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1. Introduction 
 

The demand of concrete is increasing exponentially with 

the boom in housing sector and infrastructure development 

which also increases the demand of conventional cement. 

However, cement industry is responsible for the release of 

approximately 7% of total greenhouse gases emissions such 

as nitrogen oxide (NOx) and carbon dioxide (CO2) which 

makes it unfit in the virtual picture of sustainable 

environment. Geopolymer technology, coined by 

Davidovits (Davidovits 1988, Davidovits 1988) involves 

the binder produced by the polymerization of alumina and 

silica with the alkali activators solution in presence of 

elevated or ambient curing, which have a potential of 

replacing conventional concrete and reducing the CO2 

emissions by approximately 80%. Geopolymers have found 

to exhibit very high chemical stability which possess high 

values of mechanical and durability parameters (Petermann, 

Saeed et al. 2010).  

With the on-going industrial revolution across the globe, 

there is a major problem of landfill and disposal problems 

of industrial by-products such as rice husk ash (RHA), fly 

ash etc. Geopolymer technology relies on utilizing these 

industrial by-products that are rich in silica and alumina. 
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Previous studies have reported the effective utilization of 

some pozzolanic materials (Allahverdi et al. 2008), 

alumino-silicate materials (Xu and Van Deventer 2002) 

industrial by-products such as metakaolin (Latella et al. 

2008), fly ash (Rattanasak and Chindaprasirt 2009, 

Nematollahi et al. 2014) granulated blast furnace slag 

(Cheng and Chiu 2003) etc. 

Metakaolin which is commonly known as china clay is 

thermally treated material. India is on the second place after 

USA in the annual production of kaoline with 4.48 million 

metric tonnes in the year 2015 (Jewell and Kimball 2015). 

Ultra-fine slag named Alccofine is obtained through 

controlled granulation and highly reactive. Ultra-fine slag 

have been used previously to develop high strength 

conventional and fly ash based geopolymer concrete but 

literature on the its effects on the metakaolin based 

geopolymer concrete is not available (Jindal et al. 2017). 

The objective of present study is to develop metakaolin-

based GPC and to evaluate the effects of adding ultra-fine 

slag (0-25%) as partial replacement of metakaolin, on 

mechanical properties such as compressive, split tensile, 

flexural strengths and permeability properties such as water 

absorption, porosity, sorptivity, chloride permeability, 

respectively, up to the age of 90 days. In addition, 

relationship between strength and permeability properties of 

geopolymer concrete have also been derived. 

 

 

2. Material and methods 
 

2.1 Materials  
 

Metakaolin, as shown in Fig. 1, with specific gravity 
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derived. 
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Fig. 1 Raw image of metakaolin 

 

 
(a) 

 
(b) 

Fig. 2 EDS (a) and SEM(b) images of metakaolin 

 

 

2.61, specific surface area 19.75 m
2
/gm, particle size below 

45 µm and density around 475 g/litre was used in this study. 

Fig. 2 shows the SEM analysis of the metakaolin which 

indicated the presence of Si and Al atoms along with other 

elements whereas Table 1 shows the EDS analysis of the 

metakaolin. Ultra-fine slag with physical properties shown 

in Table 2 was used as partial replacement of metakaolin. 

Fig. 3 shows the XRD analysis of metakaolin which 

indicated the presence of calcite compounds. The chemical 

analysis was performed on metakaolin and ultra-fine slag 

particles as shown in Table 3. It was observed that 

metakaolin has considerable amount of alumina and silica 

so that to be used as a source material for geopolymers and 

ultra-fine slag has fair amount of calcium making it suitable 

to be used as a calcium source. The alkali-activating 

solution consists of mixture of sodium hydroxide (molarity 

10M) and sodium silicate (16.20% Na2O, 34.72% SiO2 and  

 

Fig. 3 XRD pattern of Ultra fine slag/Alccofine 1203 

 

 
(a) 

 
(b) 

Fig. 4 Grading curves of (a) Coarse aggregate (b) Fine 

aggregate 

 

 

49.08% water), prepared approximately 24 hours prior to 

casting in order to achieve co-relation between the mixture 

and casting temperature (Li and Liu 2007, Kong et al. 

