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Abstract 

This research investigates the effect of internal curing (IC) with super absorbent polymer (SAP) 

on low calcium fly ash-based geopolymer concrete (GPC) with water, ambient and heat curing 

regimes. The impact of SAP on workability, shrinkages, physical, mechanical and microstructural 

properties of GPC are studied with three mixes (R0.5, R0.554, and S0.554). The liquid absorption 

of SAP was greater in water than the simulated alkaline solution of GPC. The SAP-modified 

mixture S0.554 has 0.3% SAP by weight of fly ash, and its effective alkali activator to fly ash ratio 

(AA/FA) is similar to mix R0.5, while its total AA/FA ratio is similar to mix R0.554. The results 

showed that inclusion SAP reduced shrinkage in GPC with comparable compressive strength and 

decreased workability. Additionally, at an equivalent effective AA/FA ratio, SAP increased 

compressive strength up to 7%. The flexural and tensile strength were enhanced along with 

physical properties by incorporating SAP as it densified the microstructure, which was proved by 

scanning electron microscopy (SEM) and X-ray diffraction (XRD). The performance of SAP was 

better when GPCs were ambient cured compared to water and heat curing. 
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Chapter 1 

1. Introduction 

1.1 Background 

Climate change is harming the environment of the earth to a great extent, more aggressively than 

previously thought [1]. The average temperature rise per year, in the world, is increasing 

exponentially [2]. Human activities are the main cause of producing greenhouse gases, like carbon 

dioxide, which results in rapid climate change [3]. Infrastructure development is also one of the 

activities that are expanding rapidly and concrete after water is now the most used material on 

planet earth [4]. Due to low cost, better properties, and easy availability of ingredients, concrete is 

generally preferred for construction [5].  

1.2 Environmental impact of concrete and its replacement 

The endless development in the construction industry consumes a lot of energy and natural 

resources [6], along with the increased production of Ordinary Portland cement (OPC) [7]. 

However, OPC is not environment-friendly because its production causes the emission of 

greenhouse gases and consequently results in global warming [8]. The construction sector is 

recognized as a major source of carbon emissions [9] and it is predicted that 6 Giga tonnes of 

cement will be produced per year by 2056 [10]. Manufacturing 1.5 tonnes of cement requires 10 

MJ of energy and releases around 1.2 tonnes of CO2 [11]. Therefore, about 5–7 percent of CO2 

emission comes from the production of OPC, worldwide [12]. 

This negative environmental effect can be reduced by using alternate binders instead of cement 

like fly ash and blast furnace slag [13]. Geopolymer concrete (GPC), which is an aluminosilicate 

inorganic polymer, first described by Davidovits in 1979 [7] has been studied comprehensively for 

many years to validate its ability as a building material. A lot of research has been done on fly ash-

based GPC earlier and more is ongoing [14]. GPC consumes less energy and natural resource. 

GPC replaces 100 percent OPC with improved mechanical and durability properties than 

conventional concrete [15]–[17]. 



2 

 

1.3 Problem Statement 

Geopolymer (GP) systems undergo severe shrinkage that causes the volume instability of concrete, 

resulting in cracks that make it susceptible to external factors [18]–[20]. Neupane et al. [18] found 

that the drying shrinkage of geopolymer concrete is comparable to that of OPC concrete. In alkali-

activated (AA) systems, shrinkage has a significant effect on early-age cracking, as shown by 

Rodrigue et al. [19]. Wang and Ma [20] studied the effect of an alkali-activated fly ash/slag 

(AAFS) blended system revealed that using more than 70% fly ash results in a higher shrinkage 

rate. Researchers are aiming to develop an ambient cured GPC with reduced shrinkage stresses 

[21]–[26]. 

For OPC concrete, water and moist curing are standard curing procedures. Contrarily, due to its 

harmful impact on strength, the water curing procedure is rarely used for AAMs. In water curing 

of GPC, the alkaline solution will get diluted because of the water that has been absorbed [27]. 

One of the main benefits of using an ambient curing regime is that it can be used to easily replicate 

the on-site curing of OPC concrete at absolutely no additional cost [28]. In contrast, fly ash-based 

AAMs worked better in heat curing compared to ambient curing, which limited their wide range 

of applications [29], [30]. In fly ash-based AAMs, porosity and water absorption are greater by 

ambient curing and lesser by heat curing. Compared to GPC specimens that were heat -cured, 

ambient-cured GPC exhibits more shrinkage. When relieved at room temperature, fly ash-based 

GPC is thought to have a slight disadvantage due to its lower strength development [31] due to 

low reactive binders such as fly ash with low calcium content. The high temperature in this curing 

method serves as an accelerator to raise the chemical reactivity in the mixture matrix, mainly in 

the early ages [32]. Heating can greatly boost the early strength growth and decrease the early 

porosity of a mixture by increasing the alkaline activation and early hardening state features [33], 

[34]. However, the mass production of geopolymers can be significantly impacted by the elevated 

temperature curing [35], [36]. Moreover, the workers' safety is likewise susceptible to change. This 

has restricted the usage of GPCs. 

Despite the superior strength of GPC, the necessity of high curing temperatures, as well as the use 

and storage of alkali solutions, must be addressed [9], [10], [37]–[40]. Ambient curing of FA-

based GPC results in lesser strengths than curing in heat [41]. Researchers are aiming to develop 
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an ambient cured GPC that also possesses self-compacting concrete capabilities, which was 

developed in the 1980s by Okamura [21]–[26]. 

1.4 Research Objectives 

Extensive research has been conducted on OPC systems, ultra-high strength concrete and alkali 

activated binders incorporating SAP to reduce the shrinkage. However, the influence of IC using 

SAP on the physio-mechanical properties of GPC along with other external curing techniques e.g. 

water, ambient and heat curing have not been sufficiently studied. Thus, the purpose of this 

research is to examine how SAP can act as an IC agent to decrease the shrinkage of low calcium 

fly ash-based geopolymer concrete. The current study looked at the variations in physiological 

properties of GPC subjected to water, ambient and heat curing with and without SAP. The 

objective of this research was to find the efficiency of SAP with respect to the curing mechanism 

and to find a more effective way of curing GPC that can enhance its strength by reducing shrinkage 

and promoting better microstructure. 

1.5 Research Significance 

The environmental hazards associated with the production of Ordinary Portland Cement (OPC) 

are widely recognized. OPC accounts for approximately 5-7% of the total global CO2 emissions, 

making it a significant contributor to greenhouse gases and global warming. Geopolymer concrete, 

on the other hand, offers a cost-effective and environmentally conscious alternative to 

conventional concrete. Overall, this research provides valuable insights into the benefits and 

potential applications of internal curing with super absorbent polymers in low calcium fly ash-

based geopolymer concrete. The findings contribute to the development of sustainable and high-

performance geopolymer concrete materials with improved durability, reduced shrinkage, and 

enhanced mechanical properties. 

1.6 Research Scope 

The project was to cover the following:  

• Evaluate density, workability, physical and mechanical strength and shrinkage of mixes.  

• Find the influence of SAP in fly ash-based geopolymer concrete to be used.  

• Evaluate properties of mix using different external curing methods 
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• Prepare an improved curing technique by incorporating SAP.  

1.7 Thesis organization 

The first chapter provides an introduction to the topic of the thesis, giving an overview of the 

research area and its significance. The second chapter presents a comprehensive literature review, 

discussing relevant studies and research conducted in the field. In the third chapter, various 

methods used for the characterization of super absorbent polymer (SAP) are presented. 

Additionally, it covers the standard methods and apparatus employed for conducting laboratory 

tests. Moving on to the fourth chapter, it presents the results obtained from the performed tests, 

along with a detailed analysis and reasoning behind them. The fifth chapter focuses on the 

discussions and interpretations of the results obtained from different tests. It provides an in-depth 

analysis and comparison of the findings, exploring their implications and significance. Finally, the 

sixth chapter concludes the thesis by summarizing the main findings, drawing conclusions based 

on the results, and providing recommendations for further research. The thesis concludes with a 

reference section, containing the cited sources and relevant literature used throughout the 

research.   
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Chaper 2 

2. Literature Review 

2.1 Introduction to Geopolymer Concrete 

Geopolymer technology has shown promise in the transformation of industrial wastes into cement-

free building materials. The geopolymers are made when alumino-silicate-rich industrial waste 

materials react with alkaline solutions [42], [43]. These industrial by-products (e.g., fly ash (FA), 

ground granulated blast furnace slag (GGBFS), silica fume (SF), etc.) exhibit binding properties 

like cement in presence of alkaline solutions (e.g., NaOH, KOH, Na2SO3, etc.), encouraging the 

sustainable use of materials. The aluminosilicate species dissolve in an alkaline solution quickly 

and condensates, producing a huge system of polymeric gels [44]. 

Successful use of GGBFS and FA in GPC lessens environmental impact by easy disposal of waste 

materials and contributes to the environmental benefits [45], [46]. ACI defines FA as the fine 

product produced from the combustion of coal. The properties of FA-based GPC are almost similar 

to conventional concrete [47]. GGBFS comes from iron and steel industries with a chemical 

composition similar to cement [48]. FA and GGBFS are the most effective industrial waste of all, 

used in GPC. The manufacturing of these industrial wastes is found to be increasing day by day 

and with the use of these materials, a steady geopolymeric interaction has been observed [49], 

[50]. Additional precursors like GGBFS can enhance fly ash-based GPC strength development and 

setting times [51]–[53]. 

2.2 Geopolymerization Reaction 

The strength growth of geopolymers is not dependent on the formation of C-S-H (Calcium Silicate 

Hydrate) gels, but rather on compound phases such as C-A-S-H/N-A-S-H (Calcium/Sodium-

Aluminate-Silicate Hydrate) or un-hydrated Na/Ca aluminium silicates such as C-A-S/N-A-S. As 

a result, industrial wastes with adequate proportions of silica and alumina, such as FA, GGBFS, 

silica fume (SF), or rice husk ash (RHA), could be employed as viable precursor materials for 

geopolymerization. [4]. These GPC base materials form cross-linked 3D aluminosilicate networks 

when they react with alkali activator solutions. These polymerization products reach significant 

strengths when the reaction is accelerated by curing at high temperatures [54]–[56]. 
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2.3 Use of Geopolymer concrete for construction 

In recent years, there has been a substantial increase in the use of GPC in construction activities in 

Australia. At Brisbane West Wellcamp Airport, the almost fifty-thousand-meter cube of GPC was 

cast on-site and utilized to make slip-formed pavement, which is the world's largest GPC operation 

to date. At the University of Queensland, Global Change Institute (GCI) is the first building to 

utilize precast GPC in structural components, while Pinkenba Wharf in Brisbane has 191 precast 

GPC decks designed to birth ships weighing up to forty thousand tonnes of weight. At Wyndham 

Street in Alexandria, Sydney, GPC forms a 3 x 15 square meters trial pavement portion., VicRoads 

has used it for several road infrastructure projects (Victoria State Roads Authority). VicRoads has 

designed guidelines for GP and alkali-activated materials (AAM), while the Cooperative Research 

Centres program (an Australian Government initiative) is constantly developing the 'Handbook for 

Design of GP and AAC Structures and performance-based designs being established. The 

literature also shows that this technology has been adapted and used in Russia, Ukraine, North 

America, South Africa, Poland, Belgium, the Netherlands, and the United Kingdom. These 

ongoing updates on geopolymer applications highlight the promise of geopolymer concrete 

delivery as a low-carbon approach [25], [43], [65]–[69], [57]–[64]. 

However, because of its restricted infrastructure uses, GP binder is still undervalued in the 

construction industry. There is a scarcity of literature that provides enough field application 

expertise for companies to get the trust they need in this new-generation binder [70].  

2.4 Shrinkage and Self-desiccation 

Shrinkage of concrete refers to the reduction in the volume of the concrete systems. There are 

various mechanisms of shrinkage like plastic shrinkage, chemical shrinkage, autogenous 

shrinkage, and drying shrinkage. Shrinkage without any external influence or aid is termed 

autogenous. Producing a drop in the internal relative humidity of the system by the removal of free 

water as a result of a chemical reaction to leave inadequate water amount to cover the surfaces of 

the solids is known as self-desiccation.  The shrinkage which occurs due to chemical reactions is 

known as chemical shrinkage. The water loss by evaporation from the surface at an early age is 

called plastic shrinkage and at a later age is called drying shrinkage. As civil engineers, we should 
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be able to identify such shrinkage mechanisms but, in the end, we are more interested in the total 

amount of shrinkage of a given cement-based formulation. 

