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ABSTRACT 

Geopolymer based cementitious binder is one of the recent findings in the emerging concrete technology. The 
present study investigates the setting and strength properties of geopolymer mixtures containing binary combinations of 
bentonite-flyash, bentonite-cement, bentonite-silica-fume and ternary blends of bentonite-flyash-lime. The effect of lime 
and alkali activator (sodium hydroxide) on the geopolymerisation of bentonite was studied systematically. The 
experimental results showed that the initial and final setting time of binary mixtures containing bentonite and silica fume 
(5%) with alkali activator (NaOH) showed early setting time of 30 minutes compared to other geopolymer mixtures. It was 
also noted that compressive strength of ternary mixtures containing 40% bentonite, 30% flyash and 30% lime (M16) 
attained the maximum strength of 24.74 MPa at 28 days. The highest rate of strength gain was observed at early curing 
period (7 days) for the ternary mixtures (M14) consisting of 80% bentonite, 10% flyash and 10% lime compared to other 
mixtures. It can be realized from the experimental study that, geopolymerisation reaction was effective for the specimens 
cured at 100°C hot air oven. 
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1. INTRODUCTION 

Consumption of cement in recent years is 
escalating due to large scale infrastructural developments. 
The continuous degradation of natural resources for the 
production of cement has necessitated identifying an 
alternative binder for making concrete. The production of 
cement involves high energy consumption and poses 
environmental threat since it is estimated that one ton of 
carbon dioxide is released during the production. 
Moreover, it consumes a significant amount of natural 
resources for the large-scale production in order to meet 
the global infrastructure developments. As the demand for 
concrete as construction material increases, the demand 
for Portland cement is also on the demand. Presently in 
India the power sector depends on coal based thermal 
power stations which produces a huge amount of fly ash 
and estimated to be around 110 million tons annually. The 
utilization of fly ash is about 30% in construction of 
landfills, embankments, pavement base, and sub base 
course; and in producing blended cement. The pioneering 
work by Prof. Joseph Davidovits (1988) in the field of 
geopolymer technology showed considerable promise for 
application in the concrete industry as an alternate binder 
for Portland cement. Extensive studies in the recent past 
had shown that fly ash based geopolymer has emerged as a 
promising new cement alternative in the field of 
construction materials. 

Geopolymers were obtained from fly ash (residue 
from coal burning thermal power station) as a result of 
geopolymerization reaction (Davidovits, 1989). This 
involves the chemical reaction of alumino-silicate oxides 
(Si2O5, Al2O2) with alkali polysilicates yielding polymeric 
Si - O - Al bonds. Concrete obtained from geopolymer 
known to exhibit many excellent properties such as high 
compressive strength, low creep, good acid resistance and 
low shrinkage. The most potential source of geopolymers 

among the industrial waste or by-product materials, are fly 
ash and blast furnace slag. Several studies have reported 
the beneficial utilization of these materials in concrete 
(Hardjito and Rangan, 2005). The setting properties of fly 
ash-based geopolymer in which a combination of sodium 
hydroxide with sodium silicate and potassium hydroxide 
with potassium silicate as alkaline liquids was investigated 
in various research studies. It was reported that the type of 
alkaline liquid is a significant factor affecting the 
mechanical strength, and that the combination of sodium 
silicate and sodium hydroxide gave the highest 
compressive strength (Palomo et al., 1999). The calcium 
content in fly ash played a significant role in rate of 
strength development as well as ultimate compressive 
strength. It is understood that the strength was higher with 
increasing calcium content and resulted in faster strength 
development and higher compressive strength due to the 
formation of calcium-aluminate-hydrate and other calcium 
compounds, especially in the early ages (Van Jaarsveld et 
al., 2003).  

