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Abstract 
 

Sustainable and innovative alternatives have been investigated to replace concrete’s main 

components, natural aggregates, and cement. Previous studies have been carried out to 

replace NA and cement with recycled concrete aggregates (RCA) and inorganic alkali-

activated geopolymeric binders, respectively. Yet, such sustainable concrete has only been 

proposed for non-structural purposes, owing to the inferior properties of RCA. This 

research work aims to assess the feasibility of reutilizing RCA from construction and 

demolition waste and locally available industrial solid by-products in the production of 

sustainable geopolymer concrete for structural applications. The binding materials were 

either in the form of a single precursor, ground granulated blast furnace slag (simply slag), 

or a blend of slag and class F fly ash. Steel fiber reinforcement was added at different 

volume fractions to promote the use of structural geopolymer concrete made with 100% 

RCA. The mechanical behavior of such steel fiber-reinforced RCA geopolymer concrete 

was studied through extensive testing of compressive strength, splitting tensile strength, 

and modulus of elasticity. The flexural strength, toughness, deflection, and residual 

strength were used to describe the flexural performance. In turn, the durability properties 

were assessed by measuring the bulk electric resistivity, water absorption, sorptivity, and 

abrasion resistance. Experimental findings revealed the ability to produce 100% RCA 

slag-based and slag-fly ash blended geopolymer concrete incorporating a 2% steel fiber 

volume fraction having superior mechanical performance and comparable durability 

properties relative to those of the plain NA-based control mix. The steel fiber-reinforced 

RCA geopolymer concrete developed in the current study is considered a feasible and 

sustainable alternative to conventional concrete that promises to recycle industrial wastes, 

alleviate carbon dioxide emissions, and conserve natural resources without compromising 

performance. 

 

Keywords: Geopolymer, recycled concrete aggregate, steel fibers, performance 

evaluation. 
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Title and Abstract (in Arabic) 
 

المصنوعة من الركام   الخالیة من الإسمنت والجیوبولیمریة تقییم الأداء للخرسانة 

 ألیاف الفولاذ الخرساني المعاد تدویره و

 ص الملخ

المستدامة والمبتكرة لتحل محل المكونین غیر الصدیقین للبیئة وھم الركام والأسمنت. تم فحص البدائل  

الطبیعي  الركام  الدراسات لاستبدال  العدید من  إجراء  المعاد  (NA) تم  الخرسانة  بركام  والأسمنت 

التوالي. ومع  والمواد الرابطة الجیوبولیمیریة غیر العضویة المنشطة القلویة، على   (RCA) تدویره

السفلیة   الخصائص  بسبب  الھیكلیة،  غیر  للأغراض  فقط  المستدامة  الخرسانة  ھذه  اقتراح  تم  ذلك، 

من   RCA یھدف ھذا العمل البحثي إلى سد ھذه الفجوة من خلال تقییم جدوى إعادة استخدام   RCAلـ

محلیًا   المتاحة  الصناعیة  الصلبة  الثانویة  والمنتجات  والھدم  البناء  الخرسانة  نفایات  إنتاج  في 

الھیكلیة. كانت مواد الربط إما في شكل سلائف مفردة، خبث فرن صھر  للتطبیقات  الجیوبولیمریة 

الألیاف   تقویة  إضافة  تمت  المتطایر.  والرماد  الخبث  من  مزیج  أو  بسیط)،  (خبث  مطحون  حبیبي 

ا الجیوبولیمریة  الخرسانة  استخدام  لتعزیز  الحجم  مختلفة  بأجزاء  من  الفولاذیة  المصنوعة  لإنشائیة 

100  ٪RCA.  تمت دراسة السلوك المیكانیكي لھذه الخرسانة الجیوبولیمریة المقواة بألیاف الصلب 

RCA  من خلال اختبار مكثف لقوة الانضغاط وقوة الشد الانشقاقي ومعامل المرونة. تم استخدام قوة

ناء. في المقابل، تم تقییم خصائص الانحناء والصلابة والانحراف والقوة المتبقیة لوصف أداء الانح

التآكل.  ومقاومة  والامتصاصیة،  الماء،  وامتصاص  الكھربائیة،  المقاومة  قیاس  طریق  عن  المتانة 

 RCA كشفت النتائج التجریبیة عن القدرة على إنتاج خرسانة جیوبولیمر مخلوطة تعتمد على خبث 

نسبة  100بنسبة   على  وتشتمل  الوا٪2  في  الصلب.  ألیاف  من  أداءً ٪  الخرسانة  ھذه  أظھرت  قع، 

