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1 Introduction 

Around the world, the most widely utilized construction material for infrastructure 
development is concrete [1]. From the last few decades, the utilization of concrete 
has been increased enormously due to the rapid growth in the urbanization. There-
fore, the utilization of ordinary Portland cement (OPC) as a basic binding material 
in concrete has been increased. However, the manufacturing of OPC emits 5–6% 
of carbon dioxide into the environment [2]. So, sustainable binding materials are 
required to replace OPC either partially or completely in the preparation of concrete. 
In this context, waste materials generated from industries like fly ash (FA), rice 
husk ash, copper slag and GGBFS can be utilized as alternative binding materials 
in combination with alkaline activators to replace the OPC partially or fully while 
producing the concrete. 

The combined reaction of industrial wastes rich in aluminosilicates along with 
alkaline activators is known as a geopolymerization [3]. The fly ash-based geopoly-
mers reaction is very slow at ambient temperature, so an elevated curing temper-
ature is required for better geopolymerization reaction [4]. Few studies examined 
ways to improve the reactivity of FA, such as reducing the particle size of fly 
ash or adding calcium-based compounds [5]. Besides the aluminosilicate-based
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geopolymer network, the addition of calcium oxide (CaO) leads in the evolution 
of calcium silicate hydrates [6]. The materials such as GGBFS, OPC, metakaolin, 
rice hush ash (RHA) and silica fume can be utilized as source materials along with fly 
ash for the preparation of GPc at ambient environment. There have been a few studies 
that compare GPc prepared with a mixture of FA and GGBFS, and FA and OPC. 
The current study examines the workability (slump value), early age compressive 
strength and XRD studies of geopolymer composites made with various proportions 
of FA-GGBFS and FA-OPC, as well as varied molarities of NaOH solution. 

2 Experimental Program 

2.1 Materials Utilized in Making of Geopolymer Composites 

In the present research investigation, GGBFS or OPC was added with FA in the 
preparation of GPc mixes. OPC 43 grade cement confirming to ASTM C150/C150M-
20 (Type I) [7] was used in the GPc mixes. The relative density of FA, GGBFS 
and OPC were 2.20, 2.67 and 3.10, respectively. The coarse aggregates utilized in 
preparation of GPc mixes were a combination of maximum size 25 mm and 12.5 mm 
having relative density of 2.64 and 2.66 respectively. Further, relative density of fine 
aggregate (river sand) was 2.70 and fineness modulus was 2.62. Alkaline solution 
utilized was a blend of sodium silicate (Na2SiO3) solution and sodium hydroxide 
(NaOH) solution. 

2.2 Geopolymer Composite Proportions and Preparation 

The proportions of geopolymer composites prepared with various replacement levels 
of GGBFS and OPC, and NaOH (SH) solution molarity are interpreted in Table 1. 
FA-GGBFS and FA-OPC based GPc were prepared by replacing fly ash with GGBFS 
and OPC, respectively, at 10% and 20% by mass of binder. The binder content and 
alkaline solution to binder content ratio were taken as 400 kg/m3 and 0.6, respectively. 
The coarse aggregate was utilized at the proportion of 58% (25 mm aggregate) and 
42% (12.5 mm aggregate) by mass of coarse aggregate. The SH solution was made 
at 6 M and 8 M concentrations. The SS and SH solutions were mixed at a mass ratio 
(SS/SH) of 1.2 for preparing the GPc mixes.

Before 48 h of GPc mix preparation, the SH pellets were mixed in tap water for 
the making of SH solution. Before 24 h of GPc mix preparation, the SS solution 
(commercially available) was added with SH solution to make the alkaline solution. 
The process followed for preparation of GPc mixes is as follows: Firstly, all the 
aggregates were introduced into the drum mixer and mixed thoroughly. Then, the 
binders, i.e. FA and GGBFS, or FA and OPC were mixed along with the aggregates.



A Study on Workability, Strength and Microstructure of Geopolymer … 213

Table 1 Mix proportions of geopolymer composites (quantities of ingredients of GPc in kg/m3) 

Type of GPc Mix 
notation 

Fly 
ash 

GGBFS OPC SH 
solution 
molarity 

Alkaline 
solution 

Fine 
aggregate 

Coarse 
aggregate 

FA-GGBFS based 
geopolymer 
concrete 
(FA%:GGBFS%) 

M1 
(90%: 
10%) 

360 40 – 6 M 240 621.3 1013.7 

M2 
(80%: 
20%) 

320 80 – 

M3 
(90%: 
10%) 

360 40 – 8 M  

M4 
(80%: 
20%) 

320 80 – 

FA-OPC based 
geopolymer 
concrete 
(FA%:OPC%) 