It was also reported that geopolymer cement can 
harden rapidly at room temperature and can gain the 
compressive strength in the range of 20 MPa only after 4 
hours at 20oC and about 70-100 MPa in 28 days 
(Davidovits, 1988). The tests conducted on geopolymer 
mortars reported that most of the 28 day strength was 
gained during the first 2 days of curing. The function of 
calcium oxide is also significant. It is reasonable to use 
both NaOH and CaO as alkaline activators for accelerating 
the synthesis of the fly ash-based geopolymer (Palomo, A., 
M. W. Grutzeck, M.T. Blanco, 1999). (Low-calcium fly 
ash are preferred than high calcium (ASTM Class C) fly 
ash for the formation of geopolymers. The presence of 
calcium in high amount may affect the polymerization 
process (Gourley, 2003). The suitability of different types 
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of fly ash can be a potential source for geopolymer 
(Fernández-Jim nez and Palomo, 2003).   

The objective of the present research is to study 
the geopolymerisation reaction of binary and ternary 
blends of bentonite with that of fly ash, silicafume and 
cement in the presence of alkali activator. Also, the 
factors’ influencing the geopolymerisation in different 
mixes was studied for different curing techniques 
(ordinary room temp and hot air oven (100oC) as well as at 
different concentration of sodium hydroxide. 
 
2. MATERIALS AND METHODS 

Class - F Flyash, silica fume, and bentonite were 
used in the present study for producing geopolymer 
mixtures and were obtained from the nearby local source. 
A sodium hydroxide based alkali was used for initiating 
geopolymerisation and the detailed mixture proportions 
are given in Tables 1 and 2. The standard consistency test 
and setting time studies were carried out as per IS 1727-
1967 (13). Initial and final setting time studies for various 
binary and ternary mixtures containing bentonite, flyash, 
lime, cement and silica fume are given in Tables 5 and 6. 
The initial and final setting time studies of geopolymer 
mixtures were tested at room temperature and oven curing 
at 100oC. The initial and final setting time was conducted 
for bentonite replaced with flyash as well as lime at 10%, 
20% and 30% for constant 8M of sodium hydroxide cured 
at 100°C hot air oven. The setting properties were also 

compared with the mixture containing bentonite replaced 
with ordinary Portland cement at 20%, 40% and 60% and 
cured at both room temperature as well as 100°C of hot air 
oven. The setting time tests for bentonite replaced with 
silica fume for various replacement levels of 5%, 10% and 
15% at constant 8M of sodium hydroxide kept at 100°C 
hot air oven. The setting time tests were also conducted for 
ternary blends of bentonite replaced with flyash and lime 
at 10%, 20% and 30% at constant 8M of sodium 
hydroxide kept at 100°C hot air oven. The mortar cubes 
were casted for the different mixtures as given in Table-7 
and the compressive strength of mortar cubes were tested 
as per IS 1727-1967 for different curing days 1 day, 3 
days, 7 days, 14 days and 28 days. Mortar specimens were 
casted in a standard cube mould of size 70.6 mm x 70.6 
mm x 70.6 mm. The specimens were tested after sufficient 
curing in normal room temperature and oven (as shown in 
Figures 1 and 2). Specimens were casted in different 
batches consisting of bentonite replaced with flyash and 
lime at different dosages 10%, 20% and 30% for constant 
8M of sodium hydroxide cured at 100°C hot air oven. The 
bentonite replaced with ordinary Portland cement for 
different replacement levels of 20%, 40% and 60% and 
cured at both room temperature and as well as 100°C of 
hot air oven. The compressive strength tests for bentonite 
replaced with silica fume for various replacement levels of 
5%, 10% and 15% at constant 8M of sodium hydroxide 
kept at 100°C hot air oven.  

  
Table-1. Physical characteristics of various materials used in the study. 

 

Observation Bentonite Class - F 
flyash Lime Cement Silica fume 

Specific gravity 2.65 2.1 2.26 3.13 2.2 
Average particle size (µm) 2.5-4 45-300 7-150 20-45 0.5 
Bulk density (kg/m3) 650 456 540 1510 640 
Specific surface area (m2/kg) 5230 370 940 325 17000 
Blaine’s fineness (m2/kg) - 400 - 325 - 

 
Table-2. Chemical characteristics of various materials used in the study. 