2008). Coarse aggregates were used as crushed stone 

aggregates of 14, 10 and 7 mm in size and in the proportion 

of 45, 35 and 20% (Parveen and Singhal 2017), 

respectively, whereas river sand with 2.56 fineness modulus 

was used as fine aggregates. The aggregates were tested in 

accordance with the Indian standards (1970). The specific 

gravity was found to be 2.72 and 2.56 whereas water 

absorption was found to be 1.04% and 0.30% for coarse and 

fine aggregates, respectively. In addition, the grading curves 

were also developed for coarse and fine aggregates as 

shown in Fig. 4. 
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Table 1 EDS analysis of metakaolin 

Element keV Mass (%) Counts Error (%) Atom (%) Cation K 

O K 0.527 35.69 16813.7 0.011 49.15 1.331 

Al K 1.498 33.47 21654.2 0.012 26.96 1.001 

Si K 1.752 30.84 19112.1 0.021 23.89 1.015 

Total - 100.00 - - 100.00 - 

 

Table 2 Physical properties of ultra-fine slag 

Physical properties Ultra-fine slag 

Average particle size (μ) 4-6 

Bulk density (kg/m3) 600-700 

Specific gravity 2.86 

Fineness (cm2/gm) 12000 

 

Table 3 Chemical properties of ultra-fine slag and 

metakaolin 

Oxides Ultra-fine slag (%) Metakaolin (%) 

Silica oxide (SiO2) 35.30 58.10 

Aluminium oxide (Al2O3) 21.40 37.15 

Iron oxide (Fe2O3) 1.20 1.19 

Calcium oxide (CaO) 32.20 0.26 

Magnesium oxide (MgO) 0.85 0.29 

Potassium oxide (K2O) 0.64 0.24 

Sodium oxide (Na2O) 0.29 0.23 

Sulphur trioxide (SO3) 2.79 0.19 

 

 

2.2 Methods 

 

Based on the results obtained from various trial 

mixtures, the ratio of sodium silicate (Na2SiO3) to sodium 

hydroxide (NaOH) and ratio of alkali activating solution to 

the total geopolymer precursors (metakaolin and ultra-fine 

slag) was obtained as 2.5 and 0.45, respectively. Trial 

mixtures also achieved the adequate workability at 1% 

dosage of naphthalene-based super plasticizer by weight of 

total geopolymer precursors. The final design mixture was 

developed as shown in Table 4. The casting process 

commenced with the mixing of dry constituents i.e. 

metakaolin, ultra-fine slag and aggregates in a pan mixer for 

about 5 minutes with the further addition of already 

prepared alkali-activating solution and super plasticizer.  

The mechanical parameters were evaluated by 

conducting compressive strength, split tensile strength, 

flexural strength and elastic modulus on compression 

testing machine (CTM), in which the load was applied 

gradually. Permeability parameters contained the detailed 

investigation of water absorption and porosity, sorptivity 

(ASTM 2004), and chloride permeability (ASTM 2012) up 

to the age of 90 days. The cubical specimens of size 

150×150×150 mm, cylindrical specimens of size 100×200 

mm, beams of 100×100×500 mm and discs of size 100×50 

mm (from parent 100×200 mm cylindrical specimens) were 

cast to evaluate compressive, split tensile and flexural 

strengths, elastic modulus, and water absorption, porosity, 

sorptivity and chloride permeability; respectively. After the 

delay time of 1 hour, the specimens were cured at 90°C for 

24 hours so as to obtain minimum strength required for 

Table 4 Mixture proportions  

Mixture 

Ultra-

fine 

slag 
(%) 

Metakaolin 

(kg/m3) 

Ultra-

fine 

slag 
(kg/m3) 

Coarse 
aggregates 

(kg/m3) 

Fine 
aggregates 

(kg/m3) 

Alkali 
content 

(kg/m3) 

Super 
plasticizer 

(kg/m3) 

G100C0 0 306.0 0 1187 639 137.7 6.12 

G95C05 05 290.7 15.3 1187 639 137.7 6.12 

G85C15 15 260.1 45.9 1187 639 137.7 6.12 

G75C25 25 229.5 76.5 1187 639 137.7 6.12 

 

 

Fig. 5 Compressive strength results for geopolymer 

concrete 

 

 

structural purposes. For each mixture, results reported are 

average of three specimens. As observed from the previous 

studies (Hardjito 2005, Kong and Sanjayan 2008, Kong and 

Sanjayan 2010, Parveen and Singhal 2017) that geopolymer 

mechanism involves polymeric reactions where most of the 

strength develops up after elevated temperature curing 

period (Hardjito 2005), still mechanical and durability 

parameters were studied up to age of 90 days. 