M5 
(90%: 
10%) 

360 – 40 6 M  

M6 
(80%: 
20%) 

320 – 80 

M7 
(90%: 
10%) 

360 – 40 8 M  

M8 
(80%: 
20%) 

320 – 80

Once the binders and aggregates were thoroughly mixed, the alkaline solution was 
added, and further mixed to obtain a fresh geopolymer composite. Slump test was 
carried out on the freshly prepared concrete mix. Thereafter, the fresh GPc was filled 
in cube moulds (size: 150 mm) in three layers with proper compaction of each layer 
on the vibration table. The cube moulds with the specimens were then stored for 24 h 
after casting in the laboratory. The cube mould samples were then demolded and let 
to ambient condition until the testing date. 

2.3 Tests on Geopolymer Concrete (GPc) 

2.3.1 Workability and Compressive Strength Test on GPc 

The workability of fresh GPc mix was determined by conducting the slump test on 
fresh GPc mix. The 7 days strength test was done on concrete cube (size: 150 mm)
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specimens as per IS 516-2021 [8]. The mean value of 3 replicate 150 mm GPc 
cube samples was noted as the compressive strength value of a given geopolymer 
composite. 

2.3.2 Microstructure Analysis 

Following the completion of strength test, the broken cube pieces were grounded 
in a jaw crusher and the pulverized material was sieved through a sieve (with 75 
micron meter square mesh). The passed geopolymer powder samples were collected 
in plastic zipper bags and stored in a desiccator. These powder samples were used 
for the microstructure study, i.e. through XRD analysis. The XRD analysis was 
performed on the GPc powder samples in Rigaku SmartLab X-ray diffractometer 
with a radiation of CuKα having a wavelength (λ) of 1.5405 Å. The GPc powder 
was scanned with in a range from 5° to 60° 2θ, with 0.03° 2θ as step size. 

3 Results and Discussion 

3.1 Workability of Geopolymer Composites 

The slump test values of FA-GGBFS based and FA-OPC based geopolymer compos-
ites are depicted in Fig. 1. As noted from Fig. 1, among all the geopolymer compos-
ites, the highest slump value, i.e. 210 mm, was found in FA-GGBFS based GPc 
prepared with 10% GGBFS and 6 M NaOH solution. Similarly, FA-OPC (20%) based 
GPc with 8 M NaOH solution showed the lowest slump value of 145 mm. From Fig. 1, 
as the NaOH solution molarity was increased, the slump value was reduced. The 
viscosity of alkaline solution increased as NaOH solution molarity was increased 
[9], thereby reducing the slump of FA-GGBFS and FA-OPC based geopolymer 
composites.

Further, the slump value was reduced as the GGBFS or OPC content increased in 
geopolymer composites. This could be due to the presence of more angular-shaped 
particles of GGBFS, and OPC in the geopolymer composites [10, 11] that decreased 
the slump value of geopolymer composites. Further, irrespective of NaOH solution 
molarity and fly ash content, the FA-OPC based GPc showed a lower slump than 
FA-GGBFS based GPc as evident from Fig. 1. This is due to the influence of faster 
reactivity of OPC in the alkaline solution, which resulted in faster setting [12] of  
FA-OPC based GPc.
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Fig. 1 Slump values of fresh geopolymer composites

3.2 Compressive Strength of Geopolymer Composites 

The 7 days strength of FA-GGBFS and FA-OPC geopolymer composites is presented 
in Fig. 2. 

Fig. 2 Compressive strength of geopolymer composites
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From Fig. 2, the strength (at 7 days age) of FA-GGBFS and FA-OPC based 
GPc mixes enhanced with increase in GGBFS and OPC content, respectively. The 
increase in GGBFS content led to more calcium content that resulted in the devel-
opment of more amount of geopolymer gels leading to compact microstructure of 
FA-GGBFS based GPc mixes [10]. The higher OPC content led to more amount 
of calcium oxide (CaO) content in the GPc mixes, which reacted faster than other 
oxides in the presences of alkaline solution [12] and resulted in the development of 
higher amount of calcium-rich gels. From Fig. 2, as the concentration of NaOH (SH) 
solution increased, the strength of FA-GGBFS based and FA-OPC based GPc was 
increased. The higher SH solution molarity in FA-GGBFS and FA-OPC geopolymer 
composites resulted in dissolution of Si and Al from source materials to a compar-
atively larger extent, thereby resulting in improved polycondensation process in the 
mixes made with higher molarity of NaOH (SH) solution [13, 14]. From Fig. 2, it is  
inferred that the geopolymer composites made with FA and GGBFS mostly exhib-
ited greater strength than GPc mixes made with FA and OPC, which could be due 
to the influence of comparatively greater extent of polymerization in FA-GGBFS 
geopolymer composites. 

