
       GEOPOLYMER CONCRETE 

 - Ashish Kumar 

 

1* M.Tech (Civil Engineering) 2017-2019. 

I.T.M. Lucknow, affiliated to Dr. APJ ABDUL KALAM TECHNICAL UNIVERSITY. 

 

Abstract : 

Fire represents one of the most severe exposure conditions and hence provisions for appropriate 

fire resistance for structural members are major safety requirements in any building design. In 

order to predict the fire resistance of a structure, the temperatures in the structure must be 

determined. The fire resistance of structural members is dependent on the thermal and 

mechanical properties at elevated temperatures, of the materials of which the members are 

composed. This project aims at studying the performance of geopolymer concrete under elevated 

temperature. Performance of different GPC mixes were studied at varying test temperatures 

sustained for different durations. The specimens were heated for different temperatures namely 

250 0 C, 400 0 C, 600 0 C,800 0  C sustained  for duration of 2 hours and 4 hours.  

 The mechanical properties like compressive strength, Young’s modulus, modulus of rupture were 

studied. A non destructive test was also conducted to assess the quality of the specimens exposed 

to different temperature ranges. SEM investigations were carried out to study the change in the 

microstructures at different temperatures. 
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INTRODUCTION 

The demand for cement concrete as a construction material is on the increase. Due to increase in 

infrastructure developments, the demand for concrete would increase in the future. It is estimated 

that the production of cement will increase from about from 1.5 billion tons in 1995 to 2.2 billion 

tons in 2010 (Malhotra, 1999). The global warming is caused by the emission of greenhouse gases, 

such as CO2, to the atmosphere by human activities. Among the greenhouse gases, CO2 contributes 

about 65% of global warming (McCaffrey, 2002). The cement industry is responsible for about 6% of 

all CO2 emissions, because the production of one ton of Portland cement emits approximately one 

ton of CO2 into the atmosphere (Davidovits, 1994c; McCaffrey, 2002). 
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One of the efforts to produce more environmentally friendly concrete is to replace the amount of 

Portland cement in concrete with by-product materials such as fly ash. An important achievement in 

this regard is the development of high volume fly ash (HVFA) concrete that utilizes up to 60 percent 

of fly ash, and yet possesses excellent mechanical properties with enhanced durability performance. 

The test results show that HVFA concrete is more durable than Portland cement concrete (Malhotra 

2002). Another effort to make environmentally friendly concrete is the development of inorganic 

alumina-silicate polymer, called Geopolymer, synthesized from materials of geological origin or by-

product materials such as fly ash, metakaolin, silica fume, granulated blast furnace slag and rice husk 

ash, that are rich in silicon and aluminum (Davidovits 1994, 1999). 

 

In 1978, Davidovits introduced the word geopolymer which was used to describe an environmentally 

friendly material which possesses excellent strength and chemical properties. It also exhibits ceramic 

like properties with superior resistance to fire at elevated temperature.  The low energy 

requirements of production from common raw materials and their inflammability at high 

temperatures, the geopolymers are attracting increasing interest as ecologically friendly fire proof 

building material, sound and heat insulators and materials for encapsulating hazardous wastes for 

storage or disposal. In this respect, the geopolymer technology proposed by Davidovits (1988a; 

1988b)shows considerable promise for application in concrete industry as an alternative binder to 

the Portland cement. In terms of reducing the global warming, the geopolymer technology could 

reduce the CO2 emission to the atmosphere caused by cement and aggregates industries by about 

80% (Davidovits, 1994c). 

 

LITERATURE REVIEW 

The 25X50mm diameter cylinder samples were exposed to firing at 800°, 1000° and 1200° C for 4 

hours at a heating rate 10° C/min. The polished specimens were used for the SEM examinations. To 

prepare the polished specimens, 1mm thick slices were cut from the cylinder samples using a low 

diamond saw, impregnated with ultra low viscosity resin and then polished. For the examination 

using SEM the polished specimens were carbon coated. X-ray diffraction analysis of powdered 

specimen was made using a Rigaku Giegerflex D-max II automated diffractometer with following 

conditions: 40kV, 22.5mA, Cu-Kα radiation. The XRD patterns were obtained by scanning at 0.1° per 

minute and in steps of 0.05°. The slow scanning rate was used to improve resolution of peaks. The 
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materials were also analyzed using mercury intrusion porosimeter to study porosity and average 

pore diameter before and after firing. 