 

Observation Bentonite Class - F flyash Lime Cement Silica fume 
SiO2 48.11 56.2 1.5 18.5 90.0 
Al2O3 14.56 25.8 0.2 5.24 0.013 
Fe2O3 7.48 6.8 0.5 5.9 0.01 
CaO 1.93 3.67 90.0 60.9 0.0033 
MgO 2.73 1.76 0.9 1.1 - 
SO3 - 0.47 - 1.5 - 

Na2O 2.98 2.06 - - - 
K2O 0.92 0.01 - - - 
Cl¯ 0.069 0.52 - 0.002 - 

Loss on ignition 19.63 6% - 0.80 0.3% 
Insoluble residue - - - 0.25 - 
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Figure-1. Bentonite mortar cubes after demoulding and 
cured at room temperature. 

 

 
 

Figure-2. Bentonite mortar cubes kept in the hot air oven 
in 100°C curing. 

 
3. EXPERIMENTAL TEST RESULTS AND 
DISCUSSIONS 
 
3.1. Initial and final setting time 

The experimental results on the setting time of 
various geopolymer mixtures is provided in Tables 5 and 6 
and represented in Figure-3. It can be noted from the 
setting time results that; bentonite was not reactive with 
alkali (sodium hydioroxide) at ordinary room temperature 
(36oC). However, when the bentonite mixed with alkali at 
higher concentration (8M) and cured in hot air oven 
resulted in substantial reduction in the setting time. This 

clearly shows that the geopolymerisation was effective 
only at high temperature curing in oven. The test results 
for binary blends of bentonite - flyash and bentonite - lime 
showed a consistent reduction in setting time around 400 
minutes with less time lag of 150 minutes. It is well 
observed from the Figure-3 that, with the increased 
replacement of bentonite with flyash there was no 
substantial reduction in setting time and a similar trend 
was also observed in the case of increased replacement of 
bentonite with lime. However, the setting time was faster 
in the case of bentonite replaced with lime up to 30% 
compared to bentonite with flyash. This could be due to 
high Si/Al ratio (3.36) present in the binary blends of 
bentonite-lime compared to bentonite - flyash which 
resulted in the substantial gain in the geopolymerisation. A 
substantial reduction in setting time (30 minutes) and time 
lag (85 minutes) was reported for the binary blends 
containing bentonite-silicafume at lower replacement 
levels (5%). However, with the increased addition of 
silicafume upto 15% there was no reduction in the setting 
property as well as there was a loss in consistency 
observed while preparing the mixtures. This enhancement 
in the setting time property is essentially due to the 
presence of high Si/Al ratio of 9.48 (as provided in Table-
3) in the binary mixture which results in faster hardening 
due to geopolymerisation reaction and leads to the 
formation of polysialate (Si-O-Al) geopolymer 
(Davidovits, 1989). However, the binary blends of 
bentonite - cement exhibited faster setting time (50 
minutes) as compared to other binary blends with the 
increased addition of cement (60%). Also, the setting 
properties were enhanced in oven drying at 100oC 
compared to ordinary room temperature of 36oC. In the 
case of bentonite - cement mixtures the setting could be 
possibly due to hydration process (since no alkali 
activators added) and the rate of reaction was increased 
due to the addition of alkali and cured at higher 
temperature (Table-6). Similarly the ternary blends of 
bentonite-flyash-lime showed a consistent reduction in 
setting time at higher replacements of bentonite with lime 
and flyash at 30% and also a lower time lag was reported. 
Comparatively, the overall performance of ternary blends 
was reported to be higher possibly due to high calcium 
oxide content which can provide the activation energy 
during the progress of geopolymerisation.  

 
Table-3. Calculation of calcium to silica and silica to alumina ratio. 

 

Mix ID Constituents Si Al Ca Ca/Si Si/Al 
M1 Bentonite 48.11 14.56 1.93 0.133 3.304 
M2, M3, M4 Bentonite-Flyash 104.31 40.36 5.6 0.054 2.584 
M5, M6, M7 Bentonite-Lime 49.61 14.76 91.93 1.853 3.361 
M8, M9, M10, M11, M12, M13 Bentonite-Cement 66.61 19.8 62.83 0.943 3.364 
M14, M15, M16 Bentonite-Flyash-Lime 105.81 40.56 95.6 0.903 2.609 
M17, M18, M19 Bentonite-Silicafume 138.11 14.573 1.934 0.014 9.477 
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Table-4. Detailed mixture constituents used in the study. 
 

