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ABSTRACT. The current investigation presents the development of alkali activated slag (AAS) 

concrete containing industrial by-products such as ground granulated blast furnace slag 

(GGBS) and waste foundry sand (WFS). Ground granulated blast furnace slag was used as 

the binder. The natural sand was replaced with waste foundry sand (WFS) in the range of 0% 

to 60% at an interval of 20%. A number of tests, which include compressive strength, split 

tensile strength and chloride permeability (RCPT), were conducted to evaluate the strength 

properties as well as permeability of AAS concrete, at different curing ages. A set of 

specimens were heat cured at 80°C for 24 hours and later kept in laboratory condition until 

testing ages. Another set was ambient cured in laboratory till testing ages. Rate of strength 

gain with curing age was obtained and compared. SEM analysis were also conducted to 

characterize the respective concrete mixes. 
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INTRODUCTION 
 

Environmental concerns and sustainability are the main concerns that are guiding most of the 

contemporary research. Making construction practices and construction materials satiating 

these issues is the need of hour. Concrete, which is most widely used construction material in 

the world is also one of the major contributor to global warming. Each of the primary 

ingredient of concrete, to a different extent, has an environmental impact and gives rise to 

different sustainability issues. Besides, most of the concrete structures start deteriorating 

much before their design life due to different durability issues. In order to address the 

environmental effects associated with concrete there is need to switch to other environment 

friendly and sustainable substitutes. 

 

The environmental and durability issues related to conventional OPC concrete have led to 

search for alternatives to OPC in concrete. Partial to full replacement of OPC with industrial 

wastes such as fly ash (FA), ground granulated blast furnace slag (GGBS) has been widely 

studied as well as implemented. Cement free concretes such as alkali activated concretes and 

geopolymer concrete are the new age concretes. Alkali activated concretes use industrial by 

products or natural aluminosilicate materials activated by an alkali activator to produce alkali 

activated binders, which are then combined with fine and coarse aggregates to form alkali 

activated concretes (AAC) [1]. The production of alkali activated cements produces 50-80% 

lower CO2 than OPC [2, 3]. Alkali activated binders are broadly classified into two main 

subclasses: high-calcium systems and low-calcium or calcium-free systems. As reported by 

various researchers, the main hydration product of an alkali-activated slag-based binder 

(AAS), which is a typical high calcium system, is C-S-H gel, which has a lower Ca/Si ratio 

than traditional OPC [4,5]; in contrast, the main hydration product of low-calcium or 

calcium-free binders is N-A-S-H gel, which possesses a three-dimensional structure [6–9]. 

 

Furthermore, the restriction in the extraction of sand from the river increases the price of sand 

and has severely affected the stability of the construction industry [10]. As such, finding an 

alternative material to river sand has become imperative. Waste foundry sand (WFS) is one 

such promising material which needs to be studied extensively as substitute of sand in 

concrete. It is a major by-product from the metal alloys casting industry with high silica 

content [11]. Inclusion of WFS as partial replacement to natural sand by 20-30% has been 

found to improve the mechanical as well durability properties of conventional as well as 

special concretes such as SCC and alkali activated concretes [12-15]. 

 

 

EXPERIMENTAL PROGRAMME 
 

A range of alkali activated slag (AAS) concrete specimens, prepared with ground granulated 

blast furnace slag as binder, were cast with varying the mix composition. Concrete mixes 

were cured in two different curing conditions. Testing included compressive strength, split 

tensile strength and rapid chloride permeability test. In addition, Scanning electron 

microscopy (SEM) analysis of the concrete was also undertaken. 

 

Materials 

 

Ground granulated blast furnace slag (GGBS), procured from Astraa chemicals, Chennai, and 

was used as the binder material. The physical as well as chemical properties are given in 



 

 

 

 

 

 

Table 1, confirming to BS-6699 [16]. A combination of sodium silicate (Na2SiO3) and 

Sodium Hydroxide was used as the alkali activator. Sodium hydroxide was procured in 

pellets form with 98% purity. Whereas, sodium silicate used was a colourless thick viscous 

solution of alkaline grade with chemical modulus (SiO2/Na2O) as 2.1 and water content of 

52%. Both were procured from local dealer. The concentration of NaOH solution was kept 

constant as 14 molar with the mass of NaOH solids per kg of solution was measured as 404g. 

Sodium silicate to sodium hydroxide ratio by weight was kept as 1.5 for all the concrete 

mixes. 

 

Table 1   Physical and chemical properties of GGBS 

 

CHARACTERISTIC TEST RESULT CONSTITUENT % 

Fineness (m2/kg) 390 SiO2 33.06 

Specific gravity 2.85 Al2O3+Fe2O3 23.19 

Particle size (Cummulative %) 97.10 CaO 35.37 

Glass content (%) 91 MgO 7.61 

Moisture content (%) 0.10 SO3 0.38 

Chemical Moduli  MnO 0.12 

Basicity Coefficient 1.30 Cl 0.009 

CaO/SiO2 1.07 LOI 0.26 

CaO+MgO+SiO2 76.03 IR 0.49 

 

Locally available crushed sand (NA) was used as fine aggregate along with waste foundry 

sand (WFS) as its partial replacement. Waste foundry sand was procured from one local 

ferrous foundry, manufacturer of automobile parts, shown in Figure 1. The NA lies in zone-2 

whereas WFS falls under zone-4 as per IS-383 (1970) [17]. Besides, locally available crushed 

stone aggregate, angular in shape, with maximum size 12.5 mm was used as coarse 

aggregate. Physical properties of fine and coarse aggregate are shown in Table 2. 
 

