupled Plasma-Optical emission spectrometer (ICP) (Thermo Fisher Scientific, Waltham, MA, USA).




2.6. Determination of Open Porosity, Volume of Permeable Pores and Absorption Rate


The composite cured at optimum conditions was weighed and soaked in deionized water for 30 days. After 30 days the composites were taken out of the water and wiped to remove any visible water. Thereafter, the composite was weighed. Open porosity, f, was then calculated using Equation (1) according to ASTM C373-14:


  f =   Ws − Wd    V α     



(1)




where Ws is the mass of the soaked composite in grams, Wd is the mass of the composite before soaking in water, V is the volume of the composite and α is the density of water. The volume of permeable pores was determined according to ASTM C 642-06.





3. Results


3.1. Unconfined Compressive Strength


3.1.1. Effect of NaOH Concentration


Figure 3 Shows the effect of variation of NaOH solution concentrations on UCS for specimens cured for 7 days. Increasing the NaOH solution concentration from 5 to 15 M results in an increase in UCS of the alkali activated GGBFS based composites. The increasing trend is mainly due to higher degree of silica and alumina leaching [31]. The optimum concentration of NaOH solution was 15 M: sample ID M3 where the highest UCS of 40.27 MPa was achieved as shown in Table 2. Increasing the NaOH solution concentration from 20 to 25 M in sample M4 to M5 shown in Table 2 results in a reduction in UCS. This might be attributed to the thickening of solution that caused the mobility of ions from the aluminosilicate source to be lower and arrests further leaching out of ions [32]. In addition, it was observed that at higher concentration the alkali activated paste tends to be less workable, resulting in reduction of the dissolution rate of the alkaline activation process attributing an increase in congelation of silica and an increase in efflorescence risk [27,32]. Similar trends were reported by [13,15,27]. The optimum NaOH concentration was used to investigate the effect of the liquid to solid ratio.




3.1.2. Effect of Liquid-Solid Ratio


Figure 4 shows the effect of varying the liquid to solid ratio from 15 to 30 % on UCS. Alkali activated pastes prepared with 15% liquid to solid ratio (Sample M6) had the most favourable workability which yielded a UCS of up to 48.4 MPa. This could be due to the homogeneity of the paste at 15% that allows dissolution of Si and Al from GGBFS while the polycondensation is not hindered during the GGBFS alkaline activation process [33]. Reducing the liquid to solid ratio to 10% resulted in a paste of low workability which was impossible to cast. The UCS decreased by 28% when the L/S ratio was increased to 30% because the paste had a low gelation and exhibited segregation making it difficult to mould, and it also had a low workability, making it difficult to compact. [34,35]. Moreover, an increased L/S ratio beyond optimal (Sample M7–M9 in Table 2) reduces the number of larger pores in the hardened paste, resulting in a reduction in the mechanical properties of the alkali activated GGBFS specimens [35]. Previous work [9,15,25,27,36] demonstrated that increasing L/S results in a poorer alkaline atmosphere; the degree of alkaline activation and the formation of a gel decreases and causes mechanical performance deterioration [35]. The L/S ratio also has effects on the morphology of Interfacial transition zone (ITZ) between the aggregates and the alkali activated GGBFS binder. This may be due to increased water evaporation during the curing of alkali activated pastes with high L/S ratios, which causes the binders to shrink significantly. Furthermore, a higher L/S signifies a heterogeneous distribution of ITZ around the aggregate surface [37,38].




