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1. Introduction

Initial research on geopolymers carried out by Davidovits  was on the linear organic polymer, which is a branch of

organic chemistry. Later, this topic was extended beyond this scope and research conducted in the early 1970s was

focused on developing nonflammable inorganic polymer materials suitable for fire resistance. This attempt was because

of the fact that the used organic polymers at that time were of low heat resistance. The work was ended to develop an

amorphous to semi-crystalline three-dimensional silico-aluminate composite called geopolymer. This invention was

followed by the manufacturing of fire-resistant chipboard panels, different geopolymeric ceramics, and later, geopolymeric

binders including high strength cement and fireproof geopolymer fiber reinforced composites .

Geopolymer is essentially different from the conventional concrete which consists of hydraulic cement as a binder.

Instead, there is an alkali-activated mineral admixture as a binding medium holding an inert aggregate to form a compact

mass. This new type of concrete can offer many benefits including high early strength , high temperature resistance ,

and good chemical resistance for aggressive environments , as compared with normal concrete. In particular, durability

of ordinary Portland cement concrete is under examination, as many concrete structures, especially those built in

corrosive environments, start to deteriorate after 20 to 30 years . Other reasons for using geopolymer concrete (GPC)

include the vital need to save the natural environment and to use cleaner construction material since there is a global

warning against the use of Portland cement-based composite. It is clear that the production of Portland cement

accompanies the use of natural resources including gravel, water, and raw materials required for manufacturing of

cement, leading to destroying the surrounding environment. Reports showed that about 2.7 billion tonnes of the raw

materials needed every year for cement manufacturing . Other reports  indicate that in order to manufacture one ton of

Portland cement there is a need for about 2.8 tons of raw materials, including fuel. Another problem to be considered is

the environmental pollution encountered with production of Portland cement. During the manufacturing of Portland

cement, large amounts of greenhouse gas (CO ) will be released into the atmosphere, and the related reports indicate

that the cement industry contributes around 8% of the worldwide yearly CO  emission .

Based on the above-mentioned facts, the problem-related use of concrete must be well addressed, and there is a vital

need to reduce Portland cement concrete consuming or searching for the alternatives for construction purposes. In a

recent paper , the performance of composite concrete-timber section for roof construction was investigated, and the

authors concluded that there is a chance to reduce concrete thickness by one half if populous nigari joist is used to make

a composite section. Geopolymers seem to be a good solution to produce a clean concrete, since the Portland cement

can be totally replaced, and instead there is a special concrete depending on an alkali-activated pozzolanic material, such

as fly ash and blast furnace slag, to provide a binding medium. Physical and mechanical properties of fly ash (FA)-based

geopolymer concrete (GPC), compared to those of Portland cement concrete (PCC), were investigated by

Nikoloutsopoulos et al.  through testing three GPCs with different FA content and three appropriate PCC. It was shown

that in some cases, minor adjustments of the regulations are needed, while in other cases complete revision is required.

GPC indicated competitive compressive strength compared to PCC, while modulus of elasticity was about 50% less than

that of PCC. GPC shows a higher mid-span deflection during flexural test up to 35% compared with that of PCC.

Furthermore, ultrasonic pulse velocity of GPC was found quite different from that of PCC, even for the same strength

level. They concluded that the quality of GPC cannot be assessed using the classification table used for PCC. The ratio of

binder (FA) to aggregates seems to have a significant effect on the properties of GPC, in which GPC with 750 kg/m  FA

seems to be the best choice with regard engineering and environmental criteria.
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It was reported that the frost resistance of alkali-activated materials (AAM) is very good . This was confirmed by

investigating mechanical properties of GPC and frost resistance of different compositions of alkali activators made of

sodium water glass with a silicate modulus modified with potassium hydroxide. Bilek et al.  found that the strengths of

AAMs are significantly affected by the curing method, while the frost resistance depends on the method of curing and on

the composition of the activator. As a conclusion, good frost resistance can be achieved if: (a) the optimal ratio between

the alkalis and silica in the activator, in which activation with hydroxide or with the water glass with a high silicate modulus

(low (Na O + K O)/SiO  (R/S) mass ratios, was found not suitable. The optimal R/S was recommended to be between

50/50 to 70/30; (b) the optimal amount of activator—dry mass of the activator higher than 15% seems to be deleterious

from the point of view of frost resistance, knowing that the strengths of these materials are very high.