2.5 Internal Curing techniques 

The construction industry also generates a big quantity of water demand, and the external curing 

process wastes a large amount of water every day. Alternative water management approaches, 

such as self-curing mechanisms or internal curing, must be implemented to achieve long-term 

sustainability [71].  Internal curing is a way of reducing autogenous shrinkage in OPC binders by 

releasing water from the internal curing agent, into the matrix internally to keep a higher relative 

humidity [72]. Lightweight aggregates and superabsorbent polymers (SAP) are the two most used 

agents for internal curing. According to Jensen et al., SAPs have a cross-linked structure that 

allows absorbing water several times their weight [73]. The volume of SAP grows throughout the 

swelling phase when cavities are filled with water form. During concrete hardening, the extra water 

trapped in SAP is released into the environment, leaving the cavities as empty pores during later 

phases of hydration [74]. 

2.6 Use of Super Absorbent Polymer (SAP) 

Quite recently, the use of SAP in construction materials has attained much attention from the 

research community. Extensive research has been carried out on OPC systems incorporating SAP. 

Dang et al. [75] observed that SAP can efficiently minimizes OPC concrete shrinkage and 

increases the concrete's ability to resist carbonation. Zheng et al. [76] reveal that Shrinkage and 

cracking can be reduced by adding SAP, as well as dimensional stability, freeze-thaw, and chloride 

penetration resistance can also be improved. Zhong et al., 2021 investigated that with the use of 

SAPs, we can prevent autogenous shrinkage. I. Kim et al. [77] found that drying Shrinkage and 

chloride penetration were also reduced with the addition of SAP. And many other researchers 

found that the addition of SAP improved the performance of OPC systems [78]–[81].   

Scientists also added SAP to Alkali Activated (AA) systems. Song et al. [82] worked on alkali-

activated slag (AAS) mortars containing SAP and their results showed that the loss in internal RH 

due to self-desiccation & autogenous shrinkage were both reduced due to the incorporation of 

SAP. The research of Tu et al. [83] on AAFS paste showed that IC by SAP can reduce the Chemical 

as well as autogenous shrinkage of AAFS, and the optimal SAP dose is found to be 0.3 percent. 
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Y. Wang et al. [84] concluded that the autogenous and drying shrinkage of AAFS paste and mortar 

can be greatly reduced with SAP. Li, Yao, et al. [85] confirm that the Autogenous shrinkage of 

AA Paste and mortar can be countered by SAPs.  

Oh & Choi [86] showed that we could reduce the autogenous shrinkage of Alkali Activated Slag 

(AAS) mortar and paste with the addition of SAP. Similarly, Vafaei et al.  [87], Jiang et al. [88] 

and Prabahar et al. [89] examined that the addition of SAP in AAS pastes minimizes autogenous 

shrinkage. As well as, Wang et al. [90] and Yang et al. [91] both found that in AAS, the addition 

of SAP reduces autogenous shrinkage. The effect of SAP and two expansive agents on minimizing 

the autogenous shrinkage of AAS mortars were investigated in their work by Jingbin Yang et al. 

[92]. Z. Yang et al. [91] [93] worked on AAS mortars and lessen the autogenous shrinkage and 

enhance the porosity, strength, and frost resistance. Afridi et al. [94] improved the resistance of 

GP mortar against chloride, acid, and sulfate attack by adding SAP. Previous research suggests 

that IC is beneficial not just for cement-based materials but also for Alkali Activated materials. 

2.7 SAP in ordinary Portland cement concrete 

When SAP is added, it has been demonstrated that the water & oxygen diffusion is maintained or 

enhanced. Similarly, the migration of chloride is minimized. The frost resistance with deicing 

salts is enhanced by SAP's production of air-filled voids compared to reference concrete which 

does not include SAP. It can be compared to air-entraining agents in concrete [78]. 

Khaliq & Javaid [95] studied different curing techniques and showed that while air-cured 

specimens have a high initial compressive strength, they have achieved only 70% of the ultimate 

compressive strength, whereas water immersion curing cylinders have the maximum compressive 

strength. And light weight aggregate cured concrete has a more uniform and enhanced 

microstructural development, resulting in higher mechanical strength and durability. Internal SAP 

curing had a slower strength growth at first, but it was able to achieve the minimum stipulated 

compressive strength necessary in the field as per ACI. 

The effects of SAP content, size, and water entrainment on OPC concrete workability, shrinkage, 

compressive strength, carbonation & chloride penetration resistance were investigated by Dang et 

al. [75]. The findings reveal that pre-wetting of SAP increases the slump, otherwise decreases the 
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slump. The compressive strengths of concrete with SAP in a drying curing were more 

than those and almost equal to those of reference concrete in a normal compared to the control 

specimen, at a later age. SAP efficiently minimizes concrete shrinkage and increases the concrete's 

ability to resist carbonation & chloride penetration. SAP can efficiently modify the pore structure 

and enhance the microstructure. The size of gel pores and tiny capillary holes increases when SAP 

is added to concrete, whereas the size of giant capillary pores and air pores decreases. 

From 3 to 28 days, the pore structure of the impacted zone around SAP in OPC paste with w/c 

of 0.24 and 0.30 was studied by Yang et al. [79]. SAP particles used in this study were 1.5 to 2 

millimeters in size. SAP did not influence the pore shape of the affected zone, but pore diameter 

and pore volume were changed, according to the findings. At later ages, the impacted zone had a 

larger critical pore diameter but a smaller pore volume. The pore structure parameters computed 

permeability and mechanical strength of the impacted zone were higher compared to the 

control matrix. 

Under conventional curing conditions, the effect of SAP in varied particle sizes (0.15, 0.3, and 0.6 

millimeters) and content (0.2, 0.4, and 0.6 percent by weight of cement) on the mechanical and 

physical characteristics of OPC concrete at different w/c ratios (0.3 & 0.37) is investigated  by 

Zheng et al. [76]. Shrinkage and cracking were reduced. Dimensional stability, freeze-thaw, and 

chloride penetration resistance were also improved.  In addition, the SAP can enhance 

microstructure and refine the pores of the concrete matrix. The effect of SAP on increasing the 

porosity of concrete. The SAP content and concrete mechanical properties have 

inverse relationships. With an increase in SAP particle size, the mechanical 

performance of concrete got better first and then it became not as good as the reference 

concrete. 0.3 mm particle size and 0.2 percent content were regarded as optimum to obtain the best 

properties of concrete. Shrinkage of concrete reduces with an increase in the concentration of SAP. 

For internal curing, two SAPs (sodium acrylate polymer and acrylic acid polymer) were utilized, 

each with five distinct particle sizes in cement-based materials with a w/c ratio of 0.35. At various 

ages, the moisture diffusion regions of SAP were compared and analyzed by Tan et al. [80]. The 

impact of SAP moisture on the surrounding mechanical characteristics, micro-hardness, and 

cement hydration has been investigated. At 180 minutes after the initial setting and before the final 
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setting of the matrix, the swelled SAP in red ink was applied to the specimen. The addition of 

SAPs raises the hydration level and affects the crystal structure of CH. In addition, the presence of 

SAPs reduces the average size of alite crystals. They also enhanced the affected area while 

increasing compressive strength. Acrylic acid-based SAP with particle size passing from 200 mesh 

was found more effective as can be seen in Figure 2.1. 

The effects of the two forms of SAP (retentive and non-retentive) on autogenous shrinkage and 

cement hydration were investigated by Zhong et al. [96].  Based on Powers' model, the quantity of 

extra water in cement pastes containing SAP was determined. The shape of cavities created by the 

two SAP types, as well as the development of the hydration products inside these cavities, were 

also monitored. The absorption of SAP in pastes is about two times that of free absorption (using 

tea-bag method). Water was only released once it was placed, and it stayed within the initial SAP-

formed cavities, but on-demand caused by chemical shrinkage & self-desiccation, it was released 

pastes, thus both retentive and non-retentive SAPs performed similarly. Both SAPs can prevent 

autogenous shrinkage as shown in Figure 2.2, but when the water has been entirely lost, they will 

behave as voids. 

I. Kim et al. [77] studied the influence of internal pores generated by SAPs in OPC was explored 

by assessing the air content, pore size distribution, slump, drying shrinkage, compressive strength, 

and chloride penetration depth of concrete mixed with air-entraining (AE) agent or SAP. 0, 1.0, 

1.5, or 2.0 percent of the acrylic acid-based SAP with a size range of 38 to 100 micrometers was 

added by mass of cement and a w/c ratio of 40 or 50 percent was used. Sealed-curing and water-

curing studies were undertaken separately at the time to assess the internal curing impact. SAPs 

will rise the air content of concrete. As the amount of SAP applied grew, the amount of Water 

Reducing Admixtures required rose. The inclusion of SAP resulted in a greater number of 

small pores. It is predicted that by modifying the size of the dry SAP, desirable pore sizes can be 

achieved inside the concrete. When the SAP concentration was 1.5 percent of the concrete mix 

and the w/c was 0.4, the compressive strength was the highest. The ideal SAP percentage in the 

concrete mix was 1.5 percent, with 2.0 percent or above harming workability and compressive 

strength. Drying Shrinkage and chloride penetration were also reduced with the addition of SAP.  



11 

 

 

Figure 2.1. Compressive strength of cement paste after 28 days, containing SAP [80]. 

 

Figure 2.2. Autogenous shrinkage of cement pastes with retentive & non-retentive SAP. 

Numbers after the dash represent the total w/c ratio [96]. 
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I. S. Kim et al. [81] proposed a new method called the spin dry method for absorptivity 

measurement and compared it to the existing methods. The mechanical strength and resistance 

against freeze-thaw of mortar of ordinary Portland cement containing different types of SAP with 

different sizes were also studied. The SAP content was 0, 0.3, 0.6, & 0.9 percent by mass of cement 

with a w/c ratio of 0.45. Water curing and drying were done. The newly adopted method was found 

effective.  In drying curing conditions, compressive strength was enhanced with the use of SAP. 

The w/c ratio used was much higher, otherwise better results can be achieved. 

2.8 SAP in UHPC 

Soliman & Nehdi [97] studied autogenous shrinkage and drying shrinkage in UHPC and the effect 

of both under changed drying temperature and relative humidity. Different mitigation methods are 

also adopted to compensate for that shrinkage. Cross-linked polyacrylic acid-based SAP with a 

size of 100 to 140 micrometers and 7 g /g absorption capacity was used. 0.6% SAP by mass of 

cement. SAP increased drying shrinkage, but autogenous shrinkage was reduced. The compressive 

strength of UHPC was found to be reduced with the addition of SAP. Compressive strength was 

dependent on the drying environment, particularly in cold regions where only lesser strength can 

be achieved. 

Kong et al. [98] measured shrinkage and mechanical properties of HSC with pre-soaked SAP. The 

absorption capacity of SAP was found by using the teabag method and a 0.29 w/c ratio was used. 

SAP absorbs the water and expands and then releases that water and leaves large pores shown in 

Fig. which results in a reduction of strength due to a more porous microstructure. This negative 

effect of SAP can be minimized by using a suitable size and chemical composition of SAP but 

SAP induces voids as shown in Figure 2.3. He recommended that more emphasis should be given 

to the durability of concrete with SAP. 

The influence of SAP of various sizes, contents, and additional water on permeability, drying 

shrinkage, and porosity with w/b ranging from 0.18 to 0.24 in high-performance cement-based 

materials were investigated by Ma et al. [99]. At the same effective w/b, SAP reduces strength. 

while increasing absorption, drying shrinkage, and chloride ion penetration and vice versa at the 

same total w/b which was used in the reference sample. The number of pores greater than 100 

nanometres is reduced by SAP because the size of SAP voids is reduced as a result of the creation 
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of a hydration diffusion layer which in turn reduces the total surface and interior 

porosity. Although SAP void may be greater, larger SAP particles showed better results. The 

attributes of high-performance cement-based materials with the same total w/b in the 

comparatively drying environment are improved by the pore refinement and the reduction in 

evaporation rate produced due to SAP. 

The impact of light weight aggregate internal curing on cracking sensitivity & shrinkage of High 

performance-concrete with reduced w/c ratios (0.33, 0.25, & 0.21) was investigated by Zhutovsky 

& Kovler [100]. Vacuum-saturated fine aggregate was used for internal curing. The drying 

shrinkage and cracking sensitivity were reduced when the w/c ratio was reduced but the total free 

shrinkage was reduced. Internal curing had a negative effect on the compressive strength of 

concrete. Splitting tensile strength was also reduced. 