 

 

3. Results and discussion 
 

3.1 Compressive strength 
 

Compressive strength results of the metakaolin-based 

geopolymer concrete incorporating cement are shown in 

Fig. 5. It was observed that with the increase in ultra-fine 

slag content, the values of strength first increased and then 

decreased at all ages. For instance, at 3 days, strength 

values were observed as 42.57, 48.78, 54.29 and 53.28 MPa 

for the specimens with 0, 5, 15 and 25% ultra-fine slag, 

respectively. Similar trend was observed at 7, 28 and 90 

days as maximum strength value was obtained for 

specimens with 15% ultra-fine slag and beyond that, the 

values decreased. Therefore, high strength at early age can 

be achieved by substituting ultra-fine slag into the GPC. 

The increase in strength with the increase in calcium 

content was due to the additional CSH hydration products 

caused by the reaction of calcium with the alkalis. This 

additional CSH coexisted with the geopolymeric binders 

sodium aluminate silicate hydrate (NASH) and calcium 

aluminate silicate hydrate (CASH) might resulting in 

modification of microstructure (Parveen et al. 2017).  
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Table 5 Ratio of splitting tensile strength and compressive 

strength 

Mixture 3 days 7 days 28 days 90 days 

G100C0 0.093 0.092 0.091 0.090 

G95C05 0.088 0.087 0.087 0.085 

G85C15 0.084 0.082 0.082 0.082 

G75C25 0.085 0.084 0.082 0.082 

 

 

Fig. 6 Split tensile strength results for geopolymer concrete 

 

 

Similar increase in strength was observed in previous 

studies (Alonso and Palomo 2001, Rovnaník 2010) as well. 

However, with the further increase in calcium content at 

25%, decremented values were observed. Previous studies 

(Yip and Van Deventer 2003, Yip et al. 2005, Tailby and 

MacKenzie 2010, Jindal et al. 2017, Parveen et al. 2017) 

reported that in a blended geopolymer medium and ultra-

fine slag, CSH was formed after the polymeric reactions 

took place; therefore, increase in ultra-fine slag relatively 

reduces the amount of alumina and silica which slightly 

hampered the polymeric reaction. Also, with the additional 

calcium, although CSH was introduced in the geopolymer 

system, but due to absence of water curing, CSH could not 

further developed resulting in lesser strength. It was also 

observed that for all mixtures, the increase in strength 

values after 3 days was not significant that is why 3 days 

strength of heat cured geopolymer is equivalent to 28 days 

strength of conventional concrete. For example, for mixture 

with 15% ultra-fine slag, strength values were observed to 

be 54.29, 56.48, 57.19 and 57.82 MPa at 3, 7, 28 and 90 

days, respectively. This was attributed to that fact that the 

mechanism of geopolymers was related to polymeric 

reactions which initiated at high temperature. Therefore, the 

geopolymeric binders NASH and CASH were formed at 

early age only. Similar decrement in strength values were 

observed after a certain limit of calcium addition in 

previous studies also (Pacheco-Torgal et al. 2008, 

Temuujinn et al. 2009).  

 

3.2 Split tensile strength 
 

Split tensile strength results of metakaolin-based 

geopolymer concrete incorporating ultra-fine slag are as 

shown in Fig. 6. The increase of 7.3 to 15.7% for the mixes 

G95C05 to G85C15 with respect to reference mix G100C0  

 

Fig. 7 Flexural strength results for geopolymer concrete 

 

 

and decrease of 13.0% for the mix G75C25 was observed at 

the age of 7 days with regards to optimum mix G85C15. 

Similarly, decrease of 15.8% for the mix G75C25 with 

regards to optimum mix G85C15 and increase of 8.4% and 

16.6% at the age of 28 days was observed with regards to 

the reference mix G100C0. At 3, 7, 28 and 90 days all the 

mixes showed higher split tensile strength than reference 

mix, but optimum strength was achieved for the mix 

G85C15. Further, strength of the mix G75C25 at all ages 

was almost comparable to that of G85C15. Ratio of split 

tensile strength to compressive strength has been depicted 

with the help of the Table 5. Results indicate that split 

tensile strength vary from 0.084 to 0.093, 0.082 to 0.092, 

0.082 to 0.090 and 0.081 to 0.090 times the compressive 

strength, at the age of 3, 7, 28 and 90 days, respectively. 

This showed that geopolymer concrete have the ratio of 

split tensile to compressive strength in the range of 8% to 

9%, however, for conventional concrete this ratio varies 

from 7%-9% (Mehta 2006). 

 
3.3 Flexural strength 
 

Flexural strength results of the metakaolin-based 

geopolymer concrete incorporating ultra-fine slag are as 

shown in Fig. 7. The flexural strength of the geopolymer 

concrete specimens prepared by incorporating ultra-fine 

slag was observed higher than the strength observed for the 

mix prepared with 0% ultra-fine slag in all the cases. 