 
 

Figure 1   Waste foundry sand as procured from local ferrous foundry. 

 

Methodology 

Mix details 
 

For mix design of AAS concrete, the density of concrete was assumed as 2430 kg/m3. The 

combined total weight occupied by the coarse and fine aggregates was assumed to be 76%. 

The alkaline liquid to binder ratio was taken as 0.45. Target strength of 40 N/mm2 was 



 

 

 

 

 

 

expected as obtained after conducting trial studies. The mix proportions of the constituents 

are shown in Table 3. A total of four AAS concrete mixes were planned for the study with 

four different proportion of foundry sand as replacement of normal sand i.e. 0%, 20%, 40% 

and 60% named as G1, G2, G3 and G4 respectively. 

 

Activator solutions were premixed 24 hours before casting of concrete. The aggregates were 

first mixed for 2 minutes in concrete mixer. After that GGBS was added in concrete and 

mixed for 2 minutes. Activator solutions with extra water and superplasticizer were premixed 

added slowly in the dry mix. Mixing was continued for 3 minutes after that slump cone test 

was performed to test the workability of fresh concrete. After that concrete was poured into 

concrete moulds and table vibrated. After casting one set of specimens was heat cured and 

other was left to cure in laboratory ambient conditions till testing age. For heat curing, 

concrete specimens were covered with plastic sheets, to avoid excessive moisture loss, and 

kept in hot air oven at temperature of 80° for 24 hours. After 24 hours, samples were 

demoulded and then left in lab ambient conditions till testing ages. 

 

Table 2   Properties of fine and coarse aggregates. 

 

PROPERTY 

FINE AGGREGATE 

COARSE AGGREGATE NA WFS 

Specific Gravity 2.65 2.18 2.74 

Fineness modulus 2.50 1.80 6.93 

 

 

Tests 
 

The slump test was undertaken in accordance with IS-1199-1959 [18] to assess the 

workability of fresh AAS concrete. Concrete specimens of size 100mm×100mm×100mm 

were cast for compressive strength test[19], whereas, cylinders of size 100 mm diameter and 

200 mm height were cast for testing split tensile strength as well as for RCPT of concretes. 

Compressive strength of hardened AAS concrete was tested at the age of 7, 14 and 28 day of 

ambient curing whereas split tensile strength and RCPT were conducted at the age of 28 days. 

 

 

RESULTS AND DISCUSSION 
 

Workability and Strength 
 

Workability of fresh concrete was assessed by conducting slump cone test. Sulphonated 

Naphthalene based superplasticizer was added 2% by weight of GGBS to keep the 

workability of mixes in the range of 75-100 mm. With increase in the replacement level of 

foundry sand, decrease in slump of concrete was observed. This is attributed to finer particles 

of WFS as compared to normal sand. 
 

Compressive strength results of heat as well as ambient cured samples are presented in Table 

4. In heat cured samples, most of the strength was achieved in the initial days. There was 

minor increase in strength after 7 days. Whereas, in ambient cured samples the strength 

increased gradually. More than 60% of the 28 day strength was achieved in 7 days, whereas, 

about 80-90% strength was achieved in 14 days. Concrete achieved better strength in case of 



 

 

 

 

 

 

heated curing. This is attributed to greater dissolution of Si and Al ions in elevated 

temperature, which leads to formation of stronger polymer chain [20]. Strength achieved by 

concretes in ambient conditions, at 28 days, is around 70-80% of strength achieved by same 

concrete mixes in heat curing. 
 

Table 3   Mix design proportions for all constituents of AAS concretes. 

CONSTITUENTS OF GPC                           (Kg/m3) 

GGBS 400 

Fine aggregate  644 

Coarse aggregate  1196 

NaOH  72 

Na2SiO3 108 

Extra water 11 

Super plasticizer 8 

Water/ solids ratio 0.24 

Slump (mm) 75-100  

 

 

Table 4   Compressive strength of AAS concrete mixes. 

 

 

CURING 

TYPE 

COMPRESSIVE STRENGTH (N/mm2) 

7 Days 14 Days 28 Days 

G1 HC Heated 69.2 69.9 72.0 

G2 HC Heated 75.5 75.8 76.9 

G3 HC Heated 59.0 59.6 61.1 

G4 HC Heated 54.0 54.5 55.6 

G1 AC Ambient 35.8 45.9 51.5 

G2 AC Ambient 41.2 48.9 56.2 

G3 AC Ambient 34.1 40.2 48.4 

G4 AC Ambient 27.5 38.7 44.0 

 

With the addition of WFS, compressive strength increased upto a replacement level of 20% 

but beyond that level strength decreased. This trend was similar in both heat and ambient 

cured concretes. With addition of 20% WFS, strength of concretes increased by about 7% and 

9% in case of ambient and heat cured concretes respectively. On replacement of natural sand 

by 40% and 60% of WFS also, it was possible to achieve more than 77% of the 28 day 

strength of reference mix i.e. mix with 0% WFS. Percentage increase/decrease in 28 day 

compressive strength w.r.t. reference mix i.e. 0% WFS in concretes cured in both conditions 

is shown in Figure 2. 

