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 Finding a suitable waste utilization approach to produce a cleaner environment 
is the most crucial aspect globally. Geopolymer is the most promising alternate 
for cement and source for major waste utilization. Disposal of waste rubber tires 
is a challenging task for the cleaner environment. Hence, abundant wastes, which 
create environmental pollution, such as wood waste ash and waste rubber, are 
used to invent the green geopolymer concrete in this research. The geopolymer 
is uncomfortable with carrying impact energy, ductility, and energy absorption. 
Fibre addition could enhance the above properties.  Waste wood ash is replaced 
by 30 percent with fly ash. This research assesses the individual effect of adding 
polypropylene and rubber fibre by 0, 0.5%, 1%, 1.5%, and 2% of volume 
fractions. In addition, the effects of fibre hybridization on the mechanical and 
durability characteristics of green geopolymer concrete have also been analyzed. 
The study finds the maximum performance in mechanical and durability 
behaviors with the mix having 0.5% PP and 0.5% rubber. The microstructure 
characteristics are also assessed using SEM for understanding the phase 
development in green geopolymer concrete. The research hypothesis proves 
that an intellectual approach is made to utilize the waste materials such as 
rubber and waste wood ash in the invention of green geopolymer concrete, 
which can help to eliminate the environmental impact and can act as a 
sustainable concrete.  
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1. Introduction 

An amorphous form of polymer (i.e., Geopolymer) was made in nature by dissolving silica 
and alumina from raw materials such as fly ash, metakaolin, and slag with extremely 
concentrated alkaline hydroxide and silicate solution [1]. Most of the researchers used fly 
ash as the binder for the production of geopolymer concrete [2–10]. Fly ash-based 
geopolymer concrete requires heat curing of 600C for 24hrs and needs a high alkaline 
solution to achieve the characteristic strength [11,12]. The molarity of NaOH played a vital 
role in the enhancement of GPC strength. The geopolymerization was formed easily with 
the molarity up to 12, whereas it was disrupted with the increased molarity beyond 12M. 
The geopolymer concrete with up to 12M promoted silica and alumina dissolution from 
raw materials [13]. The strength reduction was noted with the molarity exceeds 12M [8]. 
According to the fly ash production and use in 2017, while production fell to 169.25Mt, use 
increased to 107.10Mt. The demand for fly ash in forthcoming years was enlarged to high 
[14]. Hence, the researchers needed to find the alternate raw material to reduce the 
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amount of fly ash utilization in geopolymer concrete. GGBS (Ground Granulated Blast 
furnace Slag), which has high calcium, was used as alternate source material for fly ash 
[15]. In GGBS, the high calcium was the threat that could take the alkaline compounds for 
producing the geopolymer reaction at earlier ages [16]. The formation of the geopolymeric 
reaction enhanced the strength at an early age. However, the silica and alumina were left 
unreacted with the disruption of calcium [17,18]. The reaction of silica and alumina with 
an alkaline solution was also a vital chemical formation in the geopolymer formation [19]. 
If the reaction was not formed properly, the alkali-silica expansion was formed on the 
prolonged ages. Therefore, the raw material with less calcium which requires a lower 
alkaline activator might be the solution. Moreover, the raw material with inbuilt alkaline 
compounds (K2O) [20] was also suggested to substitute the fly ash.  

The wood waste ash with inbuilt potassium composition was used as a binder material in 
conventional concrete, enhancing strength slightly [21]. Waste woods procured from 
timber industries are used to fuel food production in roadside hotels [21]. The wastes were 
burnt in the boiler but not limiting the temperature and resulted in the production of 
flyable ash [22]. The ash derived from the available local hotels was thrown into landfills, 
polluting the environment equally to global warming [23]. The chemical composition of 
wood ash was analyzed and showed the presence of potassium oxide in the inside matrix 
of wood ash [24]. Biomass Wood Ash was used to produce the geopolymer concrete, and it 
was limited to 10 percent due to the uncertainty of later age geopolymer reaction [25]. 
High Calcium wood ash was used as an aluminosilicate source material to produce 
geopolymer concrete, resulting in reduced strength in later ages due to high calcium [26]. 
When partially substituted, the waste wood ash with less calcium could be a promising 
binder material [27]. Hence, the waste wood ash procured from nearby hotels with less 
calcium was partially substituted for fly ash in this research to invent green geopolymer 
concrete.  

Geopolymer concrete was weak in brittle, ductile, impact energy and energy absorption. 
The major solution invented for improving the above-mentioned properties of geopolymer 
was the incorporation of fibres within the specified limit. Incorporation of any type fibres 
had its capability of enhancing the properties. However, there was a specified limit of 2% 
of volume fraction for the incorporation of any type fibre. The most used type of low 
modulus fibre was polypropylene fibre which helped to enhance the bonding effect and 
first crack load. Due to its surface texture and bonding capacity, polypropylene fibre was 
chosen [28]. The flexural strength and toughness were increased with the addition of 
polypropylene fibre, and also it limits the deformation due to shrinkage. Meanwhile, the 
incorporation of polypropylene enhanced the impact strength of geopolymer concrete by 
6.25 percent [29,30]. Ductility was increased, and the degree of compression was reduced 
by incorporating polypropylene [31]. Moreover, polypropylene fibre was specialized in 
limiting crack formation and propagation [32].  Enhancement in resisting the crack 
formation was observed with the 0.5 percent PP fibre addition [33]. However, the 
enhancement in the crack resistance and mechanical properties of GPC by incorporating 
polypropylene fibre was not efficient in using the GPC in heavy-loaded structural elements. 
Hence, hybridization of two or more different types of fibres could be adopted to improve 
the impact and energy absorption of GPC. This study aimed to choose one of the low 
modulus fibre which could enhance the GPC performances to use it in heavy loaded 
members.  

Dumping waste rubber tires led to the formation of bacteria and fungus [34]. The burning 
of waste rubber tires produced some toxic gases, which led to death [35]. In the meantime, 
the burning of rubber tires releases an eminent amount of carbon di-oxides [36], and some 
developing countries banned it. Hence, disposal of that waste rubber tire was a challenging 
task for the cleaner environment. Awareness on utilizing waste rubber tires in concrete 
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composites was increased, and it was used as a filler material and coarse aggregate [37]. 
Crumped rubber was replaced by 15percent with fine aggregate, which enhanced better 
performance; however, it reduces the compressive strength [36]. The strength reduction 
was due to the high amount of replacement of rubber tires. Hence, the addition of rubber 
as fibre instead of replacement, can be appropriate in the effective utilization of waste 
rubber [38]. The mechanical and durability properties were enhanced with the 
incorporation of rubber fibre [39]. Meanwhile, the increased amount of rubber fibre 
decreased the compressive strength of GPC, and enhancement in energy absorption was 
observed with the rubber addition [40,41]. The impact strength of GPC was also enhanced 
with the incorporation of rubber fibre, which can retain the plastic state [42]. The 
incorporation of rubber fibre was limited to a smaller volume fraction, which could also 
increase the mechanical properties of GPC [43]. There was a research gap on utilizing the 
rubber as a fibre with a smaller volume fraction in this study. Further, a combination of 
both PP and rubber fibre could allow enhancing the properties of GPC in all aspects to use 
in heavy-loaded structural elements [44]. 