2. State-of-the-Art Review of Mechanical Properties of Geopolymer
Concrete

Understanding mechanical properties of GPC is an important step toward producing large quantities of GPC with

reasonably consistent and predictive engineering properties. These properties were the subject of numerous

investigations in the past 20 years. The authors have been reviewed more than 250 research works on this topic and

found that there are many ways to produce the geopolymers of different properties. Below, reviewing of important

mechanical properties have been done and those parameters governing each property and relation among them are

briefly investigated. Important parameters governing the performance of geopolymer binder are (a) activator solution-to-

source material (fly ash, slag, etc.) ratio, (b) concentration of NaOH solution (molarity), (c) sodium silicate solution-to-

sodium hydroxide solution ratio (Na SiO /NaOH), and this parameter depends on the composition of the sodium silicate

solution, (d) curing temperature, (e) curing period, and (f) water content . Indeed, if the basic pozzolanic material is

partially replaced with other materials, there is a chance to adjust the binding characteristics

Different properties of geopolymer paste , mortar , and concrete  were experimentally investigated. If the

density of concrete is considered, there are two types of geopolymer concrete, normal weight and lightweight, and the

latter may be foamed concrete , or others based on lightweight aggregate . Properties of self-compacting

geopolymer concrete were experimentally investigated by Memon et al. , Ushaa et al.  and Saini and Vattifalli .

Behavior of GPC with nanomaterials was investigated by Phoo-ngernkham et al. . Pozzolanic materials used for GPC

mixes were mostly class F fly ash; however, class C fly ash , Phoo-ngernkham et al. , natural Pozzolan , ground

granulated blast furnace slag (GGBS) , metakaolin , rice husk ash , a mixture of two or more Pozzolanic

materials , and ceramic dust waste  were also examined. Some special ashes or compounds were used by

some investigators such as palm oil fuel ash (POFA) , waste bottle glass (WBG) , and sugarcane bagasse ash

(SCBA) . With regard to the curing of GPC, several methods of curing were attempted by the researchers, including

oven heating, membrane curing, steam curing, hot gunny curing, hydrothermal curing, room temperature, and water

curing. Among them, oven curing proved to be the most efficient . Heat curing regime of GPC depending on both

temperature and duration, and initial temperature for curing varied between 30 °C  and 120 °C  or normally cured at

the ambient temperature , while curing time up to 110 h was attempted . Below, important mechanical properties

of GPC are mentioned and discussed.

2.1. Compressive Strength

This property was extensively investigated in the laboratory and majority of research works on geopolymer concrete

contained data on this property. Those parameters governing compressive strength of GPC are briefly discussed herein.

Shehab et al.  observed that the values of compressive strength, bond strength, splitting tensile strength and flexural

strength are the highest at 50% ordinary Portland cement (OPC) replacement with fly ash, while Vijai et al.  found that

replacement of 10% of fly ash by OPC in GPC mix resulted in an enhanced compressive strength, split tensile strength

and flexural strength. Tests by Lloyd and Rangan  showed that the inclusion of a 24 h period before curing increased

the compressive strength of GPC. Curing at ambient condition will produce low early strength concrete, while there is a

significant strength improvement on using high temperature. It should be noted that extended curing time able to enhance

the geopolymerization mechanism and consequently the strength; however, longer duration of curing at an elevated

temperature results in failure of the concrete . In general, higher initial curing temperature and duration resulted in

higher compressive strength . Experimental tests by Adam and Horianto  showed that both temperature and

duration of initial heat curing plays a major role for the strength development of fly ash-based geopolymer mortar. The

optimum heat curing regime was found to be at 120° for 20 h. Tests by Joseph and Mathew  indicate 100 °C as the

best temperature, while the optimum time of curing at 60 °C observed by Chindaprasirt et al.  was 3 h. These

researchers found that the optimum curing temperature is 75 °C. The reaction was completed at 7 days to obtain the

maximum strength and no further strength was observed. The importance of initial heat curing was also observed by Vijai
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et al. , Abdullah et al.  and Almuhsin et al. . The latter researchers found an increase of 56% in the compressive

strength for concrete subjected to one hour of oven curing at 90 °C. Increasing heat curing time to 90 h , and 110 h

 resulted in an increase in compressive strength. Duration of heat curing was also investigated by Görhan and

Kürklü , in which they found that there is an increase in compressive strength when heat curing (65 °C and 85 °C)

increased from 5 to 24 h. Curing time more than 24 h was found has no appreciable effect on the strength .