على ھذا النحو، تقدم   .NA میكانیكیاً فائقًا وخصائص متانة مماثلة لمزیج التحكم العادي القائم على

ھذه الخرسانة لتكون بدیلاً مجدیًا ومستدامًا للخرسانة التقلیدیة التي تعد بإعادة تدویر النفایات الصناعیة،  

 بون، والحفاظ على الموارد الطبیعیة دون المساس بالأداء.وتخفیف انبعاثات ثاني أكسید الكر

 
الجیوبولیم، الركام الخرساني المعاد تدویره، الألیاف الفولاذیة، تقییم  : مفاھیم البحث الرئیسیة 

 الأداء.
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Chapter 1: Introduction 
 

1.1 Overview 

The continuous renovation, rehabilitation, and replacement of aging superstructure 

and infrastructure have led to an increase in demand for new construction materials. Of 

these materials, concrete is one of the most produced and consumed. As a result, there is 

a pressing need for its main components, aggregates, and cement. The production of these 

constituents consumes non-renewable natural resources and emits carbon dioxide gas, 

making concrete a non-environment-friendly material. To reduce the environmental 

footprint and enhance the sustainability of the construction industry, researchers have 

proposed the replacement of natural aggregates (NA) with recycled concrete aggregates 

(RCA) from construction and demolition waste. Yet, their use in concrete has been 

restricted to non-structural, low-grade applications, owing to their inferior physical, 

mechanical, and durability performance in comparison to natural aggregates [1, 2]. 

Nonetheless, efforts have been made to improve the properties of concrete incorporating 

RCA through special treatment methods or modifications to the concrete mixture 

proportions. However, these techniques are associated with excessive energy or cement 

consumption, leading to solutions that are not economic, feasible, or environment friendly. 

Numerous other studies have addressed the matter of cement replacement. 

Complete replacement of cement with industrial solid wastes has been successful. The 

produced inorganic geopolymeric binder promised to reduce carbon emissions, replenish 

natural resources, and recycle waste materials [3]. As aggregates and cement are the two 

main components in concrete, it was interesting to realize the effect of replacing them with 
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more sustainable alternatives. Limited studies investigated the use of RCA in geopolymer 

concrete. The mechanical and durability properties of such concrete were found to be 

inferior to those of conventional cement-based concrete made with NA [4-7]. Despite 

being a promising sustainable material, its adoption by the construction industry is 

hindered unless it presents comparable performance to its conventional counterpart. In 

cement-based concrete, this challenge was addressed through the addition of steel fiber 

reinforcement [8-20]. However, the effect of such a technique on the mechanical and 

durability properties of RCA geopolymer concrete has not been investigated yet. 

1.2 Scope and Objectives  

This study aims to investigate the performance of slag-based and slag-fly ash 

blended geopolymer concrete made with different replacement percentages of RCA and 

volume fractions of steel fibers. The mechanical and durability properties will be 

evaluated through standardized tests. The specific objectives of this work are as follows: 

• Study the impact of RCA replacement and steel fiber addition on the mechanical 

properties of slag-based and slag-fly ash blended geopolymer concrete. 

• Evaluate the durability properties of slag-based and slag-fly ash blended 

geopolymer concrete incorporating different quantities of RCA (0, 30, 70, and 

100%, by mass) and steel fibers (0, 1, and 2%, by volume). 

• Develop correlation equations among the properties of geopolymer concrete made 

with RCA and steel fibers and compare them to codified equations. 

• Conduct a comparative analysis for the performance of steel fiber-reinforced RCA 

slag-based and slag-fly ash blended geopolymer concrete.  
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1.3 Outline and Organization of the Thesis 

The research work carried out in this thesis is divided into six chapters. They are 

organized as follows: 

- Chapter 1 offers a brief introduction and the research objectives to be addressed in 

this thesis. Further, it comprises the outline, organization, and research 

significance of this research work.  

- Chapter 2 provides a comprehensive literature review on the available studies 

related to geopolymer concrete. Topics include fundamental background on 

concrete and geopolymers, replacement of NA by RCA in geopolymer concrete, 

and incorporation of steel fibers in geopolymer concrete. 

- Chapter 3 highlights the properties and characteristics of the as-received materials, 

geopolymer mixture proportioning, and geopolymer concrete sample preparation. 

It also includes the experimental testing methodologies used to assess the 

mechanical and durability properties of geopolymer concrete. 