In the author’s previous study [45], the ratio of aluminosilicate binder materials, molarity 
optimization, and alkaline activators to binder ratio optimization was done. Hence the 
effect of individual fire addition on the mechanical properties of green geopolymer 
concrete was studied in this research. In addition, the effects of the hybridization of 
polypropylene and rubber fibre on the mechanical characteristics of green geopolymer 
concrete were investigated. Further, microstructural characterization analysis of hybrid 
fibre reinforced green geopolymer concrete was assessed by SEM. 

2. Material Properties  

In this research, Fly Ash (FA) derived from the thermal power plant station situated in 
Neyveli, was used as the raw binder [45]. Energy Dispersive X-Ray analysis was performed 
to find the chemical compounds present in the fly ash, as shown in figure 1, and also to 
define the class of fly ash type [46]. Standard ASTM procedures were followed to find the 
physical characters of FA [47]. The substitute raw material for FA was waste wood ash 
collected from the nearby hotels [48]. Figure 2 illustrates the Energy Dispersive X-Ray 
analysis performed to find the chemical compounds present in the waste wood ash and 
define the calcium present in the low calcium waste wood ash (LCWA) [26]. The 
composition of LCWA was found in EDX, which has 14.5% of K2O, which could help to 
reduce the requirement of alkaline solution [20] [24]. The required physical properties of 
constituent materials are illustrated in Table 1.  

Table 1. Physical characteristics of the constituents 

Properties Consistency Initial 
Setting 
Time 

Final 
Setting 
Time 

Fineness 
Modulus 

Specific 
Gravity Constituents 

Fly ash 38% 18.00 36.00 6% 2.3 

Waste Wood ash 58% 2.30 3.00 9% 1.7 

Fine Aggregate - - - 2.91 2.62 
Coarse Aggregate - - - 7.6 2.42 

NaOH - - - - 1.61 

Na2SiO3 - - - - 1.47 

 

In this research, fine aggregate and coarse aggregate [49] were also used, and their 
properties were tabulated in Table 1. The optimal size of FA and CA used in this study was 
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1.18mm and 10mm. Further polypropylene fibre and waste tire rubber fibre of length 
20mm was added individually by 0%, 0.5%, 1%, 1.5% and 2% of volume fraction [50]. 
Hybridization of polypropylene and rubber fibre was also done by varying 0, 0.25, 0.5, 0.75, 
and 1% volume fraction. Table 2 lists the chemical compounds present in the FA and LCWA. 

Table 2. Chemical composition of fly ash and LCWA [48] 

Chemical compound % by Mass 
LCWA FA 

Al2O3 0.6 17.4 

SiO2 8.01 23.6 

K2O 14.49 0.9 

CaO 3.61 1.8 

Fe2O3 - 1.99 

MgO 3.02 60 

Gd 0.51 - 

P2O5 3.06 - 

TiO2 - 0.99 

MnO - - 

C 10.22 2.99 
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Fig. 1 Microstructure analysis of FA through SEM and EDX 
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Fig. 2 Microstructure analysis of LCWA through SEM and EDX 

3. Mix Proportion  

In this research, the mix proportion for low calcium green geopolymer concrete was 
designed by the Indian standard modified guidelines for geopolymer concrete mix design 
[51]. The design mix was calculated as 1:1.05:1.57 with an activator to binder ratio of 0.61 
[48]. The individual fibres such as polypropylene and rubber fibres were added by 0%, 
0.5%, 1%, 1.5% and 2% of volume fraction [50].  The quantity of materials as per the mix 
design of individual fibre addition was tabulated in Table 3. This study found the influence 
of individual fibre on the mechanical characteristics of low calcium green geopolymer 
concrete. Table 3 shows the references of different mix id. 

Further, the combination of rubber and polypropylene fibre was carried out by varying the 
percentage of both fibre at a variation of 0%, 0.25%, 0.5%, 0.75%, and 1% of volume 
fraction. Table 4 illustrates the quantity of material required for the hybridization of 
rubber and polypropylene fibre.  
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Table 3. Material quantity required for different fibre addition 

Mix id 
(kg/m3)  GC 

Polypropylene fibre 

0.5PFRG 1.0PFRG 1.5PFRG 2.0PFRG 

FA 385 385 385 385 385 

LCWA 96 96 96 96 96 

NaOH 110 110 110 110 110 

Na2SiO3  276 276 276 276 276 

Sand  667 667 667 667 667 

CA  994 994 994 994 994 

Fibre 0 2.41 4.82 7.22 9.63 

Table 4. (Con.) Material quantity required for different fibre addition 

Mix id 

GC 

Rubber Fibre 

(kg/m3)  0.5RFRG 1.0RFRG 1.5RFRG 2.0RFRG 

FA 385 385 385 385 385 

LCWA 96 96 96 96 96 

NaOH 110 110 110 110 110 

Na2SiO3  276 276 276 276 276 
Sand  667 667 667 667 667 

CA  994 994 994 994 994 
Fibre 0 2.41 4.82 7.22 9.63 

Table 5. Material quantity required for hybridization of fibre 

Mix id PP 
Fibr

e 
(kg/
m3) 

Rubber 
Fibre 

(kg/m3

) 

Fly 
ash 
(kg/
m3)  

LCWA 
(kg/m3

) 

NaOH 
(kg/m3

) 

Na2SiO3  
(kg/m3) 

Sand  
(kg/m3) 

CA  
(kg/
m3) 

GC 0 0 385 96.3 110.2 275.59 666.58 
993.

7 
0P/1.0R 

HFRG 
0 4.82 385 96.3 110.2 275.59 666.58 

993.
7 

0.25P/0.
75R 

HFRG 
1.21 3.61 385 96.3 110.2 275.59 666.58 

993.
7 

0.5P/0.5
R HFRG 

2.41 2.41 385 96.3 110.2 275.59 666.58 
993.

7 
0.75P/0.

25R 
HFRG 

3.61 1.21 385 96.3 110.2 275.59 666.58 
993.

7 

1.0P/0R 
HFRG 

4.82 0 385 96.3 110.2 275.59 666.58 
993.

7 

4. Experimental Program 

4.1 Mechanical Characterization 

In accordance with ASTM C109 [52], ASTM- C215 [53], ASTM-C293 [54] standards, the 
compressive strength, tensile strength, and flexural strength of the mix was determined by 
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testing the standard specimens in the Universal Testing Machine. The standard specimens 
for compressive strength testing were taken as 100mm x 100mm x 100 mm size cubes, and 
for computing tensile strength, 100mm x 200mm size cylinder was cast. 500mm x 100mm 
x 100mm size prism was casted for the computation of flexural strength. The specimens 
were cured at ambient temperature till the occurrence of testing ages of 3, 7 and 28 days. 
In this study, the effect of both rubber and polypropylene fibre on the compressive, flexural 
and split tensile strengths of low calcium based GPC was carried out at the required ages. 
Average of three specimens test results were taken as strength parameters for all ages of 
curing. The failure of specimens was shown in figure 3. 

4.2 Durability Characterization 

The water absorption of concrete specimens was a simple way of assessing the potential 
of concrete in durability aspects. In compliance with ASTM C 642 [55], the water 
absorption test was performed. For 24hrs, oven-dried specimens were soaked in water. 
Percentage growth in weight as water absorption was noted. According to time, the 
measurement of capillary water suction in a uniform direction was sorptivity. According 
to ASTM C267 [56], the resistance to acidic conditions was assessed. 3% sulfuric acid 
solution was used for submerging the specimens to find the reaction against the acidic 
environment. Initial specimen weights were determined.  
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Fig. 3 Failure of specimens 

Mass loss, the residual strength of compression, and physical conditions of the tested 
specimen were noted after 30 days. Based on the procedure given in ASTM C1760[57], the 
electrical resistivity of the specimen was derived. While considering the determination of 
durability in terms of electrical resilience, this electrical conductivity method was easy and 
fast. The test was performed by measuring the variable voltage at the ends of the specimen 
using DC power. The current was measured for the average current for each applied 
voltage. Calculation of resistivity was done by using q = RA/L where R = V/I, L = In between 
distance of electrodes and A was c/s area of the specimen. 