 

The strength evolution in geopolymer specimens prepared using sodium containing activator and 

w/b in a range of 0.09-0.3. The experiment showed that the specimen prepared at w/b= 0.09 

developed shrinkage cracking when exposed to 800 0 C. shrinkage cracking increased with increase of 

w/b ratio. After exposure to temperature above 800 0 C strength of all the specimens prepared using 

Na-containing activator deteriorated rapidly. The specimens cured at 100 0 C had initial strength 50-

100% higher than that of the specimens cured at 80 0 C. All specimens had a tendency of increasing 

strength upon firing. After firing the compressive strength of the pressure compacted specimens was 

lower than that of the hand compacted specimen. On firing, specimens manufacture using pressure 

1-3 MPa increased strength up to 30 %, while other non compacted specimen had strength 

increased 44%. However, after exposure to temperature above 8000 C strength of specimen 

prepared using Na-containing activator rapidly deteriorated. strength loss was rapid in specimens 

prepared using heat curing at 1000 C, which had higher initial strength than specimens cured at 800 

C. 

 

The compressive strength of the specimens prepared using potassium silicate and fly ash at 

w/b=0.166-0.345 and cured at 800 C to 1000 C. Specimens manufactured using w/b=0.166 were 

compacted using applied pressure of 2,6and 10 MPa. The initial strength of 2-5 MPa was measured 

for materials prepared at w/b =0.166 and 0.345 and cured at 800 C, while for the materials prepared 

at w/b=0.166 and cured at 1000 C the highest compressive strength of 12 MPa was achieved. 

Materials prepared at w/b= 0.345 and 0.166 and cured at 800 C had a similar strength evolution after 

exposure to 8000 ,10000, and 12000 C, achieving maximum strength of 53 MPa after firing at 10000 C, 

while further increasing of firing temperature caused deterioration of strength. The specimen w/b= 

0.166 compacted by hand and cured at 1000 C had an increasing strength up to 12000 C. Observation 

of strength evolution of the specimens compacted at 2-10 MPa show that pressure compaction does 

not induce significant improvement of initial strength, but can be detrimental for strength 

development on firing. 

Materials prepared using K-containing activators had significantly increased their initial strength, 

while materials prepared using Na-containing activators had very high loss of strength at 

temperature exceeding 8000 C. Previously materials prepared using metakaolin showed thermal 
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resistance up to 13000 C for sodium polysialate geopolymers and up to 13000C–14000C for potassium 

polysialite geopolymers (V.F.F.Barbosa, K.J.D.Mackenzie, 2003) they reported that increased 

amounts of water and/or sodium and silicon could cause reduced thermal resistance of geopolymer 

material when exposed to firing. the aluminosilicate gel free sodium, silicon, and aluminum 

produced Na-feldspars. Presence of the Na- feldspars is responsible for the increase of porosity and 

deterioration of strength. here the experimental results indicated that a loss of compressive strength 

in materials prepared using Na- containing activator when exposed to firing was associated with a 

significant increase of the average pore size and shrinkage cracking. The presence of significant 

amounts of iron oxide in the fly ash used for materials preparation and poor polymerization of 

geopolymers in samples utilizing fly ash causes degradation of fire resistance properties of the 

geopolymer materials. 

GEOPOLYMER MATERIALS AND PROCESS: 

 

3.1 GEOPOLYMER MATERIALS 

 

3.1.1 FLY ASH: 

Fly ash is a finely divided residue resulting from the combustion of ground or powdered coal in 

electricity generating plant. Fly ash consists of earthly minerals, which include silicon, aluminum, 

iron, calcium, magnesium and traces of titanium and organic matter, such as carbon. The fly ash is 

solidified while it is being suspended in he exhaust gases, and is collected from the exhaust gases by 

electrostatic precipitators. Therefore, fly ash particles are generally spherical in shape because the 

solidification process occurs while the solid is in gas suspension. Furthermore, the collision between 

particles results in some larger particles or particles made up of several smaller ones bonded 

together. The particle size of fly ashes ranges from <1 to 200 µm, and the particles are typically 

spherical in shape (Hemmings and Berry, 1988) 

 

The types of coal determine the types of fly ash produced. Generally, anthracite and 

bituminous coals produce fly ashes which are classified as Class F fly ash.  Class F – being mainly silica 

and alumina (80-85 weight %) and < 10 weight % CaO.Class C fly ash is produced by burning lignite or 

sub-bituminous coal. Class C fly ash has lower silica and alumina content, but higher CaO content 