3.1.3. Effect of Curing Age at Ambient Temperature


Figure 5 presents the unconfined compressive strength after 7, 14, 28, 56 and 90 days of curing GGBFS activated with 15 M NaOH solution at a liquid to solid ratio of 15%. It is observed that the curing period plays a vital role in UCS development. A linear relationship is found to exist between the development of unconfined compressive strength and the curing period. From 7 to 90 days curing period there is a 27% increase in UCS. Das et al. [39] reported similar findings. This is possibly due to increasing the curing period extent of dissolution of aluminosilicate species and an acceleration of the formation of a hardened specimen particularly in the initial stage of the alkaline activation process. There was a balance between Si, Al and Na contents that allowed unreacted GGBFS particles to react with the alkaline solution with increasing curing period [40]. The stable reaction products formed with extended curing resulted in denser microstructure with better mechanical performance and improved UCS [40,41]. In addition, the SiO2/Al2O3 molar ratio may be within the required threshold causing the higher amounts of soluble silica (Si-O-) and Na2O. It is noticeable a large portion compressive strength is gained within 56 days. After 56 days, the statistical ANOVA test shown in Table 3 reveals that the UCS gained within 90 days is insignificantly different compared to the UCS gained within 56 days. This may have resulted in rapid generation of reaction products with time allowed for the unreacted GGBFS to further react with the NaOH solution attributed to an almost complete alkaline activation process at 90 days curing period.





3.2. XRD Analysis of Samples with a Variation of Curing Period


Figure 6 depicts the XRD patterns of samples cured at ambient temperature for different numbers of days. The XRD spectrum of GGBFS shows amorphous phases of quartz and magnetite around 29–30°. However, there is a considerable change in the crystallinity index of the composite after 28 days of curing, which reveals a significant strength development of the composites which explains the high UCS cured between 28 and 90 days as compared to specimens cured at 7 and 14 days. This result supports and agrees with discussions in Section 3.1.3. The XRD patterns of samples cured at ambient temperature revealed the presence of ettringite, quartz, CSH, CAH, hydrocalumite and calcite phases [40]. These are identified as the main hydration products formed during the alkaline activation process. However, the XRD patterns of specimens cured at 56 and 90 days show a diverse intensity especially around 2ɵ = 5–10°, suggesting a great deal of variety in the alkaline activation process [42]. The variations in the chemical structure of the gels over the time indicated variation of cementitious products present at this curing age. These results are in line with previous work published by Nath [43]. This confirms that most of the reaction products were consumed during the alkali activation process, resulting in further improved mechanical properties and UCS [8,39].




3.3. Effect of Curing Age (Days) on the Morphology


Figure 7 depicts the SEM micrographs of GGBFS and samples cured at ambient temperature for different days. The morphology of GGBFS is non-homogeneous and distinctly porous [44]. Analyses of samples with different curing days show very different surface morphologies. The specimen micrograph with 7 days curing period showed a high quantity of unreacted particles, heterogeneous microstructure, and micro cracks. Similarly to the specimen micrograph cured for a period of 14 days, it also showed a presence of unreacted particles and micro cracks. This indicates a lower dissolution rate of GGBFS in the mix that caused incomplete activation process and lower UCS in the early stages of alkaline activation process. This could possibly be related to the high amount of silica that hindered the movement of reaction particles in the system, consequently, organic and inorganic phases improved polymerization reactions when reacted separately [43]. Organic and inorganic phase barriers became cracks, resulting in a weak connection of these two phases [45]. Also, much of alkaline solution used to achieve required workability may have evaporated, hence resulting in cracks as it formed pathways when escaping from the synthesized alkaline activated material [44,45,46]. On the other hand, fewer unreacted products and dense microstructure can be seen in a specimen cured for a period of 28 days. This indicates a higher dissolution rate of aluminosilicates in the alkaline activation mix and formation of more hydration products responsible for better mechanical properties [8]. The specimens cured for a period of 56 and 90 days showed an insignificant number of unreacted particles, traces of incomplete activation, coherent and much denser microstructure [47]. This clearly indicates the existence of greater hydration products due to a higher dissolution rate of GGBFS particles that optimized the formation of C-A-S-H and N-A-S-H products leading to compact microstructure and better mechanical properties. Das et al. also reported the same findings [39]. Moreover, the unreacted aggregates acted as inert aggregates, limiting the shrinkage of the samples during the hardening period, and reducing the number of cracks [47].