5. Result and Discussion 

5.1 Mechanical Characterization 

5.1.1 Effect of Polypropylene Fibre 

The influence of polypropylene fibre incorporation on the mechanical characters of low 
calcium green geopolymer concrete is shown in figure 4 (a-c). The various proportion of 
polypropylene fibre incorporation was 0, 0.5, 1, 1.5, 2% of volume fraction and their effects 
on low calcium green geopolymer concrete were assessed. Table 5 represents the test 
results. 

The specified limit of fibre incorporation was up to 2% of volume fraction due to 
augmentation of fibre in one place and reduced workability [50,58]. From the test result, 
at all ages of concrete, there was an enhancement in all strength noted with the 1% of PP 
fibre [59]. The strength parameters were started to decrease with the fibre addition 
exceeds 1% due to the augmentation of fibres in one place  [31]. While comparing the 
testing ages, the specimens tested after 3 days of ambient curing was achieved the highest 
percentage of strength gaining than the control mix [60].  
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Fig. 4 a Influence of PP fibre in compressive strength 

Table 6. Results of each mix 

Mix ID 
Compressive Strength (MPa) Tensile Strength (MPa) 
28D 7D 3D 28D 7D 3D 

0GC (Control 
Mix) 

15.9 33.4 9.45 2.4 2.8 3.3 

0.5PFRG 39.5 29.1 22.7 3.5 2.9 2.5 
1.0PFRG 42.9 30 24.5 3.7 3.1 2.7 
1.5PFRG 38.1 28.8 23.6 3.4 3 2.5 
2.0PFRG 35.3 28.1 22.4 3.4 2.9 2.5 
0.5RFRG 35.9 29.3 22.4 3.4 3 2.5 
1.0RFRG 36.5 29.8 23.6 3.7 3.1 2.7 
1.5RFRG 36.1 29 23.1 3.5 3 2.6 
2.0RFRG 35.8 27.6 22.1 3.3 2.9 2.4 
0P/1.0R 
HyFRG 

36.5 29.8 23.6 3.5 3.1 2.7 

0.25P/0.75R 
HyFRG 

37.5 30.2 24.1 3.7 3.3 2.8 

0.5P/0.5R 
HyFRG 

43.9 32.5 25.3 3.9 3.4 3 

0.75P/0.25R 
HyFRG 

38.6 31.7 24.9 3.7 3.2 2.7 

1.0P/0R 
HyFRG 

35.9 30 24.5 3.7 3.1 2.7 
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Table 7. (Con.) Results of each mix 

Mix ID 
Flexural Strength (MPa) 

28D 7D 3D 

0GC (Control Mix) 4.3 3.8 3.3 

0.5PFRG 4.5 4.1 3.4 
1.0PFRG 4.8 4.3 3.6 
1.5PFRG 4.4 4 3.5 
2.0PFRG 4.3 3.9 3.3 
0.5RFRG 4.3 4 3.3 
1.0RFRG 4.4 4.2 3.4 
1.5RFRG 4.3 4 3.4 
2.0RFRG 4.3 3.9 3.3 

0P/1.0R HyFRG 4.3 3.8 3.3 

0.25P/0.75R HyFRG 4.3 3.9 3.3 

0.5P/0.5R HyFRG 4.4 4 3.4 

0.75P/0.25R HyFRG 4.8 4.1 3.5 

1.0P/0R HyFRG 4.4 4 3.4 

 

The percentage of strength gaining of the specimens was noticed a gradual increment up 
to 1 % PP fibre, then a sudden drop down in strength was noticed in the mix with 1.5% PP 
fibre. While at the age of 28 days showed an increment in strength compared to the control 
mixture [33]. Compared to other curing ages, the increment rate was less. The maximum 
increment rate in compressive strength of 61.4% was observed with 1% PP fibre [61]. In 
the meantime, the fibre addition of 1% enhanced the compressive strength in 3, 7, and 28 
days by 61.4%, 47%, 22.2%, respectively [29]. 

 

Fig. 4 b Influence of PP fibre in tensile strength 
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Fig. 4 c Influence of PP fibre in flexural strength 

Meanwhile, the GPC incorporated with 0.5% polypropylene and 1% polypropylene 
achieved the maximum rate of increment in 28days tensile strength of 5.2% and 15.7%, 
compared to the control mixture [62]. The GPC mix incorporated with 1% polypropylene 
enhanced the tensile strength in 3, 7 and 28 days  by 10.2%, 9.4% and 15.7% [50]. The 
findings showed that incorporation of polypropylene fibre up to 1 % achieved the 
maximum rate of increment compared to other mixes. Hence, the polypropylene fibre 
improved the tensile and flexural strength of GPC [28]. The GPC incorporated with 0.5% 
polypropylene and 1% polypropylene achieved the maximum rate of increment in 28days 
flexural strength of 5.13% and 11.4% compared to the control mixture  [50]. On the other 
hand, The GPC mix incorporated with 1% polypropylene enhanced the flexural strength in 
3, 7, and 28 days by 8.38%, 10.75%, and 11.46% [44]. incorporation of polypropylene fibre 
up to 1 % achieved the maximum rate of increment compared to other mixes. [32]. 

5.1.2 Effect of Rubber Fibre 

The influence of various percentages of rubber fibre addition on the mechanical characters 
of low calcium GPC was illustrated in figure 5 (a-c). In the previous studies, the rubber was 
replaced with fine aggregate at various percentages [42], and rubber replacement up to 5 
percent achieved equal performance related to the control specimen [39]. The studies 
stated that the addition of rubber in smaller volume fractions could help in improving 
mechanical performance. The rubber was incorporated with smaller volume fractions such 
as 0.5%, 1%, 1.5%, and 2% in this research. The 1% rubber fibre addition enhanced the 
compressive, flexural, and tensile strengths by 8.5%, 3.19%, and 11.83% [48]. The rate of 
increment in compressive strength at all curing ages was gradual with 1% rubber, 
compared to the control mixture [35]. The strength character was reduced with increasing 
the rubber fibre addition above 1% due to the unstiffened matrix developed by the 
augmentation of fibres [63]. The rate of increment in early age compressive strength was 
higher than the other ages [24]. The maximum increment rate in compressive strength of 
59.89% was observed with 1% rubber fibre [36]. 
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Fig. 5 a Influence of rubber fibre in compressive strength 

In the meantime, the rubber fibre addition of 1% enhanced the compressive strength in 3, 
7, and 28 days by 59.89%, 46.66%, 8.65%, respectively [48]. However, the addition of PP 
fibre enhanced the compressive strength than the rubber fibre addition due to the lower 
degree of compressibility of rubber fibre [64]. 

 

Fig. 5 b Influence of rubber fibre in Split Tensile Strength 
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The maximum rate of increment in 28 days tensile strength of 2.38% and 11.83% was 
attained by adding 0.5% rubber and 1.0% rubber fibre, and the rate of increment of each 
mix was illustrated in figure 5 b [48]. The GPC mix incorporated with 1% rubber enhanced 
the tensile strength in 3, 7, and 28 days by 11.19%, 10.58%, and 11.83% [42]. [50]. The 
findings showed that incorporating rubber fibre up to 1 % achieved the maximum 
increment rate compared to other mixes. Hence, the rubber fibre improved the tensile and 
flexural strength of GPC [37,42]. 