Further, this trend was same at all the ages. The trend of 

increased and decreased in flexural strength was just like 

compressive and split tensile strength results. The 28-day 

flexural strength of mix G100C0 was 4.48 MPa whereas 

mixes G95C05, G85C15 and G75C25 showed 4.74, 5.05 

and 5.02 MPa, respectively. Flexural strength decreased 

marginally after 15% replacement. It is evident from the 

results of the Fig. 7 that flexural strength increased with age 

and decreased after 15% ultra-fine slag replacement.  

 

3.4 Elastic modulus of GPC specimens 
 

Fig. 8 illustrates the elastic modulus comparison of the 

geopolymer concrete specimens prepared with ultra-fine 

slag and 0% ultra-fine slag. It can be concluded that elastic 

modulus (Ec) increased with the increase in ultra-fine slag  
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Fig. 8 Elastic modulus for conventional and geopolymer 

concrete 

 

 

percentage but upto a limit of 15% replacement. Further, it 

was expected that relationship between the elastic modulus 

(Ec) and compressive strength (fc) in geopolymer concrete 

would be nearly same as well established relationship in the 

case of conventional concrete. The same can be seen from 

the Fig. 8 that elastic modulus increased with the increase in 

compressive strength. Results indicated the strong 

relationship between the compressive strength (fc) and 

elastic modulus (Ec). American Concrete Institute (ACI) 

code gives the elastic modulus as a direct function of the 

characteristics compressive strength (fc) for conventional 

concrete in terms of cylinders, which is shown in Eq. (1).   

cc fE  4733               (1) 

Where, Ec=Elastic modulus and fc=Compressive strength 

It can be concluded from the Fig. 8 that ACI 

overestimate the elastic modulus (Ec) of the geopolymer 

concrete, however, there was a marginally difference of 3-

12% between the values proposed by ACI and geopolymer 

concrete.  

 

3.5 Relationship of split tensile and flexural strengths 
to compressive strength 
 

Fig. 9 showed the relationship between compressive and 

split tensile strengths for the metakaolin based GPC 

incorporating alccofine. Table 6 confirmed the close 

relationship between split tensile and compressive strength 

and the same has been confirmed by other researchers also 

(Gardner and Poon 1976, Carino and Lew 1982, Raphael 

1984, Sofi et al. 2007, 318 2008, Anuradha et al. 2011, Lee 

and Lee 2013, Ryu et al. 2013). Regression analysis was 

performed to obtained the non-linear equations between 

split tensile and compressive strength of metakaolin based 

geopolymer concrete as depicted in Eq. (2). Fig. 9 showed 

the realistic representation of the regression lines for 

metakaolin based GPC and it has a direct relationship with 

the compressive strength similar to conventional concrete. 

57.0467.0 cspt ff   MPa            (2) 

Where, fspt=Split tensile strength and fc=Compressive 

strength in MPa 

 

Fig. 9 Relationship between compressive and split tensile 

strength 

 

Table 6 Relationship between compressive and split tensile 

strength  

 

ACI 

318-99 

Gardner 

et al. 

Raphael 

et al. 

Carino 

et al. 

Current 

study 

Ryu 

et 

al. 

Lee 

et 

al. 

Sofi et 

al. 

Anuradha 

et al. 

Conventional concrete Geopolymer concrete 

Split tensile strength, fspt=ɑ* (Compressive strength, fc) 
ß
 

ɑ 0.56 0.46 0.313 0.272 0.467 0.17 0.45 0.48 0.892 

ß 0.50 0.60 0.66 0.71 0.57 0.75 0.50 0.50 0.422 

Where, ɑ and ß are constants. 

 

Table 7 Relationship between compressive and flexural 

strength  

 

AS 

3600 

ACI 

318 
IS 456 NZS-3101 Current study 

Gunasekara 

et al. (2017) 

Conventional concrete Geopolymer concrete 

Flexural strength, fs = ɑ *sqrt (Compressive strength, fc) 

ɑ 0.60 0.62 0.70 0.60 0.667 0.70 

Where, ɑ and ß are constants. 