Kang et al. [101] evaluated the influence of different types of SAP on UHPC with different curing 

conditions. Water curing and air-drying conditions were used. The effect of internal RH on 

dimensional stability and compressive strength was measured. The strength development of 

concrete was found slow because SAP maintains a high RH inside the matrix. Large voids are 

formed due to SAP which reduces the concrete strength. The strength of concrete was negligibly 

affected when cured in air drying conditions compared to the control formulation. Shrinkage 

strains were reduced by using SAP. 

The goal of Silva et al. [102] in their study was to see how different types of SAP (synthesis from 

different processes) affect the mechanical performance and autogenous shrinkage of fine-grained 

high-performance concrete. The Powers model was used to calculate the amount of water 

necessary for internal curing by SAP. The polymer was mixed dry with cement, sand, and silica 

fume mixture. Extra water required for internal curing and mixing water were both added  at the 

same time. The findings reveal that all forms of SAP studied reduced autogenous shrinkage, but it 

compromises the compressive strength. 

In the Ultra high performance-concrete samples cured differently (water and steam curing), SAP 

particles with different sizes and contents were added by Liu et al. [103] in his paper. As a result, 

the ITZ attributes of mechanical properties were assessed. The inclusion of SAP in UHPC has two 

effects on the ITZ. SAP thickened the ITZ and decreased cracking on drying due to internal curing, 
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although it left pores. SAP with a higher concentration or a bigger particle size intensified the 

negative effects of SAP on strength, which might be linked to the left holes caused by water 

desorption from SAP. When compared to water curing, steam curing improves the mechanical 

attributes of concrete, but not when it was compared with the control mix. 

On the effectiveness of internal curing of UHPC mortar, the effects of SAP type (anionic & non-

ionic), size (471.3 & 95.1 micrometers for ionic type), content (0.2, 0.4, & 0.6 percent), and pre-

conditioning technique were explored by Liu, Farzadnia, Khayat, et al. [104]. Before mixing, the 

ionic SAPs were prewetted with more water (0.4 percent by mass). SAP can keep the RH high as 

shown in Figure 2.4. and decrease autogenous shrinkage, but it reduces compressive strength. At 

90 days, smaller SAP particles showed an increase in compressive strength. With SAP, the total 

amount of heat emitted rose.  Autogenous shrinkage was expedited due to pre-wetted SAP and 

caused hydration to be delayed. 

The effect of 0.2 percent SAP and light weight aggregate on the strength and durability of rice 

husk ash-based high-performance concrete with a w/c ratio of 0.3 was investigated  by Mudashiru 

et al. [105]. The use of SAP and LWA reduces autogenous shrinkage and improves compressive 

strength, but it also increases the porosity of the concrete matrix. 

Xuan et al. [106] discover practical techniques for minimizing the Autogenous Shrinkage (AS) of 

a Sustainable Ultra-High-Performance Paste (SUHPP) containing an irregular shape SAP with a 

swelling capacity of 10.4 g/g and Belite Rich Cement. The w/b ratio was set to 0.2. By the mass 

of the binder, 0.25 and 0.5 percent SAP were added. In the first three days, a little content of SAP 

promotes strength, while Belite-rich Cement (BPC) can boost strength over the next 28 days. SAP 

reduces the AS but BPC specimens showed better results compared to other specimens. 

The combined water content, as well as calcium hydroxide (CH), increases, as SAP increases, 

having a positive effect on the hydration of cement but BPC reduces the amount of combined water 

and CH compared to the control specimen. 
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Figure 2.3. SEM picture of cement paste containing pre-soaked SAP after 28 days [98]. 

 

Figure 2.4. Influence of different SAP type on internal relative humidity of UHPC [104]. 
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Compressive strength of HPC with w/b ratios ranging from 0.2 to 0.3, the effects of SAP size (300 

& 600 millimeters), content (0, 0.2, 0.3, 0.4 percent by weight of binder), and binder type were 

investigated by Olawuyi et al. [107]. The effect of the binder type, on the other hand, was the most 

significant. When the combined impacts are taken into account, 0.3 of SAP concentration was the 

best for effective internal curing provision in HPCs, but compressive strength was reduced 

compared to the reference. The three impacting elements are w/b ratio, SAP dose, and particle 

size, in decreasing order of their effectiveness. In HPC, SAP inclusion of up to 0.3 percent with 

modest extra water was recommended. SAP addition reduced the density of concrete. 

The influence of moisture gradient on Ultra-High-Performance Paste, microstructure, 

and hydration product at various levels from the surface exposed to drying, as well as a degree 

of hydration, density of CSH, and affected area by SAP, was investigated by Liu, Farzadnia, & 

Shi [108]. UHPC containing SAP has a higher total porosity than control UHPC, which acts as a 

weak spot and may diminish compressive strength. The inclusion of SAP enhanced  hydration 

dynamics and allowed low-density C-S-H to be converted to high and ultra-high-density C-S-H. 

The impacted zone of SAP rose as the distance was increased  from the drying surface, indicating 

that SAP is more effective in the inner layers. 

2.9 SAP in Alkali Activated Concrete 

The compressive strength, internal RH & autogenous shrinkage of alkali-activated slag (AAS) 

mortars containing various SAP doses and different alkali activators were all measured by Song et 

al. [82]. The SAP used was a cross-linked sodium polyacrylate. In the test, the average particle 

size of SAP was 412 micrometers was utilized. The quantity of extra water absorbed into the SAP 

was calculated based on its workability, such that the flow of the sample with SAP was the same 

as that of the sample without SAP. The loss in internal RH due to self-desiccation & autogenous 

shrinkage both reduced as the dose of SAPs rose, indicating that SAPs may be employed as internal 

curing agents efficiently, however, it created voids and impair compressive strength. The internal 

curing zone modeling that was proposed should be beneficial in calculating the proper dose of 

SAPs in AAS mortars. 

Oh & Choi [86] wanted to see if superabsorbent polymers (SAPs) might be used as internal curing 

agents in OPC as well as alkali-activated slag (AAS) mortar and paste to reduce autogenous 
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shrinkage. The usage of different types of alkali activators with SAPs (avg. size of 220 

micrometers) was examined. The SAP was irregularly shaped and made of cross-linked  

polyacrylic acid. Additional water was added to the SAP mixes to maintain equal flow as the non-

SAP mixtures. The findings revealed that SAPs were effective in minimizing the shrinking of AAS 

mortars, which had previously been a major drawback in their use. When comparing AAS pastes 

containing SAPs to those without SAPs, higher decreases in porosity were found, but SAP reduces 

the strength at an early age. Isothermal calorimetry data for combinations with and without SAPs 

showed no significant differences. SAPs were important in holding water inside the matrix and 

allowing un-hydrated particles to be hydrated further. SAP also reduces the specific heat flow. 

Internal curing of AAFS pastes made with class F fly ash and GGBS is studied by Tu et al. [83] 

using varied SAP doses (0 to 0.5 percent) and slag replacement (15 to 30 percent) to fly ash. SAP 

used was an irregularly shaped, cross-linked copolymer of acrylamide & potassium acrylate with 

a particle size of fewer than 300 micrometers. SAP absorption was found by examining the flow 

as a function of time. The flow of AAFS pastes is increased with the addition of SAP means that 

it increases the workability. Chemical & autogenous shrinkage of AAFS pastes are reduced by 

18 to 45 percent and 76 to 85 percent, respectively, as the SAP dose is increased from 0.2 to 0.5 

percent. But it compromises the compressive strength of AAFS pastes, the optimal SAP dose is 

found to be 0.3 percent. Internal SAP curing results in a reduced heat peak and a rightward 

displacement of the hydration peak due to that, the setting time of the AAFS paste was increased. 

This shows a decreased deformation (chemical shrinkage), which helps to mitigate autogenous 

shrinkage. 

Two fly ash/slag ratios (50:50 and 70:30) paste and mortar are created by Y. Wang et al. [84] 

with two different doses (0.13 & 0.25 percent) of angular crosslinked anionic polyacrylamide 

SAP. The SAP raises the temperature of the alkali-activated pastes' reaction. The alkali-activated 

mortars' compressive strength is somewhat reduced by the SAP. The SAP greatly reduces the 

mortars' final autogenous shrinkage (> 50%) as well as their drying shrinkage (15 to 30 percent). 

As the SAP dosage is increased, shrinkage mitigation in the investigated mixes improves but it 

increases the mass loss. 
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In this study, SAP & metakaolin, are used to minimize autogenous shrinkage in fly ash & slag 

(almost 50 % each) based on alkali-activated paste and concrete by Li, Yao, et al. [85]. Acrylamide 

and acrylate cross-linked copolymers having particle sizes up to 200 micrometers were utilized. 

SAP at 0.16 weight percent and MK at 5 weight percent are recommended dosages. The results 

reveal that incorporating SAPs & metakaolin into Alkali activated paste and concrete greatly 

reduces cracking & autogenous shrinkage. Furthermore, the workability & strength of 

formulations containing SAP & metakaolin is improved. 

Internal curing of alkali-activated fly-ash/slag (AAFS) paste with an irregular shape SAP of size 

under 200 micrometers is investigated in their work by Li et al. [109]. An equal amount of FA & 

Slag was used. Sodium hydroxide pellets & sodium silicate solution was used as an alkaline 

solution. The SAPs are shown to absorb liquid mostly before the paste's initial setting. Following 

that, the liquid is progressively released, keeping the paste's internal RH near 100%. Internal SAP 

curing can greatly reduce AAFS pastes autogenous shrinkage, particularly following the reaction's 

acceleration period. Internal curing's impact is due to the paste's reduced self-desiccation, rather 

than the creation of expanding crystals. Internal curing considerably reduces the cracking 

potential of AAFS under constrained conditions. Despite a small loss in elastic modulus 

& compressive strength, the paste's flexural strength has greatly improved  which can be seen in 

Figure 2.5. 

Li, Wyrzykowski, et al. [110] used Cross-linked acrylamide & acrylate SAP copolymers having 

size less then 500 micrometers and irregular shape, in their research. The teabag technique 

revealed that SAP had a much more absorption capacity in water compared to AA. Internal curing 

increased the total reaction degree and delayed setting times of AAS pastes by delaying peak of 

heat release rate. Internal SAP curing effectively counters the reduction in IRH and AS of AAS 

pastes caused by self-desiccation. The capability of AAS-paste shrinking when restrained to crack 

was also greatly decreased by SAP, however, they always have a negative impression on 

compressive strength. 

The hardened & fresh characteristics of AAS paste with w/b ratio of 0.34 are controlled and 

improved using a modified poly Na-acrylate acrylamide type SAP composite supplemented with 

kaolin clay & micro silica were investigated by Fu et al. [111]. Two doses of SAP at a mass ratio 
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of 2.5 or 5 percent in relation to slag were adopted. The teabag technique is used to investigate the 

water retention & absorption capability of SAPs in different solutions. The conventional SAP had 

a negative impact on all of these attributes of AAS pastes, including setting, flowability 

and compressive strength. SAPs delayed the setting times. With increasing SAP dose from 2.5 to 

5 percent, the range of 28-days compressive strength loss in AAS is between 17 to 32 percent. The 

usage of SAP enhanced with kaolin clay & micro-silica could alleviate unfavorable impact of 

SAPs commonly used on mentioned characteristics of AAS to a degree. At first, the addition of 

SAP composites reduces the drying shrinkage of AAS pastes; nevertheless, as time goes on, the 

DS of SAP-modified AAS becomes bigger compared to control specimen. Lower bulk 

stiffness AAS cured with SAP due to porosity expansion is most likely to blame this effect on 

drying shrinkage. 

 

Figure 2.5. AASF pastes flexural strength [109]. 

Vafaei et al. [87] examined the impact of SAP on OPC and alkali-activated slag pastes' properties. 

0.3 percent sodium polyacrylate SAP with an angular form manufactured with a particle size of 

around 200um was used. The SAP’s absorption was determined from the teabag technique and 

AA were utilized. The flow values was compared to calculate amount of water that had been 

absorbed by SAP. When pore solutions obtained by AAS pastes were related to those recovered 
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by OPC paste, SAP showed greater absorption. The addition of SAP to AAS and OPC pastes 

proved beneficial in minimizing autogenous shrinkage. The positive impact of SAP on shrinkage.  

AS was greater in AAS compared to OPC paste. Due to presence of macro-voids, the compressive 

strength of SAP-modifies was lower than AAS pastes having no SAP. Electrical resistivity was 

lower in AAS pastes with SAP than in AAS pastes without SAP. This tendency is attributed to an 

increase in total w/b in AAS pastes with SAP. 