The GPC incorporated with 0.5% rubber and 1% rubber achieved the maximum rate of 
increment in 28days flexural strength of 1.85% and 3.19%  compared to the control 
mixture  [39,65]. On the other hand, The GPC mix incorporated with 1% rubber enhanced 
the tensile strength in 3, 7, and 28 days by 4.09%, 7.95%, and 3.19% [48]. The 
incorporation of rubber fibre up to 1 % achieved the maximum rate of increment 
compared to other mixes. [66,67]. 

5.1.3 Effect of Hybridization of Polypropylene and Rubber Fibre 

The research found that the optimum percentage of individual fibre addition on the 
geopolymer concrete was 1% for both polypropylene and rubber fibre [44]. In addition, 
mechanical characteristics of hybrid fibre reinforced green geopolymer concrete due to 
the various percentage of hybridization of polypropylene and rubber were assessed [62]. 
The results are illustrated in figure 6 (a-c). 

 

Fig. 5 c Influence of rubber fibre in flexural strength 



Arunkumar et al. / Research on Engineering Structures & Materials 8(1) (2022) 19-43 

 

33 

 

Fig. 6 (a) Influence of hybrid fibre in compressive strength 

The maximum increment rate in all strength parameters was noticed with the mix having 
0.5% rubber and 0.5% polypropylene [44]. The rate of increment in early compressive 
strength of the optimum mix (0.5P/0.5R HyFRG) was higher than the other curing ages. 
Meanwhile, the optimum mix attained the maximum compressive strength and high rate 
of increment at 28 days [17]. The optimum mix increment rate in 3, 7, and 28 days of 
compressive strength was enhanced by 62.6%, 51.2%, and 23.9% than the other mixes 
[32]. The findings explored a decrease in strength when the rubber fibre addition exceeds 
0.5% [62]. In the meantime, compressive strength was enhanced with the addition of 
polypropylene fibre [50]. The GPC with 1% polypropylene fibre attained higher 
compressive strength than the mix with 1% rubber fibre [68]. 

 

Fig. 6 (b) Influence of hybrid fibre in split tensile strength 

The maximum rate of increment in 3, 7, and 28 days tensile strength of 20.1%, 16.7%, and 
15.2% were attained by the optimum mix (0.5P/0.5R HyFRG), and the rate of increment of 
each mix was illustrated in figure 6 b [66]. The enhancement in tensile strength was higher 
with the rubber fibre addition than the polypropylene fibre addition [39]. The maximum 
rate of increment in early age tensile strength was higher than the other curing ages [33]. 
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Fig. 6 (c) Influence of hybrid fibre in flexural strength 

The maximum rate of increment in flexural strength was achieved with the optimum mix 
(0.5P/0.5R HyFRG). In the increase of flexural strength, the percentage increment was 
much higher than that of tensile strength. The maximum strength was achieved by adding 
0.5% polypropylene fibers and 0.5% rubbers [44]. The maximum rate of increment in 3, 7, 
and 28 days of tensile strength of 6%, 7.1%, and 12.0% were attained by the optimum mix 
(0.5P/0.5R HyFRG), and the rate of increment of each mix was illustrated in figure 6 c [33]. 
The enhancement in flexural strength was noticed with the increasing the rubber fibre. 

5.2 Durability Characteristics 

5.2.1 Water Absorption 

 

Fig. 7 Initial and final water absorption capacity of each specimen 

The water absorption capacity of each specimen was evaluated by comparing the wet 
weight to the oven-dried weight. For the initial capacity to absorb water, the specimen was 
weighed 60 minutes after immersion, and the final capability for water absorption was 
quantified 24 hours later [66]. The chart in Figure 7 depicts the absorption capacities of 
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each specimen. Initial and final water absorption was lower for the control mix (0GC). The 
control mix absorbed water at 1.32 and 3.05 at the start and end. The 1P/0R HyFRG 
mixture absorbed 3.66 percent of the total water [20]. The optimal 0.5P/0.5R HyFRG 
mix observed 3.27 closer to the control mix. The percentage of hybrid fibre added 
increased the capacity of the geopolymer concrete to absorb water. Incorporating hybrid 
fibre may allow for greater water absorption than the control mix. The greater water 
absorption was because of the large surface area and porous medium of the mix, which 
allows it to absorb more water [69]. However, the mix with 0.5 percent PP+0.5R absorbs 
less water than the mix with 100% PP and can be used for efficient hybridization [70]. 
Relation between the replacement percentage of hybridization(x) to the water absorption 
of each mix(y) obtained from regression analysis was y=-0.0005x2+0.0633x+3.0119, R² = 
0.9935 [71]. 

5.2.2 Electrical Resistivity  

Each specimen's electrical resistivity was measured in K-Ohm-cm [69] per ASTM C1760 
[57] standards. The electrical resistivity of various mixtures is shown in Figure 8. Adding 
PP and rubber fibres reduced the electrical resistivity of GPC beyond the optimum limit. 
The optimum 0.5PP/0.5R HyFRG mix had the highest electrical resistivity of 440 compared 
to other mixes [72]. The control mix had 375K-Ohm-cm resistivity. The 0.5PP+0.5R 
hybridization displayed superior resistivity to the control sample. The super resistivity 
was due to rubber fibre with a greater surface area and higher specific electrical resistance 
[73]. The relation between the hybridization of fibre (x) to the electrical resistivity of each 
specimen was obtained by regression analysis. The relation is y=--13.214x2+78.786x+311, 
R² = 0.9142 [27]. 

 

Fig. 8 Electrical resistivity of LCGPC mixes 

5.2.3 Acid Attack Resistance 

Figure 9 shows the resistance to sulphuric acid attack for each mix, and Figure 10 shows 
the percent weight loss and percent compressive strength loss for each mix. The sample 
weight was determined and compared to the starting weight of oven-dried samples after 
immersion in sulfuric acid for 1 day [69]. Its compressive strength was also measured. The 
findings showed that the addition of 0,5PP+0,5R in the acidic medium was most responsive 
[74]. The increase in the replacement percentage of GPC fibre increased the mass loss 
percentage [20]. With a mix of 1 percent PP fibre, maximum losses were observed in 6.39 
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percent. The 1% rubber fibre mix lost 4.28 percent weight. Thus, rubber fibre may be able 
to withstand acidic environmental conditions. The regression analysis was performed for 
the % loss in weight of each mix under the sulphuric acid environment. The relation 
between hybridization of fibre (x) to the percentage loss in mass of the specimen(y) was 
determined as y = -0.0025x2+ 0.2565x+3.9504, R² = 0.9882. The value of R2 closer to 1 
showed that there is a good correlation of results. 