(20-40 weight %). 
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3.1.2 ALKALINE LIQUID 

In this experimental investigation a combination of sodium hydroxide and sodium silicate 

solution was chosen as the alkaline liquid. It is reported that mineral shows a higher extent of 

dissolution in sodium based solution than potassium based solution [1]. The sodium 

hydroxide was in the form of flakes (commercial grade), with 97% purity. The sodium 

hydroxide solution was prepared by dissolving flakes in distilled water (normal). The mass of 

NaOH solids used in the solution was of 16 molar. In this experiment 16 molar solution is 

used, NaOH solution with a concentration of 16M consisted of 16X40=640 grams of NaOH 

solids dissolved in one litre of water, where 40 is the molecular weight of NaOH. In this 

study 16M sodium hydroxide solution was used. 

 A commercially available sodium silicate solution was used. The specific gravity and 

chemical composition of such a sodium silicate solution was 1.53 and Na2o=27.62%, 

SiO2=32.08%, H2o=40.3% by mass respectively 

 

3.2 GEOPOLYMERISATION PROCESS: 

 

The researchers have reported that binders could be produced by a polymeric reaction of alkaline 

liquids with the silicon and the aluminum in source materials of geological origin or by product 

materials such as flyash and rice husk ash, metakaoline, blast furnace slag, known as geopolymers. 

 

Geopolymerisation is a geo synthesis (a reaction that chemically integrates minerals)that involves 

naturally occurring silico-aluminates. The silicon(Si)and aluminum(Al)atoms react to form molecules 

that are chemically and structurally comparable to those binding natural rock that allows for 

products to exhibits the most ideal properties of rock-forming elements namely, hardness, chemical 

stability and longetivity. 

 

The synthesis of geopolymer is believed to consist of three steps: 

First the dissolution of alumino-silicate under strong alkali solution, second, the reorientation of ion 

clusters, and the third, polycondensation. But each step may include many pathways. Different 
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pathway can create different ion cluster, which directly determine the final properties of 

geopolymer. Thus, it is very important to under stand the actual pathway for producing geopolymer 

in order to gain insight into the mechanism of geopolymerisation. However, until now, these 

mechanisms are not well documented due to rapid rate of formation of geopolymer. Experimentally 

it is very difficult to separate out these steps.  

 

 

Poly(sialates) are chain and ring polymers with Si
4+

 and AL
3+

 in coordination 

with oxygen and range from amorphous to semi-crystalline with the empirical 

formula: 

Mn (-(SiO2) z–AlO2)n . wH2O (2-1) 

Where “z” is 1, 2 or 3 or higher up to 32; M is a monovalent cation such as potassium 

or sodium, and “n” is a degree of polycondensation (Davidovits, 1984, 1988b, 1994b, 

1999). Davidovits (1988b; 1991; 1994b; 1999) has also distinguished 3 types of 

polysialates, namely the Poly(sialate) type (-Si-O-Al-O), the Poly(sialate-siloxo) type 

(-Si-O-Al-O-Si-O) and the Poly(sialate-disiloxo) type (-Si-O-Al-O-Si-O). The 

structures of these polysialates can be schematized as in Figure . 
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A geopolymer can take one of the three basic forms. 

 

Poly(sialate), which has[-Si-O-Al-O-] as the repeating unit. 

Poly(sialate-siloxo), which has [-Si-O-Al-O-Si-O-] as the repeating unit. 

 Poly(sialate-disiloxo), which has [-Si-O-Al-O-Si-O-Si-O-] as the repeating unit. 

 

Geopolymerization involves the chemical reaction of alumino-silicate oxides (Si2O5,Al2O2) 

with alkali polysilicates yielding polymeric Si – O – Al bonds. Polysilicates are generally sodium or 

potassium silicate supplied by chemical industry. 

 

                                                                                              

 

                                                                                           

 

   (-) 

(Si2O5, Al2O2)n + nSiO2 + nH2O NaOH, KOH     n(OH)3 -Si-O-Al-O-Si-(OH)3 

                                                                                          

                                                                                           (OH)2 

                                   (-)                                                                                                        (-) 

n(OH)3 -Si-O-Al-O-Si-(OH)3 NaOH, KOH     (Na,K)
(+)

 –(-Si-O-Al-O-Si-O-) + nH2O 

                    

                     (OH)2                                                                                 O       O           O            

 

 

Unlike ordinary Portland/pozzolanic cements, geopolymers do not form calcium silicate- 

hydrates (CSHs) for matrix formation and strength, but utilize the polycondensation of silica and 

alumina precursors and a high alkali content to attain structural strength. Therefore, geopolymers are 

sometimes referred to as alkali activated alumino silicate binders (Davidovits, 1994a; Palomo et. al., 

1999; Roy,1999; van Jaarsveld et. al., 2002a). 
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METHODOLOGY 

 

. Thermal expansion of geopolymer paste 

There was a length change of the geopolymer paste with respect to its original length, lo. When 

initially heated upto 1500C, the hardened geopolymer paste expanded. Between 1500C  and 2200 C, 

no further expansion occurred. The geopolymer paste then shrunk between 2200 C and 8000 C. 