The purpose of Wang et al. [90] was to see how SAP internal curing affected the AS, compressive 

strength, setting time,  microstructure, & porosity of slag-based AAS mortars with 0.5 activators 

to binder ratio. A crosslinked sodium polyacrylate SAP size ranging from 300 to 500 micrometers 

was utilized at varying concentrations of 0, 0.05, 0.1, 0.2, 0.3, 0.4, & 0.5 percent by slag weight. 

The flow method was used to find the amount of extra water. Due to the extra activator produced 

from SAP, initial & final setting times of AAS pastes delayed by around 30 minutes & 10 minutes, 

respectively, with an increase in SAP dose. AAS mortars produced four to six times reduced AS 

compared to reference specimen, after adding 0.05 or 0.1 percent SAP. The autogenous shrinkage 

was abolished when the SAP dose was greater than 0.2 percent. Although IC through SAP lowered 

compressive strength, this decrease (23 percent for 0.2 percent SAP at 56 days) was acceptable 

considering the critical function it performed in preventing autogenous shrinkage. With a modest 

expansion and a 15% drop in compressive strength, 0.2 percent SAP content has been deemed an 

ideal. 

The liquid release & absorption behavior of SAPs in water glass-activated slag (WG-AAS), 

NaOH-activated slag (SH-AAS) and PC pastes were compared by Jingbin Yang et al. [112] using 

NMR having low field. Three different sizes of sodium polyacrylate-based SAPs (422, 246, and 

136 micrometers) were employed, with 0.3 percent content added. SAP liquid absorption was 

higher in SH-AAS paste than in PC & WG-AAS pastes. Release of liquid was quicker, because 

of the greater concentration of Ca2+ in PC's pore fluid. Despite the fact that the Ca2+ concentration 

in the pore liquid was lesser in the AAS system, the concentration of Na+ was significantly larger 

in PC-based system because of activator. In PC system, Ca2+ is a significant factor affecting SAP 

swelling, but in the AAS system, the SAP’s swelling restriction was the consequence of a 

combination of Na+ & Ca2+ actions, with sodium ion dominating. Premature water release by SAP 
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might have not assist attenuate AS, & sluggish release mechanism might have harmful effect to 

maintaining IRH & reduction in autogenous shrinkage. 

The effects of SAP & 2 expansive additions (gypsum & MgO) on shrinkage properties of 

AAS mortars were investigated in their work by Jingbin Yang et al. [92]. SAP is based on sodium 

polyacrylate with particle sizes ranging from 60 to 800 micrometers and doses of 0.1, 0.3, and 0.5 

percent by mass of GGBFS. SAP’s absorption was determined by teabag technique. The quantity 

of extra mixing water was determined using 1 H low-field NMR. AAS's setting time was 

lengthened by SAP. By continually releasing water, the SAP minimized the reduction in internal 

RH induced by the consumption of free water during process of AAS hydration, considerably 

reducing AAS mortar’s AA. At 14 days, the sample containing a 0.3 percent SAP dose had 

autogenous shrinkage of only around 25% of the control sample. Although SAP can harm strength 

in compression when countering AS. But, between 7 and 28 days, the mortar’s compressive 

strength containing SAP rose higher compared to samples. When MgO and SAP were 

added combined, AS was reduced more effectively. The SAP, on the other hand, was less 

successful in terms of total shrinkage. loss of AAS mortar’s mass during drying was increased, 

which might raise AAS’s DS and offset some of the autogenous shrinkage decrease. 

The influence of SAPs as an IC agent on hydration properties and AS properties of alkali-activated 

slag (AAS) pastes was examined by Jiang et al. [88]. The internal curing agent in this investigation 

was SAP in irregular and porous form manufactured of Na-polyacrylate having 372 micrometers 

size and a concentration of 0.3 percent in AAS paste. Nuclear magnetic resonance technique is 

employed to analyze release and absorption of liquid processes of SAP in different alkali activator 

solutions of AAS pastes. The Teabag method was also used. As the silicate modulus rose from to 

1.4 from 0.8, AS of AAS pastes containing SAP was reduced roughly by 80.6 to 70 percent. The 

SAP inclusion slowed exothermic 2nd peak but comulative heat of AAS pastes is increased. 

Furthermore, internal SAP curing may enhances slag reaction, predominantly for AAS pastes 

having greater silicate modulus, due to continual water and alkali activator solutions release from 

inside SAP as the hydration time increases. Furthermore, adding SAP to AAS pastes raised the 

pore volume & size of capillary pore, resulting in a loss in compressive strength. The SEM images 

are shown in Figure 2.6. 
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Figure 2.6. BSE images (a & b) without SAP & (c-d) With SAP [88]. 

Yang et al. [91] looked into the effects of varied liquid-binder ratios for IC and dry and wet mixing 

of SAP in alkali-activated slag mortar. Polyacrylic acid SAP of 10 to 1000 micrometers size was 

employed. The SAP’s absorption capacity was determined using teabag technique. SAP absorbs 

substantially lower amount of fluid at higher AAS supernatant compared to water, according to 

the findings. When SAP is mixed with fluid firstly, it has a higher absorption than when it is mixed 

with solid first. If no additional fluid is incorporated, SAP lowers setting time & flowability of the 

AAS mortar. The setting time and flowability improve as the liquid-binder ratio (0.03, 0.06, and 

0.09) is increased, but the decrease in compressive strength was found. Furthermore, samples 

mixed mixed have longer set time compared to samples mixed wett, despite the fact that their 

flowability & strength are polar opposites. Even with an extra having 0.09 l/b ratio, strength of IC-

mixes is higher compared to the standard. The reason for this is that internal curing refines 

capillary & gel pores, despite the existence of huge spaces caused by SAP. SAP’s addition reduces 

AS of AAS-paste greatly, but the further mitigating influence of the increased l/b ratio is minimal. 
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2.10 SAP in other concrete types 

Uddin et al. [113] looked at the usage of SAP in different concentrations (0.2, 0.3, 0.4, percent by 

cement weight) to achieve IC & crack sealing in a Portland pozzolana cement with 2 percent fly 

ash replacement. With the addition of 0.3 percent, which was found to be optimum, the appropriate 

Slump (50 to 100) value was reached. The 0.3 percent SAP concrete has a lesser strength than 

conventional concrete after 7 days. We found that the weight loss of concrete with 

SAP was lesser than the initial weight loss when immersed in acid, indicating that it is more 

durable. The concrete swells at SAP, causing the shrinkage cracks to be stopped by reducing the 

cracks. Granite Pulver concrete blends were examined with the addition of SAP, which aids in 

internal curing by Rajamony Laila et al. [114]. The optimum percentages for SAP & GP, alonge 

with mechanical properties, were evaluated. GP was replaced with cement 5, 10, 15, and 20 

percent by weight, and SAP was added in 0.1 to 1% by volume in each concrete mixture. The 

workability reduces as the amounts of GP and SAP grow. Some combinations showed an increase 

in compressive strength. Internal curing with GP-concrete blends of 0.3 and 0.4 percent SAP is 

favorable for achieving target strength. Most of GP-concrete mixes had tensile and flexural 

strengths that were nearly equal to the control mixture's strength. When 0.3 percent SAP was 

added, there were considerable improvement in flexural and tensile strength. SAP enhances the 

Elastic Modulus at a lower concentration. 

2.11 SAP in Geopolymer 

The durability of GPMs containing SAP against chloride, sulfate & acid was investigated in their 

work by Afridi et al. [94]. GPMs with different water/solid & sand/FA ratios were made using 

class-F fly ash, and AA was a mixture of Na2SiO3 and NaOH solutions. The SAP (0,1,2 percent 

by weight of binder) used in this study was a x-linked polyacrylic acid and polyvinyl 

alcohol copolymer with a size of approximately 350 to 450 micrometers. All samples were first 

heat cured at 80°C, before being cured at room temperature. The weight lost and compressive 

strength of samples were utilized to extract durability resistance of GPMs. On the microstructure 

of GPMs, SAP has a protective impact by reducing the porosity. It aids in the attainment of a 

higher degree of geopolymerisation and enhances the microstructure of GPMs. As a result, while 

this effort is likely to help more sustainable and durable GPMs GP-concrete manufacturing, it 

compromises the compressive strength.  
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Chapter 3 

3. Materials and Testing Methods 

3.1 Raw Materials 

To prepare GPC, class F fly ash as per ASTM C-618 [115] was used as the primary precursor and 

was obtained from Coal Power Plant in Sahiwal, Pakistan. X-ray fluorescence (XRF) was carried 

out to obtain the chemical composition of fly ash as displayed in Table 3.1 The chemical 

composition of fly ash determined by XRF analysis.. Blended mixtures of fly ash were prepared 

with alkaline solution, coarse aggregate, and fine aggregate. The primary properties of fly ash are 

seen to comply with the guidelines for fly ash established by Fernández-Jiménez & Palomo [116], 

i.e., a carbon content percentage lower than 3 wt% and a content of Fe2O3 not exceeding 10 wt%. 

In addition to having a relatively low Ca concentration, the Si to Al molar ratio was around 1.92. 

The density of fly ash was 2.25 g/cm3.  

The locally available limestone - based coarse aggregates were used with a maximum size of 12.5 

mm. The apparent specific gravity of coarse aggregates was found 2.66 and the water absorption 

was 1.34% as per ASTM C-127 [117]. Lawrencepur sand was used as the fine aggregate, having 

a fineness modulus of 2.3 according to ASTM C-136 [118] and an apparent specific gravity of 

2.62 with 2.3% water absorption determined by ASTM C128 [119]. Prior to use, both aggregates 

were initially oven dried at 100 °C for 24 h. As a result, the aggregate that was later saturated 

surface dried (SSD) before mixing had all its moisture removed. 

Table 3.1 The chemical composition of fly ash determined by XRF analysis. 

Moisture SiO2 

(Silica) 

Al2O3 

(Alumina) 

Fe2O3 (Iron 

Oxide) 

CaO 

(Lime) 

MgO 

(Magnesia) 

SO3 (Sulphuric 

Anhydride) 

LOI (Loss on 

Ignition) 

0.19 50.22 26.2 0.88 3.94 1.6 0.56 2.8 

The activator solution was an alkaline mixture of sodium hydroxide (NaOH) and sodium silicate 

(Na2SiO3). NaOH was in the form of pellet with purity of 99%. The NaOH solution was prepared 

by adding these pellets to water. For 14 molar NaOH solution, 40% solid pellets and 60% water 

was added. This concentration was chosen after preliminary research by Ghafoor et al. [120], 

according to which the molarity of the NaOH solution at which the alkali-activated geopolymer 

showed its best mechanical performance was 14. Na2SiO3 solution consisting of 55%water and 
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45%solids were obtained from Peshawar Chemicals Pakistan. The solids consist of 11.3% Soda 

Ash (Na2O) & 33.7% Silica sand (SiO2) having 3 modulus ratio (Ms; Ms = SiO2/Na2O = 3).  

All three GPC mixtures were made with a constant NaOH molarity of 14 and a Na2SiO3/NaOH 

ratio of 1.5 (by mass) to achieve the optimum mechanical strength [120]. Note that the blended 

alkaline activator was made 24 h before casting of GPC in order to allow the mixture cool and 

adjust to the ambient environment. SAP used in this study was sodium polyacrylate having an 

irregular shape as shown in Figure 3.1 obtained from a local vendor. 

3.2 Mix Proportion, batching and curing techniques 

Three GPC mixtures, each consisting of 368 kg/m3 of fly ash, were prepared as per [120], two of 

which were referred to as R0.5 and R0.554, while the third one, which included SAP, was named 

S0.554. The mass ratio of alkali activator to fly ash (AA/FA) for R0.5 was 0.5, and for R0.554 and 

S0.554 it was 0.554. Additionally, S0.554 contained 0.3% SAP consistent with the literature [83], 

[86]–[88]. The extra amount of activator was determined based on the absorption capacity and 

SAP content (SAP absorption x SAP content = 18 x 0.3% = 0.054) that was added to SAP-modified 

formulation to compare the effect of extra activator as well. S0.554 had a total AA/FA ratio of 

0.554, with an effective AA/FA ratio of 0.5, (effective AA/FA ratio representing the available 

amount of free activator during mixing.) Both R0.5 and S0.554 had the same effective AA/FA 

ratio, while R0.554 had the same total AA/FA ratio as S0.554. Hence, we can analyse the impact 

of additional activator present in S0.554.  