 

Fig. 9 Specimens after exposure to the acidic environment 

 

Fig. 10 Percentage loss in mass and compressive strength of LCGPC mixes due to acid 
attack 

In the meantime, for each specimen, there was a percent loss in compression strength. 
Control specimens were sufficiently capable of resisting the reaction in acidic 
environments [66]. After being attacked by sulphuric acid, the specimens suffered a 4.28-
4.79 percent reduction in compressive strength. The loss of compressive strength, when 
exposed to acidic conditions, has increased due to the addition of PP fibre [75]. However, 
adding PP at a concentration of 0.5 percent resulted in a loss of compressive strength 
comparable to that of the control mixture [22]. It demonstrates that the rubber fibre has 
enhanced compressive strength performance and resistant to compression strength loss 
in acidic conditions. The relation between hybridization of fibre (x) to the percentage loss 
in compressive strength(y) was determined as y=0.0339x2+0.1442x+4.0967, R² = 0.9944. 
The value of R2 closer to 1 showed that there is a good correlation of results. 
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5.3 Microstructural Characterization 

5.3.1 Scanning Electron Microscope 

HyFRG-specimens were analyzed microstructurally with the aid of a scanning electron 
microscope (SEM) and shown in Fig 11. (a-f). Figure 10 shows the pores bridging of PP 
fibre (a-c). The PP fibre micrograph shows a heterogeneous and cracked matrix with a 
nonremoved solvent after being cured. These findings indicate a greater linkage among 
reacted and unreacted microspheres [68]. On the other hand, the particle pore bridging 
determines the results. The 0.5P/0.5R HyFRG mix has good porosity and microcracks, but 
the early strength production is limited. Replacing LCWWA results in a better 
geopolymerization and microstructure reaction [11].  

  

(a)  (b) 

  

(c)  (d) 

  

(f)  (e) 

Fig. 11  Microstructure Analysis of HyFRG Mixes (a-c) PP fibre (e-f) Rubber Fibre 
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The ITZ zone of the geopolymer matrix and rubber fibre presence was established in Figure 
10 (d-f). More homogeneous and dense gel matrices were observed when the optimum mix 
of 0.25P/0.75R HyFRG was used compared to a PP fibre-containing mixture [76]. The pore 
bridging impact among both fibres was enhanced by adding a small number of fibres to the 
mixture. 

6. Conclusion 

In this research, an intellectual approach for the utilization of wastes in the invention of 
green geopolymer concrete was made for a clean and sustainable environment. Influences 
on the mechanical characters of the green geopolymer concrete by rubber and 
polypropylene fibre have been studied. In addition, the mechanical and durability 
characteristics of green geopolymer concrete were characterized by the effects of the 
hybridization of polypropylene and rubber fiber. In contrast to the control mixture, the 
addition of PP up to 1% exhibited an increasing trend in all mechanical strengths at all 
curing periods. While increasing the addition of fibre over 1% resulted in decreasing all 
strength parameters. In the age of 28days curing period, the mix with 1% PP attained a 
maximum increase in compressive, flexural, and tensile strength as 61.4%, 47.0%, and 
22.2%, respectively. The mix with 0.5%PP and 1%PP showed the maximum percentage of 
increase as 5.13% and 11.4% compared to the control mixture cured for 28 days. On the 
other hand, up to 1% rubber addition enlarged the highest strengths in all mechanical 
characterizations. Compared with the control mixture, the compressive strength, tensile 
strength, and flexural strength were increased by 8.65%, 11.83%, and 3.19%, respectively. 
Meanwhile, rubber addition over 1% results in decreasing the strength attainment. While 
hybridization of fibres, the compressive, tensile, and flexural strength of mix with 0.5% of 
PP fibre and 0.5% of rubber fibre had increased by 23.9%, 15.2%, and 12% at the age of 
28 days compared to other mixes with and without fibres. The mix with 0.5P+0.5R 
performed better in water absorption, electrical resistivity, and acidic environmental 
exposure in the durability characteristics. The optimum mix of 0.5P/0.5R HyFRG was 
observed water absorption of 3.27, which was nearer to the control mix. The optimum mix 
0.5PP/0.5R HyFRG observed the electrical resistivity of 440, which was the maximum 
resistance value compared to other mixes. Also, the mix 0.5P/0.5R HyFRG showed the most 
reactive and retained its compressive strength in the acidic environment. In the 
microstructure of the optimum mix 0.5P/0.5R HyFRG showed increased homogeneity and 
density of gel matrices. The bore bridging effect of both the fibres was enhanced with the 
limited addition of fibres. The replacement of LCWWA leads to improving the 
geopolymerization reaction and also the microstructure. Hence, the research hypothesis 
was proven that waste materials like rubber tire fibre and wood ash could be effectively 
utilized to produce green geopolymer concrete, and it paved the way for a clean and 
sustainable environment. 

7. Future Study  

In the future study, the study will be extended by investigating low calcium fibre reinforced 
Ferro-geopolymer concrete paver block. The optimization of size, shape, and surface 
texture of the paver block will be studied in detail. 

Acknowledgement 

The authors acknowledge that this study does not have any funding information. 

 

 



Arunkumar et al. / Research on Engineering Structures & Materials 8(1) (2022) 19-43 

 

39 

References 

[1] Davidovits J. Geopolymer chemistry and properties. Proceedings of the 1st 
International Conference on Geopolymer'88 1988;88:25-48. 

[2] Rangan B V. Fly Ash-Based Geopolymer Concrete (Column). Engineering Faculty Curtin 
University of Technology Perth, Australia 2008:3124-30. 
https://doi.org/10.1201/9781420007657.ch26  

[3] Hardjito D, Wallah SE, Sumajouw DMJ, Rangan BV. On the development of fly ash-based 
geopolymer concrete. ACI Materials Journal 2004;101:467-72. 
https://doi.org/10.14359/13485  

[4] Mishra A, Choudhary D, Jain N, Kumar M, Sharda N, Dutt D. Effect of concentration of 
alkaline liquid and curing time on strength and water absorption of geopolymer 
concrete. ARPN Journal of Engineering and Applied Sciences 2008;3:14-8. 

[5] Thakur RN, Ghosh S. Effect of mix composition on compressive strength and 
microstructure of fly ash based geopolymer composites. Journal of Engineering and 
Applied Sciences 2009;4:68-74. 

[6] Reddy BSK. Strength and workability of low lime fly-ash based geopolymer concrete. 
Indian Journal of Science and Technology 2010;3:1188-9. 
https://doi.org/10.17485/ijst/2010/v3i12.11  

[7] Sarker PK, Haque R, Ramgolam K V. Fracture behaviour of heat cured fly ash based 
geopolymer concrete. Materials & Design 2013;44:580-6. 
https://doi.org/10.1016/j.matdes.2012.08.005  

[8] Hamidi RM, Man Z, Azizli KA. Concentration of NaOH and the Effect on the Properties 
of Fly Ash Based Geopolymer. Procedia Engineering 2016;148:189-93. 
https://doi.org/10.1016/j.proeng.2016.06.568  

[9] Shadnia R, Zhang L. Experimental Study of Geopolymer Synthesized with Class F Fly 
Ash and Low-Calcium Slag. Journal of Materials in Civil Engineering 
2017;29:04017195. https://doi.org/10.1061/(ASCE)MT.1943-5533.0002065  

[10] Luo Z, Li W, Wang K, Castel A, Shah SP. Comparison on the properties of ITZs in fly 
ash-based geopolymer and Portland cement concretes with equivalent flowability. 
Cement and Concrete Research 2021;143:106392. 
https://doi.org/10.1016/j.cemconres.2021.106392  

[11] Huseien GF, Ismail M, Khalid NHA, Hussin MW, Mirza J. Compressive strength and 
microstructure of assorted wastes incorporated geopolymer mortars: Effect of solution 
molarity. Alexandria Engineering Journal 2018;57:3375-86. 
https://doi.org/10.1016/j.aej.2018.07.011  

[12] Wasim M, Ngo TD, Law D. A state-of-the-art review on the durability of geopolymer 
concrete for sustainable structures and infrastructure. Construction and Building 
Materials 2021;291:123381. https://doi.org/10.1016/j.conbuildmat.2021.123381  

[13] Nuaklong P, Wongsa A, Sata V, Boonserm K, Sanjayan J, Chindaprasirt P. Properties of 
high-calcium and low-calcium fly ash combination geopolymer mortar containing 
recycled aggregate. Heliyon 2019;5. https://doi.org/10.1016/j.heliyon.2019.e02513  

[14] Yadav, Virendra Fulekar M. THE CURRENT SCENARIO OF THERMAL POWER PLANTS 
AND FLY ASH : International Journal of Advance Engineering and Research. 
International Journal of Advance Engineering and Research Development 2018;5:768-
77. 