 

Split tensile results of concretes were in correlation with compressive strength results. Results 

of concretes at 28 days age at both heated as well ambient conditions are shown in Figure 3. 

Tensile strength achieved in ambient cured mixes was about 76-82% of strength achieved in 

heat curing. Maximum strength was achieved by mix with 20% WFS. Besides, at 40% and 

60% replacement of normal sand by WFS, tensile strength more than 85% of strength of 

reference mix was achievable. 

 

 

 



 

 

 

 

 

 

 

Figure 2   Normalized 28 day compressive strength results of concretes w.r.t. 0% WFS mix in 

heated as well as ambient cured conditions. 

 

 

Figure 3   28 day split tensile strength results of concrete mixes. 

 

Rapid Chloride Penetration Test (RCPT) 
 

The Rapid Chloride Permeability Test (RCPT) was done in accordance with ASTM C1202-

97 [21]. This test is the rapid measurement of the electrical conductance of the concrete with 

respect to its resistance against chloride ion penetration. Cylindrical discs of size 100 mm 

diameter and 50 mm thickness were used for this test after attaining 28 days curing age. 

RCPT results of concrete mixes are shown in Table 5. Inclusion of WFS upto 20% reduced 

chloride permeability of concretes cured in both conditions. But beyond 20% WFS level, 

there was rise in permeability of concrete. This is attributable to increase in pores in concrete 

beyond 20% WFS level due to its unimodal grain size. Besides, all the concretes lied in low 

to moderate permeability range. This could be due to higher NaOH ratio in the activator 

which led to increase in ionic concentration, providing more ions to conduct the charge, 

hence led to increased charge passed. This is dependent on the concentration of NaOH 

remaining in the pore solution, rather than being absorbed into the C–S–H gel to form N–A–

S–H gel [22]. 
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Table 5   Charge passed values of concrete mixes. 

 

Mix Charge Passed (Coulombs) Concrete Permeability 

G1 HC 2101 Moderate 

G2 HC 1895 Low 

G3 HC 2571 Moderate 

G4 HC 2995 Moderate 

G1 AC 2539 Moderate 

G2 AC 2230 Moderate 

G3 AC 3135 Moderate 

G4 AC 3707 Moderate 

 

 

SEM Analysis 

 

SEM analysis was undertaken on concrete samples at 28 day age. The SEM imaging was 

conducted using Field Emission Scanning Electron Microscope, Quanta FEG 450. The visual 

inspection identified uniformly distributed micro-cracking on the surface of all the concrete 

samples. The observed micro-cracking is attributed to shrinkage strains [23, 24]. Analysis of 

SEM images noted that micro-cracks also occurred within the concrete matrix. Law et al. 

(2012) identified the micro-cracks partially dissolved slag grains, where cracks had formed 

on the surface of the grains. These micro-cracks are attributed to stress built up as the 

reaction proceeds [25]. As the reaction follows the microstructure densifies and thus the 

partially dissolved slag grains become more confined, leading to formation of micro-cracks 

[25]. 
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Figure 3   SEM images of mix G1 (a) Heat cured (b) Ambient cured 
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4(b) 

Figure 4   SEM images of mix G4 (a) Heat cured (b) Ambient cured 

 

The microstructure of heat cured AAS concretes was more refined as compared to ambient 

cured samples as shown in Figure 3(a) and Figure 3(b). In ambient cured samples a number 

of partially dissolved slag grains were visible. In both ambient and heat cured samples, with 

increase in WFS content there was observed increase in micro-pores as shown in Figure 4(a) 

and Figure 4(b). The increase in micro-pores in the microstructure of concretes, with 

increased WFS content, correlates with the strength and durability results. Besides, presence 

of micro-cracks may also have caused increased chloride permeability in all the concretes. 

 

 

CONCLUSIONS 
 

 Inclusion of WFS as partial replacement to NA lead decreased the workability of concrete 

due to finer particles of WFS. 

 Upto 20% replacement by WFS resulted in superior strength properties in case of both 

ambient and heat cured samples. Besides, heat cured samples had better strength results 

than ambient cured samples. Strength achieved in 28 days ambient curing was about 70-

80% of strength achieved in heat curing. 

 At high replacement levels (40% and 60%) also, more than 85% of the 28 day strength of 

reference concrete (0% WFS) was achievable. At all replacement levels and at both 

curing regimes, strength achieved exceeded the target strength of 40 N/mm2. The split 

tensile strength results showed a trend similar to compressive strength. 

 All the AAS concretes lied in low to moderate chloride permeability range. 

 There was visible surface micro-cracking as well as micro-cracks inside the concrete 

matrix attributable to shrinkage strains. 
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