Mix ID Bentonite 
(%) 

Flyash 
(%) 

Lime 
(%) 

Cement 
(%) 

Silica 
fume (%) 

Activator/bin
der dosage 

(%) 

Alkali 
activator 
(NaOH) 

A3 (Ref)* 100 - - - - 40 8M 
A4 100 - - - - 40 10M 
A5 100 - - - - 40 12M 
A6* 90 10 - - - 40 8M 
A7* 80 20 - - - 40 8M 
A8* 70 30 - - - 40 8M 
A9* 90 - 10 - - 40 8M 
A10* 80 - 20 - - 40 8M 
A11* 70 - 30 - - 40 8M 
A12** 80 - - 20 - 40 Water 
A13** 60 - - 40 - 40 Water 
A14** 40 - - 60 - 40 Water 
A15* 80 - - 20 - 40 Water 
A16* 60 - - 40 - 40 Water 
A17* 40 - - 60 - 40 Water 
A18* 80 10 10 - - 40 8M 
A19* 60 20 20 - - 40 8M 
A20* 40 30 30 - - 40 8M 
A21* 95 - - - 5 40 8M 
A22* 90 - - - 10 40 8M 
A23* 85 - - - 15 40 8M 

 

Note: 
*- cured in 100°C hot air oven dry 
**- cured in Room temperature 

 
Table-5. Setting time results for various mixtures cured in oven at 100°C. 

 

Mix ID Bentonite 
(%) Flyash (%) Lime 

(%) 
Silica 

fume (%) 
Initial setting 
time (minutes) 

Final setting 
time 

(minutes) 

Time lag 
between IST 

and FST 
(minutes) 

A3 (Ref) 100 - - - 595 885 290 
A4 100 - - - 550 780 230 
A5 100 - - - 495 690 195 
A6 90 10 - - 135 235 100 
A7 80 20 - - 154 250 96 
A8 70 30 - - 160 295 135 
A9 90 - 10 - 85 190 105 
A10 80 - 20 - 125 230 105 
A11 70 - 30 - 85 190 105 
A18 80 10 10 - 70 170 100 
A19 60 20 20 - 55 105 50 
A20 40 30 30 - 50 115 65 
A21 95 - - 5 30 115 85 
A22 90 - - 10 50 115 65 
A23 85 - - 15 130 190 60 
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Table-6. Setting time results for binary blends of bentonite and cement cured at room temperature (36oC) 
 

Mix Id Bentonite (%) Cement (%) Initial setting 
time (minutes) 

Final setting 
time (minutes) 

Time lag 
between IST and 

FST (minutes) 
A12 80 20 110 320 210 
A13 60 40 125 350 225 
A14 40 60 350 495 145 
A15 80 20 80 200 120 
A16 60 40 125 230 105 
A17 40 60 135 215 80 

 

 
 

Figure-3. Initial and final setting time for various combinations of mixtures. 
 
3.2. Compressive strength of bentonite mortar cubes 

The relative strength properties of mortar cubes 
cured at hot air oven at 100°C and ordinary room 
temperature are given in Tables 8 and 9 and shown in 
Figures 4 to 9. It can be noted from the test results that, the 
maximum compressive strength (13.04 MPa) was recorded 
in the binary blends containing bentonite and silica fume 
at 5% (M17) with alkali activator shown in Figure-9. 
Similarly the binary blends containing bentonite and 
cement at 60% (M13) mixed with water and cured in oven 
showed a maximum strength of 19.19 MPa shown in 
Figure-7. However the binary blends containing bentonite 
and lime at 10% (M5) (shown in Figure-5) showed highest 
strength as compared to bentonite and flyash at 20% (M3) 
(shown in Figure-4). In the case of ternary blends 
containing bentonite-flyash-lime (M16) a highest 
compressive strength (24.74 MPa) of the mortar was 
recorded was shown in Figure-8. It can be summarized 