The ingredients were blended in the Hobart mixer. Two minutes of dry mixing (60 rpm) followed 

by six minutes of wet mixing time was according to Liu et al. [121]. SAP was added during dry 

mixing. The addition of 90 percent alkali solution followed by mixing (120 rpm) for 180 sec. 

Addition of 10 percent extra water and 10 percent alkali solution followed by mixing (120 rpm) 

for 180 sec as shown in Figure 3.2. Then the GPC was poured into moulds and cylinders with 3 

layers and every layer was compacted by using a mechanical vibrator. The samples were 

demoulded after 24 h and cured for 28 days. Cylindrical samples of 100 mm diameter with 200 

heights and prisms of 100 x 100 mm2 x-section with 500 mm length were prepared.  
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Later, the samples were cured for 28 days under three distinct conditions as labelled in Figure 3.3, 

resulting in a total of nine formulations, which are presented in Table 3.2. For ambient curing, the 

specimens were enclosed in plastic sheet and kept at room temperature. Similarly, for heat curing 

the samples were wrapped in plastic and placed in an oven at 80 °C for 24 hours and then placed 

it under ambient curing [94]. For water curing, specimens were placed inside water. The IDs given 

to the specimens followed a specific pattern, where R represented reference specimens, S 

represented SAP-modified specimens, 0.5 or 0.554 represented the AA/FA ratio, and the last letter 

indicated the curing type (e.g., A for ambient curing). The first three mixes were labelled as R0.5, 

while the second and third groups of three mixes were labelled as R0.554 and S0.554, respectively.  

 

Figure 3.1. SEM image of dry SAP particles. 

Table 3.2. Mix proportions of geopolymer concrete. 

ID FA 

(kg/m3) 

Coarse Agg. 

(kg/m3) 

Fine Agg. 

(kg/m3) 

NaOH sol. 

(kg/m3) 

Na2SiO3 sol. 

(kg/m3) 

AA/FA SAP 

(%) 

Curing 

R0.5-A 368 1294 554 73.6 110.4 0.5 0 Ambient 

R0.5_H 368 1294 554 73.6 110.4 0.5 0 Heat 

R0.5-W 368 1294 554 73.6 110.4 0.5 0 Water 

R0.554-A 368 1294 554 73.6 110.4 0.554 0 Ambient 

R0.554-H 368 1294 554 73.6 110.4 0.554 0 Heat 

R0.554-W 368 1294 554 73.6 110.4 0.554 0 Water 

S0.554-A 368 1294 554 73.6 110.4 0.554 0.3 Ambient 

S0.554-H 368 1294 554 73.6 110.4 0.554 0.3 Heat 

S0.554-W 368 1294 554 73.6 110.4 0.554 0.3 Water 
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Figure 3.2 Mixing procedure for GPCs. 

 

Figure 3.3. Different curing methods adopted for GPC. 
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3.3 Teabag Method 

The Teabag method was used to determine the absorption capacity of SAP in this study as it is the 

most appropriate method for SAPs. To simulate a cementitious environment, a slurry was made 

by adding 20g of binder in 200 g of alkali activator. This solution was stirred and subsequently 

filtered to get the pore fluid. 

In a teabag (mass m2) that had been pre-wetted in the equivalent liquid, 0.2 to 0.3 g of SAP 

particles (precise mass m1) were placed. A teabag containing SAP was suspended in a beaker 

holding the liquid of interest. To prevent carbonation and evaporation, the beaker is covered with 

a plastic sheet. The teabag with the SAP was released to be weighed after 30 seconds, 2, 5, 10, 15, 

30, 60, and 180 minutes (mass m3).  

To remove excess and poorly attached liquid, it was placed on a dry towel and rubbed with another 

dry cloth for about 30 seconds. Some of the liquid retained between the SAP particles as capillary 

water could escape the sample. The sample was not crushed, however, to preserve the polymers' 

storage function. According to the equation below, the amount of absorbed liquid concerning the 

initial mass of SAP was computed. [122]–[124]. 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 = 𝑚 = (𝑚3 − 𝑚2 − 𝑚1)/m1 

3.4 Workability 

A slump cone test was conducted on samples as per ASTM C143 [125]. GPC was added to the 

cone in three layers and 25 blows were applied to each layer. Then the cone is raised and the 

geopolymer concrete is allowed to subside. The vertical distance between the top center of 

geopolymer concrete and the original cone top is measured with the help of a ruler, which is the 

slump value.  Slump reading was noted subsequently with the help of a ruler as shown in Figure 

3.4. 
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Figure 3.4. Workability test using slump cone apparatus. 

3.5 Fresh Density 

The wet density of freshly prepared concrete mix was calculated as per ASTM C138 [126]. Fresh 

mixture weight was measured using digital balance, divided by the volume of the cubical mould 

to get fresh paste densities. The samples were weighed again after curing and volume was 

determined by measuring dimensions with the help of a Vernier calliper for hardening density. 

3.6 Density, Absorption, and Voids in Hardened GPC 

The water absorption capacities of all the mixes were determined according to ASTM C642 [127]. 

After curing, cubes were oven dried at 100±5 °C for 24 h and weighed. Then cubes were kept in 

water for 24 hours and weighed in SSD conditions. Then samples were suspended in water with 

wire and apparent weight was measured. After measuring all the weights, the absorptions, 

densities, and voids were calculated. Then use the following equations to determine all the 

parameters. 

Absorption after immersion, % = [(B-A)/A] *100 
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Absorption after immersion & boiling, % = [(C-A)/A] *100 

Bulk density, dry = [A/(C-D)] * ρ *100 

Bulk density after immersion = [B/(C-D)] * ρ *100 

Bulk density after immersion & boiling = [C/(C-D)] * ρ *100 

Apparent density = [A/(A-D)] * ρ *100 

Volume of permeable voids, % = [(C-A)/(C-D)] *100 

where:  

A = Oven-dried mass of sample in air, in grams  

B = Surface dry mass of the sample after immersion in air, in grams  

C = Surface dry mass of the sample after immersion and boiling in air, in grams  

D = Sample’s apparent mass after immersion & boiling in water, in grams  

ρ = Density of water = 1 g/cm3 

3.7 Mechanical Properties 

The tests for compressive strength were performed on 7, 14, and 28 days cured samples, and an 

average of three samples was taken. ASTM C39 standard was followed [128]. Place the samples 

in the compression testing machine as shown in Figure 3.5 and applied at a loading rate of 

0.25MPa/sec. The maximum (crushing) load applied to the specimen was recorded and the strength 

of the sample was evaluated. 
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Figure 3.5. Compression testing machine. 

While for the flexure strength test of concrete, beams of 100 x 100 x 500 mm3 were cast. At the 

age 28th days, all formulations were tested in flexure according to standard ASTM C293 [129]. 

As shown in Figure 3.6, the specimen was placed in a flexure testing apparatus and a uniform 

loading rate of 1MPa/min for flexure was adopted. When the specimen was broken measure the 

dimensions of the specimen and calculate the modulus of rupture.  

 

Figure 3.6. Flexural testing machine. 
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A split tensile test was carried out according to ASTM C496 [130] standards. The Universal 

Testing Machine and the splitting tensile apparatus were used as shown in Figure 3.7. The sample 

was mounted perpendicular to the direction of loading such that the load was acting along its whole 

length. No capping was done. The loading rate was kept at 0.02 MPa/s. The strength was noted at 

the cracking of the specimen. 

 

Figure 3.7. Split tensile test setup. 

3.8 Shrinkage 

The Shrinkage of GPC was found by measuring the change in length as per ASTM C157. Three 

concrete prisms of 100 x 100 mm2 x-section with a length of 285 mm were prepared for each 

formulation. Concrete was poured into the moulds in two equal layers and each layer is compacted. 

After 24 hours of casting, samples were demoulded. The length of samples was recorded 

immediately after demoulding, as well as at 1, 2, 4, 7, 14 & 28 days. The change in lengths was 

calculated and shrinkage was measured [131]. To measure autogenous shrinkage samples were 

wrapped in plastic but for drying shrinkage, they were not wrapped as shown in Figure 3.8 [132].  
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Figure 3.8. (a) Samples for autogenous and drying shrinkage (b) Shrinkage test apparatus. 

3.9 Bulk Electrical Resistivity 

A cylindrical sample of 100mm diameter and 200mm length were prepared. According to ASTM 

C1760 [133], a simulated solution is prepared by first mixing 2 grams of calcium hydroxide, 7.6g 

of sodium hydroxide, and 10.64g of potassium hydroxide in dry form. After that deionized water 

was added to make a 1-liter total volume. After curing for 28 days, these samples were saturated 

in a simulated solution and then placed between the electrode plates in the Bulk Resistivity Test 

device shown in Figure 3.9. Start the apparatus and note the value of the applied voltage. After 2 

to 5 sec, the value of the current was recorded. Repeat the measurements at least twice. Use the 

following equation to find the value of Bulk Resistivity in the unit of ohm-m. 

P=VA/IL 

where:  

L = length of the specimen, in meters,  

A = Cross-sectional Area, in m2,  

V = voltage in amperes, 
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and I = current in amperes, 

 

Figure 3.9. (a) Bulk resistivity test apparatus (b) Electrode plates 

3.10 Permeability 

For three days, concrete cylinders were exposed to a water pressure of 0.5 N/mm2 acting normally 

to the mould filling direction from below in the permeability test apparatus shown in Figure 3.10. 

Throughout the exam, this pressure must remain consistent. The test may be stopped if water gets 

through to the underside of the specimen, and the specimen may be rejected as failed. It was 

examined to see if and when the faces of the unexposed specimens develop symptoms of water 

infiltration. The specimen was withdrawn and split along the middle as soon as the pressure has 

been released, with the face that was exposed to water facing down. When the split faces began to 

dry (after about 5 to 10 minutes), the maximum depth of penetration in the slab thickness direction 

in mm was measured and the extent of water permeation was determined. The test result was the 

average of the highest depth of penetration obtained from the three specimens thus examined  [134]. 
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Figure 3.10. Permeability test apparatus. 

3.11 Ultra-Sonic Pulse Velocity 

This test was performed according to ASTM C597 [135] by UPV apparatus as shown in Figure 

3.11. A coupling agent was applied on the surface of the specimen or the face of the transducer. 

Both transducers were attached to the specimen in a directly opposite direction and the pulse 

generator was started. The transducers were connected firmly against the concrete surface until we 

got a stable value of transit time. This time and length between the transducers were noted and the 

pulse velocity was calculated. Use the following formula to calculate the pulse velocity.  

V = L/T  

where:  

V = pulse velocity in meter/sec,  

L = distance b/w centers of transducer face in meters, and  
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T = transit time in seconds 

 

Figure 3.11. Ultra-sonic pulse velocity test apparatus. 

3.12 X-ray diffraction (XRD) 

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for the identification 

of the phase of a crystalline material and also to provide information on the dimensions of a unit 

cell. The material to be analyzed is finely ground, homogenized, and the average bulk composition 

is determined. XRD was used to analyze the composition of hydration products of selected 

samples. Samples at 28 days were dried at 50 oC for 12 hrs and then crushed in powdered form. 

XRD was performed using a machine having Copper as a target. The scan range was 10-70 at 

0.02/step.  

3.13 Scanning Electron Microscopy (SEM) 

To investigate the particle size, shape, and morphology of different constituents and also to study 

the hydration products, microstructure, and ITZ of formulations, scanning electron microscopy 

was carried out as per ASTM E1508 [136] and ASTM C1723 [137] as shown in Figure 3.12. 

Broken pieces of the sample were collected, and oven dried at 100±5 °C for 24 h to stop the 

hydration process using ethanol and make the samples free from moisture. Then samples were 

broken into required sizes (about 2 to 3 millimeters) and stuck with carbon tape on studs to obtain 
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clear and more perceivable images. Samples were coated with 20nm of gold to make them 

conductive using a sputter coater. SEM analysis was performed using the model “TESCAN 

VEGA3”. The resolution of SEM images can be varied.  

 

Figure 3.12. (a) Scanning electron micrograph apparatus (b) Samples (c) Gold plating of samples 
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Chapter 4 

4. Results 

4.1 Absorption and Releasing Capabilities of SAP 

The water-absorbing ability of SAP was tested in an experiment, and the results of SAP absorption 

with time can be seen in Figure 4.1. The absorption curves in deionized water and simulated 

pore solution were also displayed for comparison. It was found that the absorption rate of SAP 

increased steadily for ten minutes before remaining constant. In this solution, SAP absorption 

began rapidly and peaked a few minutes after the SAP first came into contact with the solution. 