Shrinkage occurred due to the mass loss when subjected to elevated temperature. The TGA was able 

to measure the mass loss as a function of temperature. Rapid dehydration occurred at the peak of 

the 1200 C to 1300 C heating range. Generally , the total percentage of mass remaining after being 

heated to 8000 C averaged at 88.8%. All specimens experienced a rapid decline in percentage  within 

the first 2000 C and stabilized after until approximately 7000 C. After 7000 C, there was little change 

in the percentage of mass remaining. 

   

The expansion of concrete at elevated temperature is strongly affected by the aggregates because 

aggregates generally occupy 75-80 % of the volume of the concrete. The expansion of aggregates 

predominates over the contraction of the geopolymer paste subjected to temperature beyond 2200 

C, which produces a net result of expansion in concrete. Meanwhile, a differential thermal expansion 

exists between the aggregates and the paste. The results prove the hypothesis that the thermal 

incompatibility relating to the paste and aggregates is the primary reason for the performance loss 

at elevated temperatures between the geopolymer paste and concrete specimens.  

8.16 % 
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GEOPOLYMER MATERIALS 

3.1.1 FLY ASH: 

Fly ash is a finely divided residue resulting from the combustion of ground or powdered coal in 

electricity generating plant. Fly ash consists of earthly minerals, which include silicon, aluminum, 

iron, calcium, magnesium and traces of titanium and organic matter, such as carbon. The fly ash is 

solidified while it is being suspended in he exhaust gases, and is collected from the exhaust gases by 

electrostatic precipitators. Therefore, fly ash particles are generally spherical in shape because the 

solidification process occurs while the solid is in gas suspension. Furthermore, the collision between 

particles results in some larger particles or particles made up of several smaller ones bonded 

together. The particle size of fly ashes ranges from <1 to 200 µm, and the particles are typically 

spherical in shape (Hemmings and Berry, 1988) 

 

The types of coal determine the types of fly ash produced. Generally, anthracite and 

bituminous coals produce fly ashes which are classified as Class F fly ash.  Class F – being mainly silica 

and alumina (80-85 weight %) and < 10 weight % CaO.Class C fly ash is produced by burning lignite or 

sub-bituminous coal. Class C fly ash has lower silica and alumina content, but higher CaO content 

(20-40 weight %). 

 

3.1.2 ALKALINE LIQUID 

In this experimental investigation a combination of sodium hydroxide and sodium silicate 

solution was chosen as the alkaline liquid. It is reported that mineral shows a higher extent of 

dissolution in sodium based solution than potassium based solution [1]. The sodium 

hydroxide was in the form of flakes (commercial grade), with 97% purity. The sodium 

hydroxide solution was prepared by dissolving flakes in distilled water (normal). The mass of 

NaOH solids used in the solution was of 16 molar. In this experiment 16 molar solution is 

used, NaOH solution with a concentration of 16M consisted of 16X40=640 grams of NaOH 

solids dissolved in one litre of water, where 40 is the molecular weight of NaOH. In this 

study 16M sodium hydroxide solution was used. 
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 A commercially available sodium silicate solution was used. The specific gravity and 

chemical composition of such a sodium silicate solution was 1.53 and Na2o=27.62%, 

SiO2=32.08%, H2o=40.3% by mass respectively 

The present experimental work deals with the study of the performance of fly ash based 

geopolymer concrete at different elevated temperatures namely 250
0 

C
 
, 400

0
 C, 600

0
 C, 800

0
 

C, At different sustained durations of 2 hours and 4 hours. 

The details of the materials used in the present work, the mix design, method of mixing, 

casting of specimen, curing and heating to different temperatures along with the tests carried 

out on the heated specimens are explained in this chapter. 