Table 4 shows the effect of water absorption and open porosity of the sample after 90 days of curing. The sample was immersed in deionised water for 30 days and the results revealed a low water absorption percentage that could be attributed to better alkali activated GGBFS composite within the matrix [15]. This was also corroborated by XRD and SEM analysis. In addition, the C-A-S-H phases within the alkali activated GGBFS composite matrix are highly water-bound [8]. The sample had a lower volume of permeable pores as compared to the 10% permeable limit suggested by Huseien [48]. The low volume of permeable pores shows that the sample has fewer capillary pores and air voids, which confirms low water absorption, better UCS and durability [49].




3.4. Leachability


Table 5 shows the leaching concentrations of potential toxic elements of raw GGBFS and ambient cured alkaline activated GGBFS at different curing periods. The leached heavy metal concentrations of all samples were insignificant and within the allowed USEPA limits recommended by Sithole et al. [15,50]. In addition, it is worth noting that the concentrations of heavy metals in the samples further reduced as the curing period increased, which may be due to the effective development of the activated matrix that immobilized heavy metals in three-dimensional CSH and CAH phases [51]. The TCLP results agree with the established literature that the alkaline activation process tends to immobilise and incorporated heavy metals into C-A-S-H phases as the compressive strength gains over time [52]. Therefore, the produced alkaline activated GGBFS composites have good chemical stability and do not have any potential environmental impact that could contaminate the environment if used over the long-term [53].





4. Conclusions


The aim of this study was to investigate the feasibility of producing sustainable alkali activated GGBFS composites cured at ambient temperatures using NaOH solution as an activating agent, without addition of any silica reactive source. The effect of molarities of NaOH solution ranging from 5 to 15 M; the liquid to solid ratio (from 15% to 30%); the curing age (7, 28, 56 and 90 days) and durability on the mechanical strength was investigated. Lastly, the optimum synthesised alkali activated GGBFS composites were evaluated for microstructural performance and potential environmental impacts using TCLP. Based on the findings of this research paper, the following conclusions can be drawn:




	
The mechanical strength of the alkali activated GGBFS composites is highly dependent on the concentration of the alkaline activator, curing period and the L/S ratio.



	
The most favourable condition to synthesize alkali activated GGBFS composites was a concentration of 15 M NaOH solution at a L/S ration of 15%, cured for 90 days.



	
The long-term curing significantly improved the mechanical strength of the composites by achieving the highest UCS of 61. 43 MPa which is 27% higher compared to composites cured for a short term (sample M10).



	
The synthesized composites did not have any potential environmental impacts as the leached heavy metal concentrations of all composites were insignificant and within the allowed USEPA limits.



	
The study also shows that alkali activated cementitious material can be synthesized by just using a sole alkaline activator without addition of a silica reactive source.



	
Using the mechanical strength criterion, the developed composites meet ASTM specifications for different applications in building and construction such as facing and solid masonry brick and pavement block and can be used as an alternative binding material.



	
Further studies on using the synthesized alkali activated composite should be tested as a binder to develop building and construction materials.
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Figure 1. Particle size distribution of GGBFS. 
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Figure 2. X-ray Diffraction analysis of GGBFS (Q = quartz, M = magnetite). 
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Figure 3. The effect of variation of NaOH solution concentration on UCS. 
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Figure 4. Effect of liquid-solid ratio on UCS. 
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Figure 5. Effect of curing age at ambient temperature on UCS. 
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Figure 6. XRD pattern of samples (M = magnetite, Q = quartz, H = hydrocalumite, CSH = calcium silicate hydrate, CAH = calcium aluminate hydrate, C = calcite, E = ettringite). 
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Figure 7. SEM micrographs of GGBFS and samples cured at ambient temperature for different days. 
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Table 1. Chemical and physical properties of raw GGBFS.






Table 1. Chemical and physical properties of raw GGBFS.