The maximum absorption capacity of SAP was accomplished within just 10 minutes, with 108 g/g 

of SAP in tap water and an impressive 18 g/g in simulated pore solution of GPC. This value was 

utilized to determine how much SAP was included in the mix design for the internally cured 

mixtures as described in section 3.2.  

As can be shown, SAP has a significantly greater absorption capacity in water than it does in GPC 

supernatant. The adsorption procedure pursued a comparable pattern even though SAP absorption 

capacity varies in various aqueous solutions. These findings are in line with previous research 

conducted by Li, Wyrzykowski, et al. [110]. The alkaline environment of the simulated pore 

solution resulted in less absorption compared to tap water, proving that SAP is sensitive to the 

composition of the liquid it is exposed. The water-releasing capabilities of SAP were tested under 

different temperature conditions in this study. As depicted in Figure 4.2, it was discovered that 

SAP was able to release more water at higher temperatures, as the decrease in RH prompted the 

release of water into the environment, a phenomenon that has been previously reported Li, Zhang, 

et al. [109]. SAP releases more amount of liquid if kept for longer period of time (3 hours) at higher 

temperatures, which can be seen from Figure 4.3, It releases 45% absorbed water in one hour and 

more than 95% absorbed water in three hours at 100 °C.  
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Figure 4.1. Absorption capacity of SAP in water and alkaline pore solution with time. 

 

Figure 4.2. Percentage of water lost by SAP with an increase in temperature. 
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Additionally, when SAP exposed to sunlight over time at a temperature of 35 ± 5 °C , SAP was 

found to release an increasing amount of water, as shown in Figure 4.3. Almost 90% of the water 

immersed by SAP was emitted within just 8 hours under environmental condition, demonstrating 

the efficiency of SAP. 

 

Figure 4.3. Percentage water lost by SAP when kept under sunlight with time at 35 ± 5 °C 

temperature. 

4.2 Workability 

In this study, the workability test was conducted, and the slump values of different GPC mixtures 

were measured, the results were depicted in Figure 4.4. It can be examined that the slump value 

varies from R0.5 to S0.554. The data showed that the mixture R0.554, which had a high ratio of 

AA/FA and without SAP, exhibited 20% increase in slump value compared to mixture R0.5. 

However, the results also revealed that the mixture S0.554, which contained SAP but had the same 

effective AA/FA ratio as R0.5, had almost identical workability to R0.5. By introducing extra 

alkali activator, the workability is improved. 
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This finding highlights the importance of maintaining an appropriate balance between AA and fly 

ash in GPC mixtures, as this can have a considerable influence on the final workability of the 

concrete. The workability of GPC mixtures decreases monotonically with SAP, and it was 

observed that the mixture S0.554 had a 14% lower slump value than R0.554, despite having the 

same total AA/FA ratio. This result was consistent with Fu et al. [111]. This phenomenon can be 

ascribed to the presence of SAP, which absorbs the alkali activator from the matrix initially, 

creating a less cohesive tissue in the matrix and, as a result, influences how slump values for 

various mixtures vary [83]. If no more alkali activator is added, a poorer workability is anticipated 

since SAP can absorb liquid from the activator and diminish the real AA/FA ratio. These effects 

would be mitigated by increasing the liquid content. 

 

Figure 4.4. Slump values of GPCs. 

4.3 Fresh and Harden Densities of GPC 

This research has investigated the influence of SAP on the fresh and hardened densities of 

geopolymer concrete (GPC), and the findings are presented in Figure 4.5.  It was discovered that 

the fresh density of GPCs expanded from 2425 to 2465 kg/m3 with an increase in AA/FA ratio. 
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However, this trend was reversed when SAP was added to the mixture, causing the density to 

decrease to 2450 kg/m3. The results also directed that the hardened densities of GPCs followed a 

similar trend, increasing with a rise in AA/FA ratio and decreases when SAP was added. In 

addition, it was observed that the mixture S0.554 had a lower density compared to R0.554 and a 

higher density compared to R0.5, whether in a fresh or hardened state.  

The choice of AA/FA ratio and the inclusion of SAP can have a substantial effect on the final 

density of GPCs. Furthermore, it was noted that the hardened densities were lower than the fresh 

densities, which is due to water being thrust out as a result of geopolymerization [138]. Despite 

these fluctuations, the densities of the GPCs were found to be within the limits established by the 

ACI building code with densities of OPC concrete (2155 to 2560 kg/m3 ) [139].  

 

Figure 4.5. Effect of SAP on fresh and dry densities of GPCs. 

4.4 Autogenous Shrinkage 

The linear autogenous shrinkage of GPCs was assessed and the influence of SAP on autogenous 

shrinkage is represented in Figure 4.6. The results shows that a rise in the AA/FA ratio causes 

a 27% increase in autogenous shrinkage without SAP. The rationale is that by increasing the 
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amount of [SiO4]4-, the dissolution and reactivity of the binder might be accelerated, which will 

speed up the utilization of free water and improve the pore structure, leading to an increased 

capillary pressure [140]. However, IC by SAP can significantly reduce autogenous shrinkage, with 

the lowest amount of shrinkage observed in S0.554 and the highest in R0.554. It should be 

highlighted that the inclusion of SAP was successful in lowering the autogenous shrinkage.  

 

Figure 4.6. Effect of SAP on autogenous shrinkage of GPCs. 

Interestingly, the addition of just 0.3% SAP to S0.554 caused a significant decrease in autogenous 

shrinkage when compared to R0.5. At 1, 7, 14, and 28 days, the reduction in autogenous shrinkage 

was approximately 83%, 66%, 55%, and 57%, respectively. Similarly, when comparing S0.554 to 

R0.554, the addition of SAP resulted in a reduction of autogenous shrinkage by about 90%, 72%, 

64%, and 66% at 1, 7, 14, and 28 days, respectively. This outcome is comparable to the alkali -

activated fly ash/slag mortar's autogenous shrinkage in earlier studies by Jiang et al. [88], J. Yang 

et al. [92]. It is significant to observe that autogenous shrinkage of the pastes is produced by 

capillary forces, which in turn are brought on by the drop in RH that was explained by [87]. 

However, the researchers [109] found that SAP releases alkali activator into the paste, maintaining 

RH and reducing self-desiccation, rather than causing expansive crystal growth or the development 
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of a denser microstructure with less deformability. Overall, the findings suggest that SAP curing 

leads to an elevated RH, which effectively reduces self-desiccation and ultimately decreases 

autogenous shrinkage. 

4.5 Total Drying Shrinkage 

The total drying shrinkage has been measured and evaluated with the addition of SAP. The 

outcome of this study is illustrated in Figure 4.7. The autogenous shrinkage is also a part of total 

drying shrinkage, so both the shrinkages graphs followed a similar pattern. The results of the study 

revealed that R0.554 exhibited the maximum total drying shrinkage. However, on the other hand, 

S0.554 manifested the minimum total drying shrinkage. Upon an increase in the AA solution, the 

reference specimens demonstrated an increase in total drying shrinkage. The inclusion of SAP was 

observed to reduce the total drying shrinkage of GPC by an impressive margin of 60% to 80%, as 

compared to both reference specimens.  

 

Figure 4.7. Effect of SAP on total drying shrinkage of GPCs. 

This outcome is a clear indication that SAP plays an essential role in mitigating the total drying 

shrinkage of GPC. Incredibly, the addition of only 0.3% SAP concentration was found to eliminate 
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approximately 58% and 36% of the total drying shrinkage when compared to R0.554 and R0.5, 

respectively. The impact of SAP on total drying shrinkage was found to be consistent with its 

effect on autogenous shrinkage explained in section 4.4. The study's outcomes indicate that the 

substantial reduction in autogenous shrinkage observed due to the presence of SAP was the cause 

of the reduction in total drying shrinkage. The findings of this study are in good agreement with 

previous researches by Ma et al. [99] and Fu et al. [111]. 

4.6 Mechanical Properties 

4.6.1.      Compressive Strength 

The compressive strength of concrete is one of the most important properties used to assess its 

quality and performance. The experiment involving the compression test was conducted on all the 

mixes, and the outcomes of the GPC compressive strength test at 28 days were exhibited in Figure 

4.8, which displayed a significant increase in the compressive strength of GPC with an increase in 

AA/FA ratio without SAP, which was also reported by Ghafoor et al. [120]. However, the 

introduction of SAP into the mix had an unfavourable effect on the compressive strength of the 

GPC, at an equal total AA/FA ratio. The compressive strength of the GPC mix S0.554 decreased 

by 2%, 5%, and 7% compared to R0.554 at the water, ambient, and heat curing, respectively, when 

the total AA/FA ratio was kept constant due to the voids induced by SAP [110], which was proved 

in section 4.13. The dilution of alkalis in pore solution, which lowers pH and slows the binder 

dissolution, is another potential cause of the strength drop in SAP-cured AAS [111]. The strength 

loss increases as the amount of SAP added increases [111]. Effective AA/FA ratio representing 

the available amount of free activator during mixing. It was observed that the presence of more 

activators in the mix compensated for the negative effect of SAP, and the compressive strength 

increased when the effective AA/FA ratio was kept constant.  

Usually, liquid within the enlarged SAP participates in additional chemical reactions. The water 

and activators released continuously by SAP during the IC process played a crucial role in 

enhancing the N-A-S-H/C-A-S-H gel content by promoting the polymerization reaction [112]. 

This improvement in the mechanical properties of the AAS pastes was also attributed to the 

development of an interfacial transition zone around the SAP void. The slower activator release 

from larger SAP particles can progressively enhance the geopolymerization around the particles 
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and make up for the compressive strength loss brought on by the development of macropores. This 

zone helped reduce the size of the SAP-induced micropores and pore volume investigated by J. 

Yang et al. [112]. However, among the other external curing methods, heat cured specimens 

showed the better compressive strength and water cured samples have the minimum compressive 

strength. When compared to ambiently cured specimens without SAP for R0.5-A, heat-cured 

specimens R0.5-H had a 34% higher compressive strength, but when SAP was introduced  in 

S0.554-H, the increase in compressive strength dropped to 26% compared to S0.554-A 

having similar total AA/FA ratio to GPC specimens.  The performance of S0.554 was found to be 

the best at ambient curing, with a 7% improvement in strength, while for water curing and heat 

curing only 3% and 1% increase in compressive strength was observed compared to R0.5, 

respectively. In heat curing, most of the hydration took place during the heating period, So SAP 

was found less effective due to the loss of the activator during the first day of curing. 

 

Figure 4.8. Effect of SAP on compressive strength of GPCs after 28 days in different curing 

conditions. 
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4.6.2.      Flexural Strength 

The results of the flexural strength test conducted on GPCs and the effects of SAP on the Modulus 

of Rupture under different curing conditions are illustrated in Figure 4.9. It was found that the 

flexural strength of GPCs increases with an increase in the AA/FA ratio, a phenomenon previously 

described by Ghafoor et al. [120], for samples without SAP. This is consistent with the 

compressive strength described in sections 0, which showed that higher AA/FA ratios lead to 

stronger specimens. However, the addition of SAP improved the flexural strength of the GPCs as 

well. The positive effect of SAP was particularly pronounced when compared to reference 

specimens R0.5 that had a similar effective AA/FA ratio, with 6% to 18% improvement in flexural 

strength. Despite the various external curing methods used, heat curing exhibited the highest 

flexural strength while water curing yielded the lowest. The flexural strength of heat -cured 

specimens was 18% greater than that of ambient-cured specimens without SAP containing AA/FA 

ratio 0.5, but this difference decreased to 7% for S0.554-H compared S0.554-A, when SAP was 

added at similar total AA/FA ratios to GPC specimens. 

The increase in flexural strength was attributed to the reduction in autogenous shrinkage caused 

by SAP. This reduction, in turn, reduced the development of microcracking at an early age and 

ultimately led to an improvement in flexural strength [109]. Contrary to compressive strength, 

flexural strength determined by three-point bending is extremely susceptible to microcracking. 

The un-hydrated precursor particles, such as fly ash having crystalline segments, might locally 

constrain the shrinkage of gel bordering them and cause microcracking [141], even though the 

samples for strength tests were not under externally restrained conditions during curing. Although 

the samples were exposed for less than 60 minutes before being tested, more shrinkage may result 

from drying the sample when it is visible to the conditions (RH of 50%) during a strength test. 