Tests by Sathish Kumar et al.  indicate that the ratio of 7 days to 28 days compressive strength of ternary blend GPC is

between 88% and 90%. Other tests by Nguyen et al.  showed that more than 93% of the 28-day compressive strength

can be achieved at 7 days, regardless of fly ash type, heat curing method, or fly ash (FA) replacement with GGBS. In

contrast, tests by Chi  indicate that the ratio is 88% for mortar cured at 65 °C which is larger than 66% when normally

cured. For the metakaolin-based GPC mix subjected to normal air curing, the ratio of 7 days to 28 days compressive

strength was found to be 73% and 88% . Tests on self-compacting GPC based on fly ash and metakaolin show that the

7 days compressive strength value is close to the 28 days strength .

According to Nguyen et al. , increasing water/solid ratio from 0.2 to 0.3, can decrease the compressive strength of the

FA-based GPC for alkaline-to-binder ratios of 0.3 and 0.4, while tests by Ahmad  for GPC subjected to initial curing at

70 °C (Oven) for 24 h showed that the optimum water/binder ratio is 0.25 to obtain maximum compressive strength. There

was a strength increase with increasing alkali/fly ash ratio up to 0.45, lower than 0.5 measured by Al Bakri et al.  and

Abdullah et al. . With regard the liquid alkali/fly ash ratio the optimum value was observed to be 0.4 , while tests

by Phoo-ngernkham and Phiangphimai  indicate a compressive strength reduction with increasing alkali activator

solution/fly ash ratio from 0.4 to 0.9 for both M10 and M15 NaOH solutions. For GPC based on GGBS, optimal

composition of solid/liquid ratio was noted to be 3.0 indicating the ratio of 0.33 for the alkali/GGBS ratio.

Al Bakri et al.  tested GPC of initial curing at 70 °C (Oven) for 24 h, the maximum compressive strength was for the mix

of Na SiO /NaOH equal to 2.5. The same observation was made by Abdullah et al. , Aliabdo et al. , Aziz et al. ,

Joseph and Mathew , and Hadi et al. . However, Vora and Dave  reported that the ratio of 2 resulted into a higher

compressive strength. A value of 1.17 was found the best for GPC under ambient curing . Other tests by Niş 

showed that the critical silicate modulus depends on the molarity, in which for 14 M there was a ratio of 1, while for lower

molarities the recommended value is 2. This finding supports that obtained previously by Rattanasak and Chindaprasirt

. Furthermore, a value of 1.5 was found to be the optimum for 10 M according to tests by Sathonsaowaphak et al. .

The use of a mix of NaOH and sodium silicate with a ratio of 1:1(SiO /Na O = 8) was able to activate the

geopolymerization of fly ash .

NaOH solution molarity value for the alkali solution was found to be 12 for the highest compressive strength ,

while other tests  showed that the best molarity is 14. These experiments are not compatible with that

performed by Raijiwala and Patil , Aliabdo et al. , Rachmansyah et al.  and Mathew and Issac  in which the

molarity of 16 gives the highest compressive strength. In contrast, tests by Samantasinghar and Singh  indicate

molarity of 8 for the maximum compressive strength.

Experiments by Puertas et al.  and Rajini et al.  showed that maximum compressive strength is related to 100%

GGBS regardless the curing condition and any replacement of slag with fly ash resulted in the strength loss. Similarly,

Guru Jawahar and Mounika  and Hadi et al.  found that the maximum compressive strength is related to the use of

GGBS and if this material is partially replaced with fly ash or silica fume or metakaolin there is a strength loss, or there is a

strength enhancement when the basic Pozzolana is replaced with GGBS . The latter authors concluded that the

replacement of fly ash with GGBS is a suitable alternative to oven curing. Nearly the same results were obtained by

Bhargav and Kumar , Sarvanan and Elavanil  and Chidhambar and Manjunath . The superiority of slag on fly ash

for GPC subjected to different curing regimes was also observed by Kurtoğlu et al. . Other tests showed that

replacement of fly ash by GGBS up to 30% leads to an increase in compressive strength regardless of the curing

temperature . On the other hand, Yunsheng et al.  and Abhilash et al.  reported that the maximum compressive

strength is related to replacing 50% metakaolin with GGBS. The same observation was also made by Raut et al. ,

Mathew and Issac  and Navyashree and Mogaveera  on geopolymer concrete made of fly ash replaced by GGBS.