[15] Mehta A, Siddique R. Sustainable geopolymer concrete using ground granulated blast 
furnace slag and rice husk ash: Strength and permeability properties. Journal of Cleaner 
Production 2018;205:49-57. https://doi.org/10.1016/j.jclepro.2018.08.313  

[16] Suresh Kumar A, Muthukannan M, Sri Krishna I. Optimisation of bio medical waste ash 
in GGBS based of geopolymer concrete. IOP Conference Series: Materials Science and 
Engineering 2020;872:012163. https://doi.org/10.1088/1757-899X/872/1/012163  

https://doi.org/10.1201/9781420007657.ch26
https://doi.org/10.14359/13485
https://doi.org/10.17485/ijst/2010/v3i12.11
https://doi.org/10.1016/j.matdes.2012.08.005
https://doi.org/10.1016/j.proeng.2016.06.568
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002065
https://doi.org/10.1016/j.cemconres.2021.106392
https://doi.org/10.1016/j.aej.2018.07.011
https://doi.org/10.1016/j.conbuildmat.2021.123381
https://doi.org/10.1016/j.heliyon.2019.e02513
https://doi.org/10.1016/j.jclepro.2018.08.313
https://doi.org/10.1088/1757-899X/872/1/012163


Arunkumar et al. / Research on Engineering Structures & Materials 8(1) (2022) 19-43 

 

40 

[17] Chithambar GA, Muthukannan M. Investigation on the glass fiber reinforced 
geopolymer concrete made of M-sand. Journal of Materials and Engineering Structures 
2019;6:501-12. 

[18] Arunachalam SK, Muthiah M, Rangaswamy KD, Kadarkarai A, Arunasankar CG. 
Improving the structural performance of reinforced geopolymer concrete incorporated 
with hazardous heavy metal waste ash. World Journal of Engineering 2021;ahead-of-p. 
https://doi.org/10.1108/WJE-01-2021-0055  

[19] Suresh Kumar A, Muthukannan M, Kanniga Devi R, Arunkumar K, Chithambar Ganesh 
A. Reduction of hazardous incinerated bio-medical waste ash and its environmental 
strain by utilizing in green concrete. Water Science and Technology 2021. 
https://doi.org/10.2166/wst.2021.239  

[20] Ban CC, Ken PW, Ramli M. Mechanical and Durability Performance of Novel Self-
activating Geopolymer Mortars. Procedia Engineering 2017;171:564-71. 
https://doi.org/10.1016/j.proeng.2017.01.374  

[21] Cheah CB, Ramli M. The implementation of wood waste ash as a partial cement 
replacement material in the production of structural grade concrete and mortar: An 
overview. Resources, Conservation and Recycling 2011;55:669-85. 
https://doi.org/10.1016/j.resconrec.2011.02.002  

[22] Cheah CB, Part WK, Ramli M. The hybridizations of coal fly ash and wood ash for the 
fabrication of low alkalinity geopolymer load bearing block cured at ambient 
temperature. Construction and Building Materials 2015;88:41-55. 
https://doi.org/10.1016/j.conbuildmat.2015.04.020  

[23] Cheah CB, Ramli M. Load capacity and crack development characteristics of HCWA-
DSF high strength mortar ferrocement panels in flexure. Construction and Building 
Materials 2012;36:348-57. https://doi.org/10.1016/j.conbuildmat.2012.05.034  

[24] Arunkumar K, Muthukannan M, Kumar AS, Ganesh AC, Devi RK. Cleaner Environment 
Approach by the Utilization of Low Calcium Wood Ash in Geopolymer Concrete. Applied 
Science and Engineering Progress 2021:1-13. 
https://doi.org/10.14416/j.asep.2021.06.005  

[25] Abdulkareem OA, Ramli M, Matthews JC. Production of geopolymer mortar system 
containing high calcium biomass wood ash as a partial substitution to fly ash: An early 
age evaluation. Composites Part B: Engineering 2019;174:106941. 
https://doi.org/10.1016/j.compositesb.2019.106941  

[26] Cheah CB, Samsudin MH, Ramli M, Part WK, Tan LE. The use of high calcium wood ash 
in the preparation of Ground Granulated Blast Furnace Slag and Pulverized Fly Ash 
geopolymers: A complete microstructural and mechanical characterization. Journal of 
Cleaner Production 2017;156:114-23. https://doi.org/10.1016/j.jclepro.2017.04.026  

[27] Arunkumar K, Muthukannan M, Sureshkumar K, Chithambar Ganesh A, Kanniga Devi 
R. Mathematical Formulation for Prediction of Structural Performance of Green 
Geopolymer Concrete Beams and Columns. Turkish Journal of Computer and 
Mathematics Education 2021;12:3806-15. 

[28] Koenig A, Wuestemann A, Gatti F, Rossi L, Fuchs F, Fessel D, et al. Flexural behaviour 
of steel and macro-PP fibre reinforced concretes based on alkali-activated binders. 
Construction and Building Materials 2019;211:583-93. 
https://doi.org/10.1016/j.conbuildmat.2019.03.227  

[29] Zhang Z, Yao X, Zhu H, Hua S, Chen Y. Preparation and mechanical properties of 
polypropylene fiber reinforced calcined kaolin-fly ash based geopolymer. Journal of 
Central South University of Technology 2009;16:49-52. 
https://doi.org/10.1007/s11771-009-0008-4  

[30] Farhan KZ, Johari MAM, Demirboğa R. Impact of fiber reinforcements on properties of 
geopolymer composites: A review. Journal of Building Engineering 2021;44:102628. 
https://doi.org/10.1016/j.jobe.2021.102628  

https://doi.org/10.1108/WJE-01-2021-0055
https://doi.org/10.2166/wst.2021.239
https://doi.org/10.1016/j.proeng.2017.01.374
https://doi.org/10.1016/j.resconrec.2011.02.002
https://doi.org/10.1016/j.conbuildmat.2015.04.020
https://doi.org/10.1016/j.conbuildmat.2012.05.034
https://doi.org/10.14416/j.asep.2021.06.005
https://doi.org/10.1016/j.compositesb.2019.106941
https://doi.org/10.1016/j.jclepro.2017.04.026
https://doi.org/10.1016/j.conbuildmat.2019.03.227
https://doi.org/10.1007/s11771-009-0008-4
https://doi.org/10.1016/j.jobe.2021.102628


Arunkumar et al. / Research on Engineering Structures & Materials 8(1) (2022) 19-43 

 

41 

[31] Reed M, Lokuge W, Karunasena W. Fibre-reinforced geopolymer concrete with 
ambient curing for in situ applications. Journal of Materials Science 2014;49:4297-304. 
https://doi.org/10.1007/s10853-014-8125-3  