 

 

Fig. 10 shows a scattered plot in between flexural and 

compressive strengths which were developed by using the 

relationships (3600 2001, 3101:2006 2006, Gunasekera et 

al. 2017) as shown in Table 7. The proposed equation is 

based on the nonlinear regression model and is shown in 

Eq. (3).  

cs ff  668.0   MPa             (3) 

Where, fs=Flexural strength and fc=Compressive strength 

It can be concluded from the Figs. 9 and 10 that the non-

linear proposed equations for the geopolymer concrete fall 

within the already existing equations for conventional 

concrete in the various standards such as American 

Concrete Institute code (ACI 318 2008), Australian 

Standard (AS) (AS 2009) and Indian Standard (IS) (BIS 

2000). In addition, the relationship developed by other 

researchers has also considered for comparison.  It is clear 

from the above proposed equations that split tensile and 

flexural strengths increased with the increase in 

compressive strength. It is worth noting that design 
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Fig. 10 Relationship between compressive and flexural 

strength 

 

 

 

Fig. 11 Water absorption and Porosity for geopolymer 

concrete 

 

 

equation provided by ACI and AS for conventional concrete 

underestimate the flexural strength. Further, IS overestimate 

the flexural strength but the difference noticed was much 

lower therefore, application of the ACI and AS would 

provide conservative design than IS in terms of flexural 

strength. Overall, flexural strength and split tensile strength 

of the GPC can be well predicted by using the proposed 

equations and can be utilised with confidence while 

designing the structural members. 

 

3.6 Water absorption, porosity and sorptivity 
 

Fig. 11 showed the results of water absorption and 

 

Fig. 12 Sorptivity for geopolymer concrete 

 

 

porosity for the GPC specimens with the addition of ultra-

fine slag as metakaolin replacement at 28 and 90 days. It 

was observed that both water absorption and porosity 

decreased with the increase in ultra-fine slag addition. For 

example, water absorption was found to be 5.02, 4.37, 3.78 

and 3.69% for the mixtures with 0, 5, 15 and 25% ultra-fine 

slag, respectively. Similar trend was observed with the 

porosity as the values obtained were 29.79, 24.37, 19.38 

and 20.36% for specimens with 0, 5, 15 and 25% ultra-fine 

slag, respectively. Although the best results were obtained 

for the specimens with 25% ultra-fine slag but the 

difference between 15 and 25% ultra-fine slag specimens 

was not significant as almost similar values were observed. 

Fig. 12 showed the results of sorptivity values at 28 and 90 

days. The values were calculated as 4.214, 3.869, 3.498 and 

3.462 µm/s
1/2

 for specimens with 0, 5, 15 and 25% ultra-

fine slag specimens at the age of 28 days. This was due to 

the fact that with the increase in ultra-fine slag in the 

geopolymer system, extra calcium based products would 

have filled the pores and increased the denseness of the 

matrix. The conventional CSH hydrate coexisted with the 

geopolymeric reaction products NASH and CASH which 

modified the microstructure significantly. With the increase 

in calcium content, CSH in the binder increased further and 

made the microstructure less porous.  

 

3.7 Chloride permeability 
 

The discs from the parent cylindrical specimens were 

cut and tested for chloride permeability at 28 and 90 days. 

One end of the specimen was immersed in sodium 

hydroxide solution and the other end in sodium chloride 

solution. Electric charge was passed and readings were 

recorded up to 6 hours with a constant potential difference 

of 60V. Based on charge passed (in coulombs) the chloride 

resistance was observed as negligible, very low, low, 

moderate and high as shown in Table 8 (ASTM 2012). The 

results as shown in Fig. 13 showed that with the increase in 

calcium content in the geopolymer system, the total charge 

passed decreased. For specimens with no calcium, the 

chloride permeability was found to be in “moderate” 

category as shown in Table 9. With the increase in calcium 

content, at 5% ultra-fine slag, the category changed to 

“low” whereas for the specimens with 15% and 25% ultra- 
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Fig. 13 Chloride permeability of geopolymer concrete 

 

Table 8 Chloride ion permeability based on total charge 

passed (ASTM C1202) 

Charge passed (in coulombs) Chloride ion permeability range 

>4000 High 

2000-4000 Moderate 

1000-2000 Low 

100-1000 Very low 

<100 Negligible 

 

Table 9 Rapid chloride permeability test results for 

specimens at 28 and 90 days 

Mixture 

Ultra-

fine slag 

(%) 

Charge passed 

(in coulombs) 

at 28 days 

Charge passed 

(in coulombs) 

at 90 days 

Permeability 

range (as per 

ASTM C1202) 

G100C0 0 2789 2255 Moderate 

G95C05 05 1853 1381 Low 

G85C15 15 957 611 Very Low 

G75C25 25 758 434 Very Low 

 

 

fine slag, the permeability changed to “very low” category. 

It can be concluded that with the increase in ultra-fine slag 

content in the matrix, the resistance of the geopolymer 

concrete increased considerably. This was due to the 

improvement in microstructure which became more 

compact and dense due to the addition of hydrated products 

like CSH with the geopolymeric binders NASH and CASH 

which decrease the pores and made it less permeable. 