3.3 X-Ray Diffraction Analysis of GPc 

Figures 3 and 4 represent the X-ray diffraction (XRD) plots of GPc mixes made with 
6 M and 8 M SH solution, respectively. The obtained XRD plots of GPc showed the 
phases of muscovite (8.8° 2θ), albite (22.01° 2θ and 28.02° 2θ), anorthoclase (27.5° 
2θ) and aragonite (CaCO3) (45.8° 2θ) in all the GPc mixes. Similarly, the crystalline 
phases of quartz (SiO2) and mullite (Al4.75Si1.25O9.63) were also identified in all 
mixes. Nepheline (NaAlSiO4) and C–S–H (calcium silicate hydrate) gel peaks were 
found at 27.1° 2θ and 29.5° 2θ, respectively, in XRD plots. The peaks corresponding 
to nepheline (NaAlSiO4) were observed in all 8 M NaOH solution-GPc mixes and 
in fly ash-OPC (20%) based GPc mix with NaOH solution of 6 M. Further, the peak 
related to calcium silicate hydrate gel was observed in OPC (10% and 20%) based 
GPc mixes, and GPc mix with 20% GGBFS, activated with 8 M SH solution.

From Figs. 3 and 4, with increase in GGBFS content and NaOH solution concen-
tration, albite and nepheline peaks were increased in FA-GGBFS based GPc. This 
indicates that more GGBFS content led to more amount of calcium that resulted in 
greater extent of geopolymerization reaction, thereby showing higher peak intensity 
of albite. In addition, greater dissolution of Al and Si from source materials with 
increase in concentration of NaOH (SH) solution resulted in higher peak intensity 
of albite and nepheline in FA-GGBFS based GPc mixes. From Figs. 3 and 4, as  
OPC replacement and concentration of NaOH (SH) solution increased, the albite 
peak intensity was increased in FA-OPC geopolymer composites. This indicates that 
increase in calcium oxide content at higher OPC content enhanced the polymeriza-
tion process thus showing higher peaks related to albite. In addition, in fly ash-OPC
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Fig. 3 XRD plots of GPc mixes with 6 M SH solution 

Fig. 4 XRD plots of GPc mixes with 8 M SH solution
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GPc mixes, the larger peak intensity of albite with increase in SH concentration led 
to larger dissolution of Si and Al from the precursor materials. 

From Figs. 3 and 4, albite and anorthoclase peak intensities were higher in 
FA-GGBFS geopolymer composites than FA-OPC geopolymer composites. This 
is consistent with the variation in strength where FA-GGBFS mixes mostly showed 
higher strength than FA-OPC based GPc mixes (Fig. 2). Further, C–S–H gel peak was 
not identified in FA-GGBFS geopolymer composites with 10% GGBFS and 8 M SH 
solution. This might be the influencing factor for lower strength of FA-GGBFS (90%: 
10%) based GPc mix than FA-OPC (90%: 10%) based GPc mix made with 8 M SH 
solution although the albite and anorthoclase peaks were higher in FA-GGBFS based 
GPc mix (90%: 10%) than FA-OPC based GPc mix (90%: 10%). 

4 Conclusions 

The outcomes of the current investigations were as follows:

• The slump values of FA-GGBFS and FA-OPC based GPc mixes reduced as the 
GGBFS or OPC content, and NaOH solution concentration increased.

• The slump values were greater in the geopolymer composites with GGBFS as 
compared to OPC, irrespective of GGBFS or OPC content, and NaOH solution 
concentration.

• The compressive strength was increased in FA-GGBFS and FA-OPC based 
geopolymer composites with increase in the GGBFS and OPC replacement, 
respectively. Similarly, the strength was also increased with molarity of NaOH 
solution.

• The FA-GGBFS geopolymer composites mostly exhibited greater strength as 
compared to FA-OPC geopolymer composites.

• The XRD analysis of GPc mixes with GGBFS showed higher peak intensity of 
albite and nepheline with increase in GGBFS content and NaOH (SH) solution 
concentration. Similarly, peaks related to albite increased with OPC content and 
concentration of NaOH (SH) solution in FA-OPC geopolymer composites. The 
increase in intensity of peak related to albite with concentration of NaOH (SH) 
solution is consistent with the variation in strength of all geopolymer composites.

• In comparison between FA-GGBFS based and FA-OPC based geopolymer 
composites, the intensity of peak related to albite and anorthoclase were greater 
in geopolymer composites with FA and GGBFS than geopolymer composites 
with FA and OPC. This corroborates the variation in strength where geopolymer 
composites with GGBFS mostly attained greater strength than geopolymer 
composites with OPC.
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