It was observed that the influence of the addition of SAP was more significant in ambient curing 

and least effective in heat curing. In ambient curing, the incorporation of SAP led to a remarkable 

18% and 13% improvement for S0.554-A compared to R0.5-A and R0.554-A at similar effective 

and total AA/FA ratios, respectively. Whereas in case of heat curing, the minimal improvement of 

6% and 4% was observed for S0.554-H compared to R0.5-H and R0.554-H, respectively. In water 

curing, the results were also noticeable, with a 12% and 8% increase in flexural strength for SAP-

modified samples compared R0.5-W and R0554-W, respectively. The incorporation of SAP has 
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not only improved the overall strength of the GPCs but has also made them more resilient to 

damage and cracking.  

 

Figure 4.9. Effect of SAP on flexural strength of GPCs after 28 days in different curing 

conditions. 

4.6.3.      Tensile Strength 

The tensile strength test of GPCs was performed as per ASTM C496 [130] and the outcomes of 

which are demonstrated in Figure 4.10. The results show that the tensile strength of GPCs was 

notably enhanced by the addition of SAP, much like the improvement seen in the flexural strength 

test described in section 0. The superior performance of SAP was observed in the case of ambient 

curing, while this performance enhancement was minimal in case of heat curing specimen. The 

addition of SAP resulted in a significant improvement in tensile strength in ambient curing for 

S0.554, with a 35% and 15% increase observed compared to R0.5-A and R0.554-A at similar 

effective and total AA/FA ratios, respectively. In the case of heat curing, the increase was 11% 

and 2%, and for water curing, the increase was 21% and 2% compared to R0.5-H and R0.554-H.  
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Heat-cured specimens exhibited the highest tensile strength among the external curing techniques, 

while water-cured samples had the lowest. In comparison to ambient-cured specimens R0.5-A 

lacking SAP, heat-cured specimens R0.5-H showed a 43% increase in tensile strength, but the 

enhancement decreased to 17% when SAP was included (S0.554-H compared to S0.554-A), 

resulting at similar total AA/FA ratios to GPC specimens. This showed that incorporation of SAP 

was found most effective with ambient curing conditions. According to Eurocode 2, tensile 

strength and flexural strength are directly proportional to each other [142], and these findings 

concur with those of the flexural strength test as well described in section 4.6.2.      Flexural Strength. 

This enhancement in tensile strength can be attributed to the reduction in autogenous shrinkage 

and the development of microcracking, leading to an overall improvement in the mechanical 

properties of GPCs. 

 

Figure 4.10. Effect of SAP on tensile strength of GPCs after 28 days in different curing 

conditions. 
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4.7 Strength Development in GPCs 

The strength development of GPCs was closely examined, and the results are presented in Figure 

4.11. The results clearly show that the action brought on by the SAP increased the strength growth 

at a later age. However, the addition of SAP to the specimens had a negative impact on the early 

age strength. It was found that the strength deficit produced by the voids originated by SAP could 

be equal to or even higher than the strength gain produced by the IC action [86]. According to 

previous research by Hasholt et al. and D. Snoeck et al. excess water absorption by SAP can have 

both early and later impacts on the strength development of cementitious materials [143], [144]. It 

was also discovered that greater amounts of SAP are expected to have both beneficial and 

detrimental effects in cementitious materials with low water-to-binder ratios. However, lower 

amounts of SAP may have a more noticeable positive impact. In summary, the results of this study 

demonstrate that the IC action induced by SAP can enhance the strength growth of GPCs, but it's 

essential to carefully balance the amount of SAP added to avoid negative impacts on early-age 

strength. 

 

Figure 4.11. Effect of SAP on compressive strength development of GPCs in different curing 

conditions. 
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4.8 Bulk Resistivity 

The Bulk Resistivity test on GPCs at 28 days showed that the addition of SAP and an increase in 

the AA/FA ratio reduced the value of bulk resistivity, as demonstrated in Figure 4.12. Resistivity 

values for S0.554 were significantly lower than those for R0.5, but higher than those for R0.554. 

The addition of SAP for S0.554 decreased the bulk resistivity by 1% for all curing types when 

compared to R0.5 at similar effective AA/FA ratios but increased by 5% for ambient curing, 4% 

for heat curing, and 2% for water curing at similar total AA/FA ratios compared to R0.554. Similar 

like mechanical strength test results, heat curing produced specimens with the least electrical 

resistivity among other external curing methods, whereas water curing resulted in the highest. The 

compressive strength data as discussed in section 0 also followed a similar trend which showed 

that R0.554 will have a more compact pore structure at older ages than R0.5. Vafaei et al. have 

demonstrated that an increase in the total AA/FA ratio led to a decrease in electrical resistivity in 

pastes containing SAP [87].  

 

Figure 4.12. Effect of SAP on bulk resistivity of GPCs after 28 days in different curing 

conditions. 
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4.9 Ultrasonic Pulse Velocity 

The ultrasonic pulse velocity (UPV) test was carried out in this study on GPCs. In Figure 4.13, the 

results of the ultrasonic pulse velocity (UPV) test on GPCs with and without SAP are presented. 

The data indicate that the addition of SAP to GPCs improved their quality and resulted in higher 

UPV values, which is an indicator of uniformity and good quality in concrete [114]. In addition to 

SAP, increasing the AA/FA ratio also improved the quality and increased UPV. Among all the 

specimens, R0.554-H exhibited the highest UPV value when heat cured.  While other external 

curing methods produced different results, heat curing resulted in the highest UPV value, while 

water curing yielded the lowest value of UPV.  

 

Figure 4.13. Effect of SAP on ultra-sonic pulse velocity of GPCs after 28 days in different curing 

conditions. 

Heat-cured specimens R0.5-H showed a 3% greater UPV value compared to ambient-cured 

specimens R0.5-A without SAP but it decreased to only 1% when SAP was added in S0.554-H 

compared to S0.554-A at similar total AA/FA ratios to GPC specimens. The UPV results were 

consistent with the mechanical strength results of section 4.6 and bulk resistivity test results from 
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section 4.8, showing a correlation between higher UPV values and increased strength. Notably, 

SAP was most effective in ambient curing conditions, demonstrating the importance of proper 

curing conditions in optimizing the benefits of SAP in GPCs. 

4.10 Permeability 

Figure 4.14 showcases the results of the permeability test on GPCs. The specimens were split along 

the middle after applying pressure and the maximum depth of water penetration was measured. 

The findings demonstrate that the inclusion of SAP significantly reduces the permeability of GPCs, 

which translates to a major improvement in the quality of concrete as discussed earlier in section 

4.6. This reduction in permeability is due to the modifying effect of SAP on the pore structure of 

the concrete matrix. As reported by Z. Yang et al., when SAP is added to the mixture, a 

considerable amount of liquid is absorbed by the SAP particles [93]. This leads to a reduction in 

the available liquid in the interstitial space and, as a result, a lower effective liquid -binder ratio. 

Different external curing methods yielded varying results, with heat curing producing mixes R0.5-

H, R0.554-H and S0.554-H the least penetration depth of water was found and water curing 

resulting in the maximum value of permeability values for R0.5-W, R0.554-W and S0.554-W 

samples. 

Z. Yang et al. studied that the pores captured by SAP are known as ink bottle pores and are far less 

interconnected than capillary pores present in the binders [93]. In addition, the volume of SAP 

increases after grasping water, which restricts the movement of water within the specimen, as a 

result, a higher permeability pressure is needed to permeate the mixtures containing SAP. It should 

be noted that while the addition of SAP enhances the impermeability of GPCs, excessive amounts 

of SAP can have an adverse impact on permeability. If the proportion of SAP exceeds a certain 

threshold, it results in an increase in manually added pores, which can weaken the concrete matrix 

[93]. Additionally, excessive water release can lead to an increase in porosity, creating more linked 

pores and accelerating the passage of free water. The findings of this study confirm that the 

addition of SAP can improve the impermeability of GPCs, which can have significant implications 

for the durability and longevity of concrete structures. 
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Figure 4.14. Effect of SAP on permeability depth of GPCs after 28 days in different curing 

conditions. 

4.11 Water absorption and volume of permeable voids (VPV) 

The water absorption and volume of permeable voids in GPC were determined. Figure 4.15 

illustrates the effect of SAP on water absorption, indicating a notable decrease in absorption, which 

is consistent with the results obtained from the permeability tests from section 4.10. The inclusion 

of SAP produced a significant enhancement in all curing methods, including a reduction in the 

water absorption of GPCs. Specifically, in ambient curing, there was a substantial decrease of 28% 

and 22% in water absorption for S0.554-A was found when compared to reference mix R0.5-A 

and R0.554-A at similar effective and total AA/FA ratios, respectively. Similarly, S0.554-H and 

S0.554-W exhibited noticeable decreases, with a 4% and 6% decrease at the same effective AA/FA 

ratio compared to reference mix R0.5-H and R0.5-W, and a 2% and 5% decrease at the same total 

AA/FA ratio compared to reference mix R0.554-H and R0.554-W, respectively.  

Similarly, the effect of SAP on the number of permeable voids is revealed in Figure 4.16, which 

shows a clear decrease in the number of such voids with the addition of SAP. In all curing types, 
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the addition of SAP resulted in significant improvement, with a 15% and 7% decrease in the 

volume of permeable voids by S0.554-A compared to R0.5-A and R0.554-A at similar effective 

and total AA/FA ratios, respectively. Both heat curing and water curing exhibited significant 

reductions, with a 13% decrease for S0.554-H and a 6% decrease for S0.554-W, at the equivalent 

effective AA/FA ratio compared to reference specimens R0.5-H and R0.5-W, respectively. 

Moreover, at the same total AA/FA ratio, permeable voids experienced a 13% decrease for S0.554-

H and a 9% decrease for S0.554-W compared to R0.554-H and R0.554-W, respectively. Heat 

curing produced specimens with the lowest water absorption and volume of permeability voids 

among other external curing methods, whereas water curing resulted in the lowest. The water 

absorption and volume of permeability voids of heat-cured specimens R0.5-H were 16% and 6% 

lesser than that of ambient-cured specimens R0.5-A without SAP, and this difference decreased to 

11% and 4% for the mix S0.554-H when SAP was added compared to S0.554-A, with similar total 

AA/FA ratios as GPC specimens. 

 

Figure 4.15. Effect of SAP on water absorption of GPCs after 28 days in different curing 

conditions. 
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It is important to note that the lower absorption observed with the addition of SAP is indicative of 

a reduction in surface porosity, which is a key factor in determining the degree of water penetration 

in GPCs [145]. Therefore, the use of SAP particles in GPCs is highly beneficial in reducing water 

permeability and surface porosity, thereby resulting in concrete structures that are highly durable 

and resistant to water damage. These findings demonstrate the great potential of SAP in enhancing 

the long-term durability and performance of GPCs in various applications. 

The early-age stage of mixing and curing is when the OPC or alkali activated matrix consumes the 

most liquid to create hydration products. Thus, the presence of liquid inside the matrix with 

enlarged SAPs caused the rate of porosity reduction raised. Since the SAPs had a lot of water in 

them, the matrix's porosity decreased as a result, and this process continued over the course of the 

28 days [86]. Similarly, Jiang et al.and Z. Yang et al. explained that more gel holes are present in 

the SAP-modified sample than in the reference sample [88], [91].  

 

Figure 4.16. Effect of SAP on volume of permeable voids of GPCs after 28 days in different 

curing conditions. 
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For this reason, internal curing by SAP may encourage the hydration of binders, produce more N-

A-S-H / C-A-S-H gels, and consequently increase the content of gel pores. Accordingly, to Jiang 

et al. the capillary pore structure of the nearby alkali activated pastes changed the number of 

capillary pores in the SAP-modified specimens as compared to the reference [88]. The cause may 

be that, with the exception of the empty space entrusted by SAPs themselves after discharging 

water, internal curing water and activators would seep into the alkali activated pastes and 

eventually create capillary pores. 

4.12 X-ray Diffraction (XRD) 

X-ray diffraction of finely grinded paste obtained from GPCs was carried out and the XRD patterns 

are displayed in Figure 4.17. The identification of different phases in GPCs was made possible 

through the use of XRD, which demonstrated the geopolymerization activity. The X-ray 

diffractograms of geopolymer samples reported the creation of mullite (3Al2O32SiO2 or 2Al2O3 

SiO2) and sodalite (Na8(Al6Si6O24) Cl2) [94].  