However, the difference between the values of charge 

passed for the specimens with 15% and 25% ultra-fine slag 

was not significant. 

 

3.8 Relationships 
 

Permeation properties i.e., porosity, sorptivity, chloride 

permeability and water absorption can be referred to as 

dependent on compressive strength as more compressive 

strength relates to more compact and dense microstructure 

which results in reduction in pores and makes it less 

permeable. Polynomial regression analysis was performed 

on the obtained results and a relationship between 

compressive strength and porosity was derived as shown in 

Fig. 14. The equation was derived as shown in Eq. (4) 

below. 

 

Fig. 14 Relationship between compressive strength and 

porosity 

 

 

Fig. 15 Relationship between compressive strength and 

sorptivity 

 

 

P=0.04CS
2
-5.0CS+174.6            (4) 

Where, P refers to the porosity (%) and CS denotes 

compressive strength. A high value of coefficient of 

determination of R-Sq=95.9% was obtained which 

confirmed a good correlation between the curve values and 

actual values. 

Linear regression analysis was conducted to derive the 

relationship between compressive strength and sorptivity as 

shown in Fig. 15. The equation was obtained as shown in 

Eq. (5) below. 

S=8.15 – 0.10CS                (5) 

Where, S denotes sorptivity (µm/s
1/2

) and CS denotes 

compressive strength. Regression curve was authenticated 

with the actual values as a high coefficient of determination 

value (R-Sq=97.0%) was obtained. 

In addition, the relationship was also derived between 

the compressive strength and the total charge passed in the 

chloride permeability test as shown in Fig. 16. Linear 

regression analysis was performed on the results and the 

equation was obtained as shown in Eq. (6). 

TC=19889.95-158.77CS            (6) 

Where, TC denotes the total charge passed in the RCPT 

and CS refers to the compressive strength values obtained in 

this study. For this equation, a high value of determination  
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Fig. 16 Relationship between compressive strength and 

chloride permeability 

 

 

coefficient (R-Sq=96.1%) was obtained which indicate a 

good relation between the actual values and the values 

obtained from this equation.  

 

 
4. Conclusions 
 

The present study indicates the utilization of metakaolin 

in the development of geopolymer concrete and the positive 

effect of adding optimum content of ultra-fine slag on 

mechanical and permeability properties of GPC. Based on 

the results obtained, following conclusions can be drawn: 

1. The compressive strength of metakaolin-based GPC 

incorporating increased with the increase in ultra-fine 

slag content. Maximum strength of 57.19 and 57.82 

MPa was observed at the age of 28 and 90 days, 

respectively, for the specimens with 15% ultra-fine slag. 

Similar, behaviour was observed in the case of split 

tensile and flexural strengths. 

2. ACI standards overestimate the elastic modulus of the 

geopolymer concrete, however there was marginally 

difference (max -12%) between the observed and 

calculated values.   

3. Mechanical behaviour of the geopolymer concrete 

incorporating ultra-fine slag was comparable to that of 

conventional concrete for all the mixes. Further, 

ultimate strength was achieved by substituting 15% of 

metakaolin with ultra-fine slag.  

4. Mechanical properties of the GPC were found to be 

similar to that of conventional concrete. Therefore, 

design methodologies of conventional concrete can be 

applied to geopolymer concrete.  

5. Permeation properties such as water absorption, 

sorptivity and porosity found to be improved with the 

addition of ultra-fine slag in the geopolymer matrix. 

Best results were obtained for the specimens with 15% 

ultra-fine slag. However, marginal difference between 

the values obtained for specimens with 15 and 25% 

ultra-fine slag was not significant. 

6. Metakaolin based geopolymer concrete with partial 

replacement of ultra-fine slag found to have excellent 

resistance against chloride penetration with “low” and 

“very low” category. 

Acknowledgment 
 

The authors acknowledge the financial support provided 

by Ministry of Environment, Forest and Climate Change, 

India (grant number 19-38/2014-RE; 2016). The authors are 

further highly thankful for the administrative support 

provided by DCR University of Science and Technology, 

Murthal, Sonepat. 

 

 
Reference 
 
ACI 318 (2008), Building Code Requirements for Structural 

Concrete (ACI 318-08) and Commentary, American Concrete 

Institute.  

AS 3600 (2001), Reinforced concrete design in accordance with 

AS 3600-2001, Australian Standards.  

Allahverdi, A., Mehrpour, K. and Kani, E.N. (2008), 

“Investigating the possibility of utilizing pumice-type natural 

pozzonal in production of geopolymer cement”, Ceram. 

Silikaty, 52(1), 16.  