from the compressive strength results that among the 
binary blends, the maximum addition of flyash up to 20% 
and lime 10% had shown consistent increase in the 
compressive strength. The rate of strength gain for the 
different mixtures is given in Table-10. It can be noted that 
all the binary and ternary mixtures attained 80% of the 
ultimate strength within 7 days of curing. However, in the 
case of binary mixtures containing bentonite and cement, 
the rate of strength gain was appreciable when the 
specimens were cured in oven compared to ordinary 
curing (as seen in Figure-6). In general, compared to 
binary blends, ternary blends containing bentonite-flyash-
lime showed higher strength gain of all the mixtures. The 
compressive strength results clearly shows that without the 
addition of cementing material, the addition of ternary 
mixtures containing bentonite-flyash-lime in the presence 
of alkali activator (NaOH) can provide a strong cementing 
material as a result of geopolymerisation. 

 
 
 
 
 
 

BENTONITE (95%) + 
SILICA FUME (5%) 

SHOWN EARLY 
SETTING TIME 
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Table-7. Mixture proportions adopted for testing the compressive strength of various geopolymer mixtures. 
 

Mix ID Bentonite 
(%) 

Flyash 
(%) 

Lime 
(%) 

Cement 
(%) 

Silica fume 
(%) 

Activator/bind
er dosage (%) 

Activator 
(or) water 

M1(Ref)* 100 - - - - 40 NaOH 
M2* 90 10 - - - 40 NaOH 
M3* 80 20 - - - 40 NaOH 
M4* 70 30 - - - 40 NaOH 
M5* 90 - 10 - - 40 NaOH 
M6* 80 - 20 - - 40 NaOH 
M7* 70 - 30 - - 40 NaOH 
M8** 80 - - 20 - 40 Water 
M9** 60 - - 40 - 40 Water 
M10** 40 - - 60 - 40 Water 
M11* 80 - - 20 - 40 Water 
M12* 60 - - 40 - 40 Water 
M13* 40 - - 60 - 40 Water 
M14* 80 10 10 - - 40 NaOH 
M15* 60 20 20 - - 40 NaOH 
M16* 40 30 30 - - 40 NaOH 
M17* 95 - - - 5 40 NaOH 
M18* 90 - - - 10 40 NaOH 
M19* 85 - - - 15 40 NaOH 

 

Note: 
* - cured in 100°C Hot air oven dry 
** - cured in room temperature 
NaOH added at 8 molarity 

 
Table-8. Compressive strength results for various geopolymer mixtures cured at 100°C hot air oven. 

 

Compressive strength in days (MPa) 
Mix ID Bentonite 

(%) 
Flyash 

(%) 
Lime 
(%) 

Silica 
fume (%) 1 3 7 14 28 

M1(Ref) 100 - - - 3.10 4.55 6.22 9.50 9.56 
M2 90 10 - - 7.89 9.33 10.43 10.77 11.44 
M3 80 20 - - 8.33 9.63 9.76 11.50 11.54 
M4 70 30 - - 7.00 9.03 9.43 9.50 10.83 
M5 90 - 10 - 9.66 11.23 11.44 11.84 12.10 
M6 80 - 20 - 1.40 5.55 6.15 6.22 6.62 
M7 70 - 30 - 2.01 6.82 8.29 9.03 10.22 

M14 80 10 10 - 2.61 8.83 14.85 15.72 16.74 
M15 60 20 20 - 5.82 17.92 18.46 19.53 21.67 
M16 40 30 30 - 5.62 14.24 20.26 23.27 24.74 
M17 95 - - 5 4.33 10.03 11.54 11.90 13.04 
M18 90 - - 10 5.82 9.03 10.03 10.83 10.93 
M19 85 - - 15 4.72 6.82 7.22 8.16 8.96 



                                         VOL. 7, NO. 11, NOVEMBER 2012                                                                                                              ISSN 1819-6608            

ARPN Journal of Engineering and Applied Sciences 
 

©2006-2012 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
1442

Table-9. Compressive strength results for binary blends of bentonite - cement cured at room temperature. 
 