[32] Zabihi SM, Tavakoli H, Mohseni E. Engineering and Microstructural Properties of 
Fiber-Reinforced Rice Husk-Ash Based Geopolymer Concrete. Journal of Materials in 
Civil Engineering 2018;30:04018183. https://doi.org/10.1061/(asce)mt.1943-
5533.0002379. https://doi.org/10.1061/(ASCE)MT.1943-5533.0002379  

[33] Ganesh C, Sivasubramanaian J, Seshamahalingam MS, Millar J, Kumar VJ. Investigation 
on the Performance of Hybrid Fiber Reinforced Geopolymer Concrete Made of M-Sand 
under Heat Curing. Materials Science Forum 2021;1019:73-81. 
https://doi.org/10.4028/www.scientific.net/MSF.1019.73  

[34] Saloni, Parveen, Pham TM, Lim YY, Malekzadeh M. Effect of pre-treatment methods of 
crumb rubber on strength, permeability and acid attack resistance of rubberised 
geopolymer concrete. Journal of Building Engineering 2021;41. 
https://doi.org/10.1016/j.jobe.2021.102448  

[35] Jalal M, Nassir N, Jalal H. Waste tire rubber and pozzolans in concrete: A trade-off 
between cleaner production and mechanical properties in a greener concrete. Journal 
of Cleaner Production 2019;238. https://doi.org/10.1016/j.jclepro.2019.117882  

[36] Gupta T, Siddique S, Sharma RK, Chaudhary S. Effect of elevated temperature and 
cooling regimes on mechanical and durability properties of concrete containing waste 
rubber fiber. Construction and Building Materials 2017;137:35-45. 
https://doi.org/10.1016/j.conbuildmat.2017.01.065  

[37] Arunkumar K, Muthukannan M, Kumar AS, Ganesh AC, Devi RK, Muthiah M, et al. 
Invention of sustainable geopolymer concrete made with low calcium waste wood ash. 
World Journal of Engineering 2021. https://doi.org/10.1108/WJE-03-2021-0162  

[38] Charkhtab Moghaddam S, Madandoust R, Jamshidi M, Nikbin IM. Mechanical 
properties of fly ash-based geopolymer concrete with crumb rubber and steel fiber 
under ambient and sulfuric acid conditions. Construction and Building Materials 
2021;281:122571. https://doi.org/10.1016/j.conbuildmat.2021.122571  

[39] Gupta T, Chaudhary S, Sharma RK. Mechanical and durability properties of waste 
rubber fi ber concrete with and without silica fume. Journal of Cleaner Production 
2016;112:702-11. https://doi.org/10.1016/j.jclepro.2015.07.081  

[40] Shaikh FUA, Luhar S, Arel HŞ, Luhar I. Performance evaluation of Ultrahigh 
performance fibre reinforced concrete - A review. Construction and Building Materials 
2020;232:117152. https://doi.org/10.1016/j.conbuildmat.2019.117152  

[41] Luhar S, Luhar I. Potential application of E-wastes in construction industry: A review. 
Construction and Building Materials 2019;203:222-40. 
https://doi.org/10.1016/j.conbuildmat.2019.01.080  

[42] Luhar S, Chaudhary S, Luhar I. Development of rubberized geopolymer concrete : 
Strength and durability studies. Construction and Building Materials 2019;204:740-53. 
https://doi.org/10.1016/j.conbuildmat.2019.01.185  

[43] Luhar S, Cheng TW, Luhar I. Incorporation of natural waste from agricultural and 
aquacultural farming as supplementary materials with green concrete: A review. 
Composites Part B: Engineering 2019;175:107076. 
https://doi.org/10.1016/j.compositesb.2019.107076  

[44] Chithambar Ganesh A, Muthukannan M. Experimental Study on the Behaviour of 
Hybrid Fiber Reinforced Geopolymer Concrete under Ambient Curing Condition. IOP 
Conference Series: Materials Science and Engineering 2019;561:012014. 
https://doi.org/10.1088/1757-899X/561/1/012014  

[45] Zakka WP, Abdul Shukor Lim NH, Chau Khun M. A scientometric review of geopolymer 
concrete. Journal of Cleaner Production 2021;280:124353. 
https://doi.org/10.1016/j.jclepro.2020.124353  

https://doi.org/10.1007/s10853-014-8125-3
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002379
https://doi.org/10.4028/www.scientific.net/MSF.1019.73
https://doi.org/10.1016/j.jobe.2021.102448
https://doi.org/10.1016/j.jclepro.2019.117882
https://doi.org/10.1016/j.conbuildmat.2017.01.065
https://doi.org/10.1108/WJE-03-2021-0162
https://doi.org/10.1016/j.conbuildmat.2021.122571
https://doi.org/10.1016/j.jclepro.2015.07.081
https://doi.org/10.1016/j.conbuildmat.2019.117152
https://doi.org/10.1016/j.conbuildmat.2019.01.080
https://doi.org/10.1016/j.conbuildmat.2019.01.185
https://doi.org/10.1016/j.compositesb.2019.107076
https://doi.org/10.1088/1757-899X/561/1/012014
https://doi.org/10.1016/j.jclepro.2020.124353


Arunkumar et al. / Research on Engineering Structures & Materials 8(1) (2022) 19-43 

 

42 

[46] ASTM C618. Standard Specification for Coal Fly Ash and Raw or Calcined Natural 
Pozzolan for Use. Annual Book of ASTM Standards 2010:3-6.  

[47] Malkawi AB, Nuruddin MF, Fauzi A, Almattarneh H, Mohammed BS. Effects of Alkaline 
Solution on Properties of the HCFA Geopolymer Mortars. Procedia Engineering 
2016;148:710-7. https://doi.org/10.1016/j.proeng.2016.06.581  

[48] Arunkumar., Muthukannan M, Suresh kumar A, Chithambar Ganesh A. Mitigation of 
waste rubber tire and waste wood ash by the production of rubberized low calcium 
waste wood ash based geopolymer concrete and influence of waste rubber fibre in 
setting properties and mechanical behavior. Environmental Research 
2021;194:110661. https://doi.org/10.1016/j.envres.2020.110661  

[49] (BIS) B of IS. IS 383: 1970 Specification for Coarse and Fine Aggregates From Natural 
Sources for Concrete. Indian Standards 1970:1-24. 

[50] Arunkumar K, Muthukannan M, Dinesh Babu A, Hariharan AL, Muthuramalingam T. 
Effect on addition of Polypropylene fibers in wood ash-fly ash based geopolymer 
concrete. IOP Conference Series: Materials Science and Engineering 2020;872:012162. 
https://doi.org/10.1088/1757-899X/872/1/012162  

[51] Anuradha R. Modified Guidelines for Geopolymer Concrete Mix Design using Indian 
Standard. Asian Journal of Civil Engineering (Uilding and Housing) 2011;13:357-68. 

[52] ASTM C109/C109M-02. Standard Test Method for Compressive Strength of Hydraulic 
Cement Mortars. Annual Book of ASTM Standards 2002;04:1-6. 

[53] ASTM C215. Standard Test Method for Fundamental Transverse, Longitudinal, and 
Torsional Resonant Frequencies of Concrete Specimens, C 215. Annual Book of ASTM 
Standards, American Society for Testing and Materials 1991:1-7. 

[54] ASTM-C293. C293 - 15 Flexural Strength of Concrete (Using Simple Beam With Center-
Point Loading). ASTM International 2015:1-3. 

[55] ASTM- C642. Standard test methods for Density, Absorption, and Voids in Hardened 
Concrete 1. Test 2005:1-3. 