Alonso, S. and Palomo, A. (2001), “Alkaline activation of 

metakaolin and calcium hydroxide mixtures: influence of 

temperature, activator concentration and solids ratio”, Mater. 

Lett., 47(1), 55-62. https://doi.org/10.1016/S0167-

577X(00)00212-3. 

Anuradha, R., Sreevidya, V., Venkatasubramani, R. and Rangan, 

B.V. (2011), “Relationship between compressive and splitting 

tensile strength of geopolymer concrete”, Ind. Concrete J., 

85(11), 18-24.  

ASTM, C. (2004), Standard Test Method for Measurement of Rate 

of Absorption of Water by Hydraulic-Cement Concretes, ASTM 

International.  

ASTM, C. (2012), Standard Test Method for Electrical Indication 

of Concrete’s Ability to Resist Chloride Ion Penetration, ASTM 

International.  

Australian Standard, A. (2009), 3600-2009, Concrete Structures, 

Standards Association of Australia, North Sydney.  

BIS 456 (2000), Plain and Reinforced Concrete-Code of Practice, 

New Delhi, India. 

BIS 383 (1970), Specification for Coarse and Fine Aggregates 

from Natural Sources for Concrete, New Delhi, India. 

Carino, N.J. and Lew, H. (1982), “Re-examination of the relation 

between splitting tensile and compressive strength of normal 

weight concrete”, J. Proc., 79(3), 214-219. 

Cheng, T. and Chiu, J. (2003), “Fire-resistant geopolymer 

produced by granulated blast furnace slag”, Min. Eng., 16(3), 

205-210. https://doi.org/10.1016/S0892-6875(03)00008-6. 

Davidovits, J. (1988a), “Soft mineralogy and geopolymers”, 

Proceedings of the of Geopolymer 88 International Conference. 

Davidovits, J. (1988b), “Soft mineralurgy and geopolymers”, 

Proceeding of Geopolymer 88 International Conference, The 

Université de Technologie.  

Gardner, N. and Poon, S. (1976), “Time and temperature effects 

on tensile, bond, and compressive strengths”, J. Proc., 73(7), 

405-409. 

Gunasekera, C., Setunge, S. and Law, D.W. (2017), “Correlations 

between mechanical properties of low-calcium fly ash 

geopolymer concretes”, J. Mater. Civil Eng., 29(9), 04017111. 

https://doi.org/10.1061/(ASCE)MT.1943-5533.0001916. 

Hardjito, D.R.B. (2005), “Development and properties of low 

calcium fly ash based geopolymer concrete”, GC1: Faculty of 

Engineering, Curtin University of Technology. 

Jewell, S. and Kimball, S. (2014). “USGS mineral commodities 

summaries: 2014”, US Geological Survey. 

https://doi.org/10.3133/70170140. 

238



 

Effect of ultra-fine slag on mechanical and permeability properties of Metakaolin-based sustainable geopolymer concrete 

 

Jindal, B.B., Singhal, D., Sharma, S.K., Ashish, D.K. and Parveen. 

(2017), “Improving compressive strength of low calcium fly ash 

geopolymer concrete with alccofine”, Adv. Concrete Constr., 

5(1), 17-29. https://doi.org/10.12989/acc.2017.5.1.17 

Kong, D.L. and Sanjayan, J.G. (2008), “Damage behavior of 

geopolymer composites exposed to elevated temperatures”, 

Cement Concrete Compos., 30(10), 986-991. 

https://doi.org/10.1016/j.cemconcomp.2008.08.001 

Kong, D.L. and Sanjayan, J.G. (2010), “Effect of elevated 

temperatures on geopolymer paste, mortar and concrete”, 

Cement Concrete Res., 40(2), 334-339. 

https://doi.org/10.1016/j.cemconres.2009.10.017. 

Kong, D.L., Sanjayan, J.G. and Sagoe-Crentsil, K. (2008), 

“Factors affecting the performance of metakaolin geopolymers 

exposed to elevated temperatures”, J. Mater. Sci., 43(3), 824-

831. https://doi.org/10.1007/s10853-007-2205-6. 

Latella, B., Perera, D., Durce, D., Mehrtens, E. and Davis, J. 

(2008), “Mechanical properties of metakaolin-based 

geopolymers with molar ratios of Si/Al≈ 2 and Na/Al≈ 1”, J. 

Mater. Sci., 43(8), 2693-2699. https://doi.org/10.1007/s10853-

007-2412-1. 

Lee, N. and Lee, H. (2013), “Setting and mechanical properties of 

alkali-activated fly ash/slag concrete manufactured at room 

temperature”, Constr. Build. Mater., 47, 1201-1209. 

https://doi.org/10.1016/j.conbuildmat.2013.05.107. 