 

Figure 4.17. XRD patterns of R0.5 and S0.554 ambient cured for 28 days. M, S, and Q indicate 

Mullite (3Al2O32SiO2 or 2Al2O3 SiO2), Sodalite (Na8 (Al6Si6O24) Cl2), and Quartz (SiO2), 

respectively. 
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The sharp peaks of Sodalite and Mullite in R0.5 indicated that the SiO2 and Al2O3 of the fly ash 

were not totally utilized in the geopolymerization reaction [146]. The sharpness of the mullite and 

sodalite-related peaks was observed to be lower for S0.554 than for R0.5, indicating that the IC 

technique promoted the geopolymerization reaction of GPCs. The inclusion of SAP only caused a 

less sharp peak of the main hump but did not produce new types of reaction products. This is most 

likely because the liquid produced from SAP made it easier for fly ash to react further, producing 

more products as well as slightly different products from the original hydration products that was 

also noticed by Z. Yang et al. [93]. The findings demonstrate that the addition of SAP to GPCs 

could enhance their geopolymerization activity and promote the development of desired reaction 

products. 

4.13 SEM 

The small chunks from GPC specimens with and without SAP were analysed through SEM 

examination as seen in Figure 4.18, the microscopic photographs showed the cracked surface of 

GPCs after 28 days of ambient curing. The images contain a few microcracks that could be due to 

shrinkage that happened during sample preparation or curing [147]. The primary cause of the dense 

microstructure is that the activator offers nuclei (such as silicates) for the evolution of reaction 

products in the interstitial place in addition to a high pH environment for the dissolving of fly ash 

[148]. It is evident that the GPC matrix is dense and without large capillary voids, and that reaction 

products have covered the fracture surface. The matrix has embedded and randomly distributed 

SAP particle vacancies. It was noticed that there were small, unrecognized crystals scattered 

throughout the matrix. However, the S0.554 microstructure showed a denser and more dense 

microstructure, with several phases in a better-distributed state compared to R0.5, which is 

consistent with the results of Afridi et al. [94]. The unreacted reactants were observed in R0.5, 

while the S0.554 microstructure showed that geopolymerization had occurred to a larger extent, 

leading to a denser and more compact structure. 

Furthermore, SEM images of GPCs containing SAP showed a denser and flocculated fabric made 

of SAP-geopolymeric gel, with the matrix having embedded and randomly distributed SAP 

particle vacancies. The void generated from SAP was depicted in Figure 4.19, which was expected 

from the form of dry SAP particles. No dry SAP particle was discovered in the void, most likely 

because polishing process eliminated it. It's also important to note that a light grey layer develops 
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between the SAP void and the GPC matrix. The internal curing activators and water discharged 

from SAP encourage the reaction of fly ash, and that once some deliquescent Na2+, Al3+, and 

[SiO4] 4- distributed from pore solution to SAP cavity, an ITZ eventually forms around SAP cavity 

[88]. These spaces confirmed that SAP significantly absorbed the liquid and expanded during 

mixing, as explained by Z. Yang et al. [93]. In summary, the SEM examination discovered that 

the inclusion of SAP caused a denser and more compact microstructure with embedded SAP 

particles, which could have positive implications for the strength and durability of the GPCs. 

 

Figure 4.18. SEM images of (a) R0.554 and (b) S0.554 ambient cured for 28 days. 

 

Figure 4.19. SEM image of SAP induced void. 
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Chapter 5 

5. Discussion 

The ions present in the activator causes of the SAP absorption capacity in the GPC supernatant 

being only 17% of that in tap water. As the density of the anionic groups in solution of Ca(OH)2 

increases, it has been observed that SAP's ability to absorb liquid gradually declines [73]. 

Additionally, the electronic barrier effect caused by the existence of multi-ions in the mix alters 

the reaction forces among molecules in SAP polymer chains. Cross-linking of molecular chains 

can be brought on, particularly by Ca2+ and Al3+ [73].  

The differential in ion concentration between internal and exterior surroundings also affects how 

well SAP absorbed the liquid [149]. The osmotic pressure would be smaller and SAP's absorption 

capacity would be decreased since the activator has large ion concentrations. Jensen & Hansen 

explained that the range of ions in the cement slurry and the elevated ionic concentrations of the 

solution are the two major causes of the variance in SAP's absorption capacity in different solutions 

[72]. 

The S0.554 experienced the least autogenous shrinkage, whereas the R0.554 experienced the most. 

This is due to the fact that early ages of alkali activators' quick reaction in binders resulted in a 

large number of mesopores that were smaller than the pores in the SAP-modified mixture, resulting 

in an increase in capillary tensile force and consequently an increased shrinkage [150], [151]. In 

other words, the specimens with the largest drop in internal RH shown more autogenous shrinkage.  

Since the loss of moisture can be supplied and the distortion brought on by self-desiccation and 

the volume drop of chemical reactants can be controlled by SAP, the inclusion of SAP as an IC 

agent in the alkali activated systems can effectively limit autogenous shrinkage [83]. Additionally, 

the released activator refines capillary pores, which lessens the power behind autogenous shrinking 

because the enlarged SAPs provided all the liquid needed for the hydration process. 

The inclusion of SAP particles reduces the drying shrinkage as well, along with autogenous 

shrinkage. According to the fundamentals of capillary pressure theory, the Kelvin radius and pore 

size distribution perform a major role in determining the quantity of moisture loss in alkali 

activated systems under a specific drying RH [152], [153]. The meniscus radius in capillary pores, 
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known as the Kelvin radius, is mainly determined by the water activity and RH of the pore solution. 

Since the same RH was used to dry all alkali activated specimens with varying SAP inclusion, the 

Kelvin radius is consistent across all systems.  

As a result, the pore structure of alkali activated systems has a substantial impact on the behaviours 

of early age drying shrinkage. Since the moisture from the pores and voids formed by the SAP is 

preferably dissipated under the same drying RH, the mass loss is increased in alkali activated 

systems with the incorporation of SAP. As a result, the water emitted from the SAP delays the 

drop in internal RH, which reduces the early stages drying shrinkage [111]. 

Heat curing was best among all external curing due to the increased rate of geopolymerization 

reaction at higher temperatures. These results are consistent with the findings of Poloju & 

Srinivasu [154], whereas water curing was the least effective curing method for GPC in all cases 

because the source of activation, which consisted of alkali activator, caused a significant issue in 

the overall quality of the specimens. When immersed in water, the alkali activator salts were 

leached out of the pores, causing an increase in water absorption as described by El-Feky et al. 

[27].  

As the curing time increased, a higher amount of NaOH solution was pushed out of the pores. This 

process led to the partial prevention of the geo-polymerization reaction, ultimately resulting in 

lower amounts of geopolymer gels being created [27]. As a result, the specimens became more 

porous, decreasing their overall quality. Ambient curing of GPC can produce improved strength 

over water curing as discussed in section 3.6, which was also observed by Abdalqader et al. [35]. 

Similarly, Mayhoub et al. explained that the process of geopolymerization in GPC does not include 

water  [155]. As a result, the GPC matrix is less compacted and has more voids. This could account 

for why the compressive strength of the water-cured specimen decreased. 

The SAP-modified specimens showed better physical, mechanical and microstructural properties 

compared to the reference specimens for all external curing methods. The liquid contained in the 

SAP typically undergoes additional chemical reactions. The continuous release of water and 

activators by SAP during the IC process has a vital role in promoting the geopolymerization 

reaction and increasing the content of N-A-S-H/C-A-S-H gel, which was also verified in section 

X-ray Diffraction (XRD) and SEM.  
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The enhancement of these properties in AAS pastes is also attributed to the formation of an 

interfacial transition zone surrounding the voids created by SAP that can be seen from Figure 4.19. 

The slower release of activators from larger SAP particles gradually improves the 

geopolymerization process around the particles, as debated in section Mechanical Properties. This 

zone helps reduce the size of micropores induced by SAP and pore volume, as investigated by J. 

Yang et al. [112]. 

It is well known that fly ash-based GPC needs to be heated to reach the necessary early mechanical 

strength properties, which could be a major obstacle for on-site applications [156]. Compared to 

GPC cured at ambient temperatures, GPC cured at higher temperatures showed a more noticeable 

increase in mechanical strength [157]. This is because greater temperature curing results in earlier 

polymerization than open air does [154]. Microstructural analysis of the impact of heat curing on 

fly-ash based GPC was performed by Abdollahnejad et al. [158] and the findings demonstrated 

that thermal treatment leads in denser paste and fewer cracks because the amorphous gel and the 

particles have a higher degree of reactivity and adhesion.  

Compared to heat-cured samples, ambient-cured GPC samples react slowly and require a long time 

to set at ambient or low temperature [159]. But heat cured samples did not show much 

improvement in physio-mechanical properties by incorporating SAP compared to ambient and 

water curing. It is due to the fact that the loss of liquid absorbed by SAP particles during mixing 

because of higher temperature and lower RH as discussed in section Absorption and Releasing 

Capabilities of SAP. The hydration reaction took place earlier and in rapid pace when GPC are 

cured at higher temperatures which has reduced the efficacy of SAP in heat cured specimens. 

However, it is necessary to acquire good strength under ambient curing in cases of practical 

applications. 

Pore structure and pore solution resistivity both affect the electrical resistance [160]–[162]. The 

number and size distribution of the macro voids produced by the SAP, as well as the alteration in 

the capillary pore structure, have a significant impact on the electrical resistivity [89]. The level of 

macro void saturation is critical for electrical resistivity. When the macro voids are completely 

saturated, they act as an electrical conductor, and the total electrical resistance is reduced [163]. 
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Conversely, empty macro voids act as an electrical insulator and increase electrical resistance 

[163].  

Therefore, it can be deduced that SAP has a considerable impact on macro void saturation, leading 

to a decrease in electrical resistivity. Moreover, electrical resistivity in ionic solutions decreases 

with increasing ionic concentration, the higher electrical resistivity of R0.5 than S0.554 may be 

connected to the higher electrical resistivity of the pore solution of the R0.5. Previous studies have 

found that adding water to account for SAP absorption to PC-based composites containing SAP 

reduces their electrical resistivity [164], [165]. An increase in the total AA/FA ratio in the GPC 

may have contributed to the decrease in electrical resistivity in the pastes containing SAP. 

Additionally, it should be noted that ions can be constrained in SAP during absorption [166], [167], 

which may enhance the pore solution's electrical resistance and subsequently the GPC's electrical 

resistance. 
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Chapter 6 

6. Conclusion and Recommendations 

6.1 Conclusion 

In this research, the effect of SAP on the workability, shrinkage, mechanical properties, and 

durability of fly ash based Geopolymer concrete was investigated. The absorption and release of 

water as well as alkaline solutions by SAP were also examined. The findings of this investigation 

lead to the following conclusions.  

1. In comparison to water, the SAP particle exhibits a considerably diminished capacity to 

absorb simulated pore alkali solution. As time elapses or the temperature rises causing 

decline in relative humidity, the SAP gradually releases the absorbed solution.  

2. At an equal total AA/FA ratio, there is a considerable reduction in both slump and density 

of while at an equal effective AA/FA ratio, there is slight increase in both slump and density 

in mix S0.554, compared to reference specimens R0.554 and R0.5, respectively.  

3. The addition of 0.3% SAP by weight of fly ash resulted in a decrease in autogenous and 

total drying shrinkages as compared to the reference mixes. This reduction in shrinkage 

indicates that SAP is effective in controlling the volume change of low calcium f ly ash-

based GPCs.  

4. The inclusion of SAP into GPCs led to an enhanced tensile and flexural strength in mix 

S0.554. In comparison to R0.554 at an equivalent total AA/FA ratio, the compressive 

strength decreased, but when compared to R0.5 at an equal effective AA/FA ratio, it 

improved by incorporating SAP in mix S0.554. Furthermore, SAP played a pivotal role in 

augmenting the strength development of GPCs.  

5. The microstructure of GPC was enhanced by the incorporation of SAP due to increased 

geopolymerization and consumption of fly ash. SEM and XRD investigations confirmed 
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that the degree of geopolymerization in SAP-based GPCs was higher, which resulted in an 

improved physical and mechanical properties.  

6. The influence of SAP on low calcium fly ash-based GPCs performance was more 

noticeable in ambient curing conditions than in water and heat curing. Water curing is 

deemed unsuitable for GPCs due to its adverse impact on both strength and durability. 

These results are promising and could have significant implications for the development of 

more durable and long-lasting GPCs. 
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6.2 Recommendations 

SAP was found effective in reducing the shrinkage of GPCs but it induce voids which reduces the 

compressive strength of GPC. But these induced voids can be beneficial for GPCs at extreme 

temperatures. It can act as a relief zone during frezzing and thawing. Similarly at higher 

temperatures it can provide escape zone for vapours. So future studies have to focus on the 

influence of SAP on GPCs at extreme temperatures. 
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