[56] ASTM-C267. Standard Test Methods for Chemical Resistance of Mortars , Grouts , and 
Monolithic. Current 1998;04:1-6. 

[57] ASTM-C1760. ASTM Standard C1760 - Standard Test Method for Bulk Electrical 
Conductivity of Hardened Concrete. ASTM International 2012;i:1-5. 
https://doi.org/10.1520/C1760-12.2  

[58] Özkılıç YO, Aksoylu C, Arslan MH. Experimental and numerical investigations of steel 
fiber reinforced concrete dapped-end purlins. Journal of Building Engineering 
2021;36:102119. https://doi.org/10.1016/j.jobe.2020.102119  

[59] Ganesh AC, Muthukannan M. Development of high performance sustainable optimized 
fiber reinforced geopolymer concrete and prediction of compressive strength. Journal 
of Cleaner Production 2021;282:124543. 
https://doi.org/10.1016/j.jclepro.2020.124543  

[60] Wang Y, Zheng T, Zheng X, Liu Y, Darkwa J, Zhou G. Thermo-mechanical and moisture 
absorption properties of fly ash-based lightweight geopolymer concrete reinforced by 
polypropylene fibers. Construction and Building Materials 2020;251:118960. 
https://doi.org/10.1016/j.conbuildmat.2020.118960  

[61] Al-mashhadani MM, Canpolat O, Aygörmez Y, Uysal M, Erdem S. Mechanical and 
microstructural characterization of fiber reinforced fly ash based geopolymer 
composites. Construction and Building Materials 2018;167:505-13. 
https://doi.org/10.1016/j.conbuildmat.2018.02.061  

[62] Chithambar Ganesh A, Muthukannan M, Dhivya M, Sangeetha CB, Daffodile SP. 
Structural performance of hybrid fiber geopolymer concrete beams. IOP Conference 
Series: Materials Science and Engineering 2020;872:012155. 
https://doi.org/10.1088/1757-899X/872/1/012155  

https://doi.org/10.1016/j.proeng.2016.06.581
https://doi.org/10.1016/j.envres.2020.110661
https://doi.org/10.1088/1757-899X/872/1/012162
https://doi.org/10.1520/C1760-12.2
https://doi.org/10.1016/j.jobe.2020.102119
https://doi.org/10.1016/j.jclepro.2020.124543
https://doi.org/10.1016/j.conbuildmat.2020.118960
https://doi.org/10.1016/j.conbuildmat.2018.02.061
https://doi.org/10.1088/1757-899X/872/1/012155


Arunkumar et al. / Research on Engineering Structures & Materials 8(1) (2022) 19-43 

 

43 

[63] Mhaya AM, Baghban MH, Faridmehr I, Huseien GF, Abidin ARZ, Ismail M. Performance 
evaluation of modified rubberized concrete exposed to aggressive environments. 
Materials 2021;14. https://doi.org/10.3390/ma14081900  

[64] Gupta T, Sharma RK, Chaudhary S. Impact resistance of concrete containing waste 
rubber fiber and silica fume Trilok. International Journal of Impact Engineering 

[65] Rahman SK, Al-Ameri R. A newly developed self-compacting geopolymer concrete 
under ambient condition. Construction and Building Materials 2021;267:121822. 
https://doi.org/10.1016/j.conbuildmat.2020.121822  

[66] Chithambar Ganesh A. Experimental Study on the Behaviour of Hybrid Fiber 
Reinforced Geopolymer Concrete Made of M Sand. Kalasaliingam Academy of Research 
and Education, 2020. https://doi.org/10.1088/1757-899X/561/1/012014  

[67] Singh K. Experimental study on metakolin and baggashe ash based geopolymer 
concrete. Mater. Today Proc., vol. 37, Elsevier Ltd; 2020, p. 3289-95. 
https://doi.org/10.1016/j.matpr.2020.09.116  

[68] Jiang X, Zhang Y, Xiao R, Polaczyk P, Zhang M, Hu W, et al. A comparative study on 
geopolymers synthesized by different classes of fly ash after exposure to elevated 
temperatures. Journal of Cleaner Production 2020;270:122500. 
https://doi.org/10.1016/j.jclepro.2020.122500  

[69] Salahuddin H, Qureshi LA, Nawaz A, Raza SS. Effect of recycled fine aggregates on 
performance of Reactive Powder Concrete. Construction and Building Materials 
2020;243:118223. https://doi.org/10.1016/j.conbuildmat.2020.118223  

[70] Hassan A, Arif M, Shariq M. Use of geopolymer concrete for a cleaner and sustainable 
environment - A review of mechanical properties and microstructure. Journal of 
Cleaner Production 2019;223:704-28. https://doi.org/10.1016/j.jclepro.2019.03.051  

[71] A SK, Muthukannan M, K AK, A CG, R KD. Mathematical Prediction on the strength and 
behaviour of structural member by incorporating Incinerated Bio-Medical Waste Ash 
in Ground Granulated Blast Furnace Slag based Geopolymer Concrete. Turkish Journal 
of Computer and Mathematics Education 2021;12:4070-9. 

[72] Kabir SMA, Alengaram UJ, Jumaat MZ, Yusoff S, Sharmin A, Bashar II. Performance 
evaluation and some durability characteristics of environmental friendly palm oil 
clinker based geopolymer concrete. Journal of Cleaner Production 2017;161:477-92. 
https://doi.org/10.1016/j.jclepro.2017.05.002  

[73] Zhang P, Wang K, Li Q, Wang J, Ling Y. Fabrication and engineering properties of 
concretes based on geopolymers/alkali-activated binders - A review. Journal of Cleaner 
Production 2020;258:120896. https://doi.org/10.1016/j.jclepro.2020.120896  

[74] Zhang P, Gao Z, Wang J, Guo J, Hu S, Ling Y. Properties of fresh and hardened fly 
ash/slag based geopolymer concrete: A review. Journal of Cleaner Production 
2020;270:122389. https://doi.org/10.1016/j.jclepro.2020.122389  

[75] Hwang C-L, Huynh T-P, Guo X, Shi H, Lin M, Dong W, et al. Effect of alkali-activator and 
rice husk ash content on strength development of fly ash and residual rice husk ash-
based geopolymers. Construction and Building Materials 2015;101:1-9. 
https://doi.org/10.1016/j.conbuildmat.2015.10.025  

[76] Sivasakthi M, Jeyalakshmi R, Rajamane NP. Fly ash geopolymer mortar: Impact of the 
substitution of river sand by copper slag as a fine aggregate on its thermal resistance 
properties. Journal of Cleaner Production 2021;279:123766. 
https://doi.org/10.1016/j.jclepro.2020.123766  

https://doi.org/10.3390/ma14081900
https://doi.org/10.1016/j.conbuildmat.2020.121822
https://doi.org/10.1088/1757-899X/561/1/012014
https://doi.org/10.1016/j.matpr.2020.09.116
https://doi.org/10.1016/j.jclepro.2020.122500
https://doi.org/10.1016/j.conbuildmat.2020.118223
https://doi.org/10.1016/j.jclepro.2019.03.051
https://doi.org/10.1016/j.jclepro.2017.05.002
https://doi.org/10.1016/j.jclepro.2020.120896
https://doi.org/10.1016/j.jclepro.2020.122389
https://doi.org/10.1016/j.conbuildmat.2015.10.025
https://doi.org/10.1016/j.jclepro.2020.123766

	resm2021.280ma1604c
	resm2021.280ma1604m