Compressive strength in days (MPa) 
Mix ID Bentonite (%) Cement (%) 

1 3 7 14 28 
M8 80 20 0.60 0.80 1.42 2.21 2.34 
M9 60 40 2.21 4.01 5.15 6.22 7.49 

M10 40 60 5.40 8.75 10.77 15.65 16.50 
M11 80 20 1.52 3.14 3.61 3.75 4.21 
M12 60 40 4.61 5.42 9.36 9.83 11.24 
M13 40 60 11.84 14.65 18.26 18.56 19.19 

 
Table-10. Rate of strength gain with respect to 28th day strength. 

 

Compressive strength in days (MPa) 
Mix ID Bentonite 

(%) 
Flyash 

(%) 
Lime 
(%) 

Cement 
(%) 

Silica 
fume (%) 1 3 7 14 

M1 100 - - - - 32.41 47.57 65.03 99.30 
M2 90 10 - - - 68.96 81.59 91.19 94.12 
M3 80 20 - - - 72.14 83.48 84.61 99.65 
M4 70 30 - - - 64.58 83.33 87.04 87.65 
M5 90 - 10 - - 79.84 92.78 94.49 97.79 
M6 80 - 20 - - 21.21 83.85 92.90 93.95 
M7 70 - 30 - - 19.63 66.73 81.13 88.31 
M8 80 - - 20 - 25.72 34.31 60.79 94.29 
M9 60 - - 40 - 29.46 53.57 68.75 83.04 
M10 40 - - 60 - 32.69 53.04 65.25 94.83 
M11 80 - - 20 - 19.05 74.63 85.72 88.92 
M12 60 - - 40 - 41.07 48.21 83.33 87.49 
M13 40 - - 60 - 61.67 76.31 95.12 96.70 
M14 80 10 10 - - 16.59 56.17 94.46 99.99 
M15 60 20 20 - - 26.85 82.72 85.19 90.13 
M16 40 30 30 - - 22.71 57.58 81.91 94.07 

M17 95 - - - 5 6.15 76.92 88.46 91.28 

M18 90 - - - 10 53.22 82.59 91.75 99.11 
M19 85 - - - 15 4.48 76.12 19.43 91.04 
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Figure-4. Compressive strength of mortar cube containing bentonite and flyash 
in hot air oven curing. 

 

 
 

Figure-5. Compressive strength of mortar cube containing bentonite and lime 
in hot air oven curing. 

 

 
 

Figure-6. Compressive strength of mortar cube containing bentonite and cement 
in ordinary room temperature curing. 
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Figure-7. Compressive strength of mortar cube containing bentonite with cement 
in hot air oven curing. 

 

 
 

Figure-8. Compressive strength of mortar cube containing bentonite, flyash and 
lime in hot air oven. 

 

 
 

Figure-9. Compressive strength of mortar cube containing bentonite and silica 
fume in hot air oven. 
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4. CONCLUSIONS 
 The comprehensive experimental test results and 
analysis of various geopolymer mixtures in this study can 
be summarized below: 
 
i) The addition of alkali activator (NaOH) with bentonite 

was not effective in the initiation of 
geopolymerisation reaction at ordinary room 
temperature and showed a marked improved setting 
when cured in hot air oven at 100oC.  

ii) It can be observed that the binary blends containing 
flyash (20%) and lime (10%) in bentonite with the 
addition of alkali at 8M provided early setting 
properties through the initiation of geopolymerisation.  

iii) The time lag (final - initial setting time) for all the 
binary mixtures showed a consistent reduction in 
setting time and shows that the Si/Al ratio present in 
the constituents for the initiation of geopolymerisation 
reaction.  

iv) The ternary blends containing bentonite-flyash-lime 
showed a significant performance in terms of faster 
setting due to high Si/Al (2.61) and clearly indicates 
the fact that the geopolymerisation could be 
essentially due to the formation silico-aluminate 
geopolymer.  

v) In the case of binary blends containing bentonite-
cement the strength gain was effective at oven drying 
at 100°C compared to normal curing.  

vi) The experimental results in the study can be 
instrumental for the large scale utilization of ternary 
geopolymer mixtures for obtaining a superior binder 
material in terms of strength and faster setting.  
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