	Chemical Composition (%)
	GGBFS





	Na2O
	0.21



	MgO
	5.48



	Al2O3
	10.7



	SiO2
	27.2



	P2O5
	0.01



	SO3
	2.19



	Cl
	0.02



	K2O
	0.67



	CaO
	49.1



	TiO2
	0.97



	Cr2O3
	0.08



	MnO
	1.47



	Fe2O3
	1.22



	NiO
	0.01



	SrO
	0.29



	Y2O3
	0.02



	ZrO2
	0.1



	BaO
	0.3



	Loss of ignition
	0.23



	Specific gravity
	2.91



	Median particle size (µm)
	45
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Table 2. Mix design formulations and curing conditions.
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	Sample

ID
	GGBFS (100%)
	Concentration (M)
	NaOH (MPa)
	L/S
	Temperature (℃)
	Curing Age (Days)





	M1
	100
	5
	26.52
	0.2
	Ambient
	7



	M2
	100
	10
	31.30
	0.2
	Ambient
	7



	M3
	100
	15
	40.27
	0.2
	Ambient
	7



	M4
	100
	20
	36.42
	0.2
	Ambient
	7



	M5
	100
	25
	30.25
	0.2
	Ambient
	7



	M6
	100
	15
	48.37
	0.15
	Ambient
	7



	M7
	100
	15
	40.27
	0.20
	Ambient
	7



	M8
	100
	15
	38.37
	0.25
	Ambient
	7



	M9
	100
	15
	35.03
	0.30
	Ambient
	7



	M10
	100
	15
	48.37
	0.15
	Ambient
	7



	M11
	100
	15
	53.47
	0.15
	Ambient
	14



	M12
	100
	15
	58.45
	0.15
	Ambient
	28



	M13
	100
	15
	60.48
	0.15
	Ambient
	56



	M14
	100
	15
	61.43
	0.15
	Ambient
	90
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Table 3. Statistical single ANOVA test.
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	Source of Variation
	SS
	df
	MS
	F
	p-Value
	F Crit





	Between Groups
	0
	1
	0
	0
	1
	18.51282



	Within Groups
	0.9025
	2
	0.45125
	
	
	



	Total
	0.9025
	3
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Table 4. 30 days-soaked alkali activated specimen properties.
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	90 Days Ambient Cured Alkali Activated Sample
	





	Mass of cast (g)
	278



	Mass of cast after 30 days soak (g)
	285



	UCS before soak (MPa)
	61.4



	UCS after soak (MPa)
	57.4



	% water absorption
	2.64



	% reduction in UCS
	6.92



	Open porosity
	0.079



	Volume of permeable pores (%)
	9
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Table 5. Leachability of heavy metals concentration before and after alkaline activation.
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Specimen Cured Period




	
Constituents

	
Raw GGBFS Concentration

	
USEPA Maximum Allowed Concentration

in Leachate

	
7 Days

	
14 Days

	
28 Days

	
56 Days

	
90 Days




	
(ppm)

	
(ppm)

	
(ppm)

	
(ppm)

	
(ppm)

	
(ppm)

	
(ppm)






	
Cu

	
0.37

	
5

	
0.24

	
0.16

	
0.09

	
0.08

	
0.06




	
Fe

	
0.04

	
10

	
0.03

	
0.03

	
0.021

	
0.019

	
0.01




	
Mn

	
0.06

	
5

	
0.04

	
0.03

	
0.03

	
0.03

	
0.02




	
Zn

	
0.01

	
0.1

	
0.01

	
0.01

	
0.01

	
0.01

	
0




	
Ni

	
0.01

	
0.2

	
0.01

	
0

	
0

	
0

	
0




	
Cr

	
0.09

	
5

	
0.09

	
0.08

	
0.08

	
0.07

	
0.02




	
Pb

	
0.12

	
5

	
0.09

	
0.79

	
0.06

	
0.05

	
0.03
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