- Chapter 4 presents the experimental test results, including compressive and 

splitting tensile strengths, compressive stress-strain curves, modulus of elasticity, 

water absorption, sorptivity, and abrasion resistance of 100% slag and slag-fly ash 

blended geopolymer concrete mixes incorporating RCA and steel fibers. The 

flexural performance, comprising load-deflection curves, strength, deflection, 

toughness, and residual strength are also illustrated and discussed. Correlations 

among these different properties are finally developed.  
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- Chapter 5 provides a detailed comparative analysis for the performance of slag-

based and slag-fly ash blended geopolymer concrete with a focus on the effect of 

RCA replacement and steel fiber addition. 

- Chapter 6 summarizes the research findings and provides the general conclusions 

and limitations of the completed thesis work. It also offers recommendations for 

future work on RCA geopolymer concrete incorporating steel fibers. 

1.4 Research Questions 

The replacement of natural aggregates by RCA has negatively impacted the 

performance of geopolymer concrete. The addition of steel fibers is a promising solution 

that may reverse this effect. However, there is a lack of knowledge about the mechanical 

and durability performance of steel fiber-reinforced RCA slag-based and slag-fly ash 

blended geopolymer concrete. Accordingly, this work aims to provide answers to the 

following research questions: 

• What is the influence of replacing NA by RCA on the mechanical and durability 

performance of slag-based and slag-fly ash blended geopolymer concrete? 

• What is the effect of adding steel fibers on the mechanical and durability 

performance of slag-based and slag-fly ash blended geopolymer concrete 

incorporating RCA? 

• Can codified equations be applied to steel fiber-reinforced RCA geopolymer 

concrete or will newly developed equations be more valid? 

• What is the difference in performance between slag-based and slag-fly ash 

geopolymer concrete made with RCA and steel fibers? 
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Chapter 2: Literature Review 

2.1 Introduction 

This chapter summarizes and discusses the findings of available research work on 

geopolymer concrete. The backgrounds of the production of concrete and the 

geopolymerization process are first described. Further, the use of recycled concrete 

aggregates and steel fibers in geopolymer concrete is highlighted. At the end of this 

chapter, the research significance is presented. 

2.2 Concrete and the Environment 

Concrete is one of the most consumed industrial materials with a total global 

consumption of approximately 15 billion tons per year. Its annual production has 

surpassed the mark of one cubic meter per capita [21]. These numbers are associated with 

an upsurge in demand for its main constituents, cement, and aggregates. In fact, nearly 4.8 

billion tons of Portland cement have been produced per year around the world [22], 

inducing a pressing need for limestone, one of the main natural resources used in making 

cement, and a possible acute shortage within 50 years [23, 24]. 

To manufacture cement, limestone and clay are ground and mixed at elevated 

temperatures. A total of 1.6 kg of raw materials is consumed in the process of making 1 

kg of cement, generating 3.7 MJ of energy and 1 kg of carbon dioxide gas [25, 26]. With 

5-7% of the annual global man-made carbon emissions being associated with the cement 

industry [27, 28], it is clear that the production of cement poses serious ecological, social, 

and environmental challenges. 
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Scientists and environmentalists suggested the replacement of cement in concrete 

with supplementary cementitious material (SCMs). Such SCMs are typically industrial 

by-products with low and high pozzolanic activity. Their incorporation in the production 

of concrete promises to reduce cement usage with the added benefit of disposing of 

industrial solid wastes. These materials include but are not limited to fly ash, slag, 

metakaolin, microsilica, and rice husk ash, among others. However, the abundance of the 

former two wastes in the region and the enhancement in overall concrete performance has 

contributed to their extensive use by the construction industry [29]. Nevertheless, the true 

potential of utilizing such wastes cannot be fully achieved unless they completely replace 

cement to produce sustainable concrete mixes. 

The other major component in concrete manufacture is aggregates. It typically 

comprises up to 80% of the concrete, by mass. Based on the current global production of 

concrete, it is estimated that 12 billion tons of aggregates are consumed annually. These 

aggregates are typically acquired from natural resources, thus imposing significant stress 

on their availability in the future. Unless a sustainable replacement is proposed, the 

irreversible environmental pollution attributed to the construction industry will be 

overwhelming to the point of no return. One such replacement is a recycled concrete 

aggregate (RCA) that is processed from construction and demolition wastes (CDW). It 

consists of 65-70% and 30-35% original aggregate and cement paste, by volume, 

respectively [30]. Not only does its use in concrete mixes serve to alleviate the demand 

on natural aggregates, i.e. natural resources, but also recycles such waste rather disposing 

of them in landfills or stockpiles [31, 32]. Indeed, the management of CDW is a global 

pressing issue that has resulted in economic leakages and an excessive need for landfills 
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[33]. Nevertheless, and despite this appealing, cost-effective, and sustainable solution, the 

use of RCA in structural concrete has not been well-received due to a reduction in the 

mechanical and durability performance of the RCA concrete product compared to the 

counterpart made with natural aggregates (NA) [1, 2, 34, 35]. 