4.2 MATERIALS   

4.2.1 FLY ASH  

Fly ash used in this experimental work is brought from Raichur thermal power station 

(RTPS) Karnataka. It is a class F fly ash (the fly ash which contains less than 10 % of the 

calcium) which is called low calcium fly ash.  The physical characteristics of fly ash was 

conducted and the results are tabulated in Table 4.1 

      

Table  4.1 – Physical Characteristics of Fly Ash (RTPS) 

Sl No Details Results 

1. Specific Gravity 2.05 

2. Fineness (Blaine’s air permeability (m2/kg) 439 

 

Chemical test on fly ash  

The chemical test was conducted o the fly ash and the results were tabulated in the Table 4.2  
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 Table 4.2 Chemical Composition of Fly Ash 

SL NO TEST CONDUCTED RESULTS 

1 

Silicon dioxide plus aluminum 

oxide plus iron oxide, percent by 

mass 

94.40 

2 Silicon dioxide percent by mass 60.88 

3 
Magnesium oxide percent by 

mass 
0.98 

4 
Total sulphur as sulphur trioxide. 

percent by mass, (maximum) 
0.20 

5 Loss on ignition, percent by mass 1.13 

 

7 TEST CONDUCTED 

The tests proposed are such that they indicate the degradation, changes in strength properties 

due to exposure to elevated temperature. The residual properties were measured in terms of 

compressive strength, modulus of elasticity and modulus of rupture. In addition, ultra-sonic 

pulse velocity test was conducted and densities of concrete were also measured to observe the 

possible variations.  

4.8  PHYSICAL OBSERVATIONS 

  Before the specimens were subjected to various tests, the physical changes after exposing 

the specimen to different temperature and for different sustained duration were observed. The 

observation includes change in dimensions, colour, development of cracks etc. The 

observations are furnished in the Table. 5.1. 

 

4.8.1 Change in colour 

Similar to Portland cement concrete, geopolymer concrete exhibits change in colour, when exposed 

to elevated temperature the change in colour observed is as follows: 

Upto  250° C, which was sustained for 2 hours and 4 hours, there was no change in colour, 

the colour remained the same as that of unheated specimen. 
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 @ 400° C which was sustained for 2 hours and 4 hours, in these specimens exhibit  slight pink 

colouration. 

 

 @ 600° C which was sustained for 2 hours and 4 hours, the change in the colour of the 

specimen was quite prominent. The specimen turned pink mixed with brown colour. 

 

 @ 800° C which was sustained for 2 hours and 4 hours, the specimen exhibits  brown colour. 

The colour of the aggregates and the matrix had turned into brown colour, as observed from 

the crushed specimen. 

                    

                          

Specimens showing the change in Colour 

 

4.8.2 Aggregates 

Commonly used aggregates are thermally stable up to 650° C. At higher temperature when the 

specimen was subjected to compression test, it was observed that the failure occurs not only in the 

interfacial vicinity between aggregates and geopolymer but failure occurs through the aggregates. 

These aggregates were so weak that they could be crushed very easily by hand. 

This shows that the aggregates at higher temperatures was unstable and become very weak. 
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4.8.3 Cracks 

The specimen which was subjected to 250° C and 400° C temperature for 2 hours and 4 hours did 

not show any cracks. Where as specimens that was subjected to 600° C and 800° C for 2 hours and 4 

hours sustained duration showed surface cracks, and these cracks were predominantly in the matrix. 

The micro cracks observed on the surface were in the form of map cracking. 

                     

                     

                    Surface Cracks, and change in Colour on the specimen 

 

4.8.4 Spalling 

Spalling was not observed in any of the specimens which were subjected to different high 

temperatures at different sustained temperature. 

 

The physical observation of the specimens in terms of colour and cracks are shown in the Table.5.1. 

4.9 COMPRESSIVE STRENGTH TEST 

Tests were carried out to find out the effect of elevated temperatures on the residual compressive 

strength. The compressive strength of the cubes exposed to elevated temperatures are tested after 

7 days curing.   
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Concrete cubes, 100X 100 X 100 mm in size were tested for compressive strength as per IS: 516-

1959. The cubes were centrally placed in the compression testing machine of capacity 3000 KN and 

load was applied gradually and uniformly without shock. The loading rate was adjusted to 

140Kg/cm2/min. The load was applied until the specimen fails and the maximum load carried by 

each specimen during the test was recorded. From the failure load compression strength of each 

specimen is calculated. The results obtained are presented in Tables 5.6-5.9 and Figures 5.5-5.8. 

 

Compression test arrangement 
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