According to Okoya et al. , replacement of fly ash with silica fume up to 40% was found to be helpful to enhance

compressive strength.

Using superplasticizers had very little effect on the compressive strength up to about 2% of this admixture to the amount

of fly ash by mass . This finding was supported by the observations of Malkawi et al. . A reduction of compressive

strength of GPC was observed when the superplasticizer dosage increased from 2% to 4% , while no significant

change of compressive strength was observed by Aliabdo et al.  with increasing superplasticizer content.
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It is of interest to mention the effect of other parameters influencing the strength of GPC. Tests by Joseph and Mathew 

showed that the best total aggregate is 70% and the ratio of fine/coarse aggregate is 35% for mix of alkali/fly ash of 0.55.

Saini and Vattifalli  found that addition of 2% nano silica resulted in improved workability, mechanical and durability

performance of self-compacting GPC. Tests by Savitha et al.  showed that 5% replacement of GGBS by sugarcane

bagasse ash (SCBA) gives highest compressive strength. On the other hand, compressive strength, splitting tensile

strength, and elastic modulus of fly ash GPC improved with the increase of calcium aluminate cement .

2.2. Splitting Tensile Strength and Flexural Strength

Indirect tensile strength and flexural strength following similar trend of compressive strength of GPC , and in general,

increasing compressive strength is accompanying with both splitting tensile (f ) and flexural strengths (f ) enhancement.

Consequently, those parameters governing compressive strength discussed in Section 2.1 govern these two properties.

Test results by Hardijito  showed that the splitting tensile strength of geopolymer concrete is only a fraction of the

compressive strength. However, there are some deviations from this general response described by some investigators.

Ryu et al.  reported that the rate of tensile strength increase slows with an increase of the compressive strength.

Replacing fly ash with GGBS was found to have lower effect on splitting tensile and flexural strengths as compared with

that on compressive strength . Tests by Oderji et al.  showed a reduction in flexural strength as the fly ash

replacement with slag increased from 15% to 20%, knowing that there is a compressive strength enhancement with this

modification. Test data by Hassan et al.  showed that in contrast to elastic modulus of GPC the compressive and

flexural strengths are enhanced well as a result of preheating of concrete at 75 °C for 26 h. Other tests by Sarvanan and

Elavenil  showed that in contrast to the compressive strength, if 50% of fly ash is replaced with GGBS, there is a

significant splitting tensile strength enhancement. The same observation was made for the elastic modulus property.

Comparing data given by Partha et al.  with the others showed that using a special heat curing has an effect to

enhance the flexure/compression ratio and to a lesser degree the tensile/compression ratio, as compared with the case of

ambient temperature curing.

2.3. Modulus of Elasticity and Poisson's Ratio

Modulus of elasticity (E ) follows similar trend of compressive strength of GPC, and according to tests by Hardijito ,

modulus of elasticity of GPC is increased with increasing compressive strength. Nath and Sarker  found that curing

regime has no appreciable effect on the elastic modulus of GPC. Tests by Sarvanan and Elavenil  showed that in

contrast to the compressive strength, if 50% of fly ash is replaced with GGBS, there is a significant elastic modulus

enhancement.

With regard the Poisson’s ratio, this property has not been investigated as well compared with the other properties and

consequently there is limited test data. The values of Poisson’s ratio fall between 0.23 and 0.26, which is slightly higher

than the values assigned for normal strength OPC-based concrete . Lower values of Poisson’s ratio were observed by

other researchers for different GPCs . In contrast to the other mentioned properties, there is no regular change

with the compressive strength of GPC. This property tends to reduce with compressive strength reduction , while Sofi

et al.  found an increase of Poisson’s ratio with increasing compressive strength. Other tests show that in contrast to

other properties of GPC, increasing fly ash replacement with GGBS will lead to reducing the Poisson’s ratio . In total,

this behavior may complicate the work on developing equations for predicting Poisson’s ratio; however, this problem has

been solved in the current investigation.
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