Li, Z. and Liu, S. (2007), “Influence of slag as additive on 

compressive strength of fly ash-based geopolymer”, J. Mater. 

Civil Eng., 19(6), 470-474. 

https://doi.org/10.1061/(ASCE)0899-1561(2007)19:6(470). 

Mehta PK, M. P. (2006), Concrete Microstructure, Properties, 

and Materials, Tata McGraw-Hill Edition.  

N. 3101 (2006), Concrete Structures Standard, New Zealand 

Nematollahi, B., Sanjayan, J. and Shaikh, F.U.A. (2014), 

“Comparative deflection hardening behavior of short fiber 

reinforced geopolymer composites”, Constr. Build. Mater., 70, 

54-64. https://doi.org/10.1016/j.conbuildmat.2014.07.085. 

Pacheco-Torgal, F., Castro-Gomes, J. and Jalali, S. (2008), 

“Investigations on mix design of tungsten mine waste 

geopolymeric binder”, Constr. Build. Mater., 22(9), 1939-1949. 
https://doi.org/10.1016/j.conbuildmat.2007.07.015.  

Parveen, and Singhal, D. (2017), “Development of mix design 

method for geopolymer concrete”, Adv. Concrete Constr., 5(4), 

377-390. https://doi.org/10.12989/acc.2017.5.4.377. 

Parveen, Singhal, D. and Jindal, B.B. (2017), “Experimental study 

on geopolymer concrete prepared using high-silica RHA 

incorporating alccofine”, Adv. Concrete Constr., 5(4), 345-358. 

https://doi.org/10.12989/acc.2017.5.4.345. 

Petermann, J.C., Saeed, A. and Hammons, M.I. (2010), “Alkali-

activated geopolymers: a literature review”, Applied Research 

Associates Inc Panama City Fl. 

Raphael, J.M. (1984), “Tensile strength of concrete”, J. Proc., 

81(2), 158-165. 

Rattanasak, U. and Chindaprasirt, P. (2009), “Influence of NaOH 

solution on the synthesis of fly ash geopolymer”, Min. Eng., 

22(12), 1073-1078. 

https://doi.org/10.1016/j.mineng.2009.03.022. 

Rovnaník, P. (2010), “Effect of curing temperature on the 

development of hard structure of metakaolin-based 

geopolymer”, Constr. Build. Mater., 24(7), 1176-1183. 

https://doi.org/10.1016/j.conbuildmat.2009.12.023. 

Ryu, G.S., Lee, Y.B., Koh, K.T. and Chung, Y.S. (2013), “The 

mechanical properties of fly ash-based geopolymer concrete 

with alkaline activators”, Constr. Build. Mater., 47, 409-418. 

https://doi.org/10.1016/j.conbuildmat.2013.05.069. 

Sofi, M., Van Deventer, J., Mendis, P. and Lukey, G. (2007), 

“Engineering properties of inorganic polymer concretes 

(IPCs)”, Cement Concrete Res., 37(2), 251-257. 

https://doi.org/10.1016/j.cemconres.2006.10.008. 

Tailby, J. and MacKenzie, K.J. (2010), “Structure and mechanical 

properties of aluminosilicate geopolymer composites with 

Portland cement and its constituent minerals”, Cement Concrete 

Res., 40(5), 787-794. 

https://doi.org/10.1016/j.cemconres.2009.12.003. 

Temuujin, J., Van Riessen, A. and Williams, R. (2009), “Influence 

of calcium compounds on the mechanical properties of fly ash 

geopolymer pastes”, J. Hazard. Mater., 167(1), 82-88. 
https://doi.org/10.1016/j.jhazmat.2008.12.121.  

Xu, H. and Van Deventer, J.S. (2002), “Geopolymerisation of 

multiple minerals”, Min. Eng., 15(12), 1131-1139. 

https://doi.org/10.1016/S0892-6875(02)00255-8. 

Yip, C. and Van Deventer, J. (2003), “Microanalysis of calcium 

silicate hydrate gel formed within a geopolymeric binder”, J. 

Mater. Sci., 38(18), 3851-3860. 

https://doi.org/10.1023/A:1025904905176. 

Yip, C.K., Lukey, G. and Van Deventer, J. (2005), “The 

coexistence of geopolymeric gel and calcium silicate hydrate at 

the early stage of alkaline activation”, Cement Concrete Res., 

35(9), 1688-1697. 

https://doi.org/10.1016/j.cemconres.2004.10.042. 

 

 

JK 

239