2.3 Background on Geopolymers 

Geopolymers are inorganic polymeric materials part of the family of alkali-

activated materials [36]. To form a geopolymer, a precursor binding agent that is rich in 

alumina, silica, and possibly calcium oxide is activated using an alkaline solution. In fact, 

the chemical composition of this precursor is the determining factor to categorize a 

geopolymer as a calcium-silicon (Ca-Si) or aluminum-silicon (Al-Si) system [37]. Each 

of these systems is characterized by certain reaction products and associated with specific 

concrete performance. 

The first system corresponds to the activation of calcium-dominant precursors, 

such as slag, using an alkaline solution to produce calcium aluminosilicate hydrate (C-A-

S-H) gel with a low Ca/Si ratio and high Al content. Such reaction product is coupled with 

impressive mechanical performance but limited workability and excessive drying 

shrinkage [38-43]. To promote the use of such a sustainable cement-free product by the 

cement industry, there is a need to enhance its fresh and durability properties. 

The second system relates to the activation of aluminosilicate-rich precursors, such 

as fly ash, silica fume, metakaolin, or kaolinite clay, among others. The reaction involves 

dissolution, coagulation, condensation, and crystallization of the reactants to produce 

sodium aluminosilicate hydrate (N-A-S-H) gel within three-dimensional networks [37]. 
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For fly ash, a study by Fernández-Jiménez and Puertas [44] noted that class F fly ash was 

most suitable for optimum geopolymerization reaction. Nevertheless, the activation of this 

Al-Si system typically required heat curing at temperatures up to 80°C. Accordingly, the 

adoption of such geopolymer by the construction industry for cast-in-place concrete 

applications is hindered. Thus, to promote its utilization, the curing should take place at 

ambient conditions. 

It is apparent that each of these systems, individually, has several issues. Thus, it 

was suggested to combine them into a blended system that balances between maximizing 

the fresh and hardened properties while curing at ambient conditions [45-60]. The 

performance was indeed superior to counterparts made with a single precursor binder, 

owing to the coexistence of C-A-S-H and N-A-S-H gels at a higher cross-linking degree 

[61]. The proposed blended system has been accepted by the construction industry and 

has been applied in practice in high-rise buildings, precast structural concrete members, 

slabs, and wall panels, among others [62, 63]. 

As for the alkaline activator solutions, the typical practice involved the 

combination of sodium or potassium hydroxide with corresponding sodium or potassium 

silicate. Nevertheless, some researchers investigated the use of a single activator [44, 64]. 

The addition of water, in most cases, was to provide a transport medium and enhance the 

workability, as it was not directly involved in the geopolymeric activation reaction [65]. 

2.4 Slag-based Geopolymer Composites 

 To be adopted by the construction industry for cast-in-situ applications, 

geopolymer products should not rely on heat curing. Such geopolymers are typically 
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dominated by the Ca-Si system. Slag-based geopolymer concrete cured in ambient 

conditions has been extensively investigated in the past. While some researchers denoted 

mixes as alkali-activated slag, the designation in this thesis will be consistent as slag-based 

geopolymer. 

 Puertas et al. [66] examined the effect of mixing time on the fresh and hardened 

properties of slag-based geopolymer activated with sodium silicate or sodium hydroxide. 

Results showed that extended mixing of geopolymer activated with sodium silicate had 

better rheological and mechanical properties. Conversely, mixes activated with sodium 

hydroxide experienced a decrease in rheology and an increase in mechanical performance 

upon further mixing. 

 Ray et al. [67] investigated the influence of elevated curing temperatures up to 

500°C on the mechanical properties of geopolymer concrete made with slag. Results 

showed that curing up to 100 and 200°C increased the 28- and 56-day strengths after which 

they both decreased, owing to the expansion of aggregates and elevated thermal effect. A 

less porous structure and enhanced binding capacity were also noted with temperature. 

 Bernal et al. [68] evaluated the mechanical and durability performance of 

geopolymer concrete made with 300-500 kg/m3 of slag. Results showed that an increase 

in binder content led to higher compressive strength, water sorptivity, permeability, and 

carbonation resistance. 

 Collins and Sanjayan [69] studied the performance of slag-based geopolymer 

exposed to different curing regimes. The authors found that higher strength was obtained 

when samples were cured in a water bath or sealed compared to being exposed to open air 



10 
 
in the laboratory. This was primarily owed to the development of microcracks on the 

surface within the first three days of age with crack widths expanding over time. 

 Collins and Sanjayan [70] also investigated the workability and mechanical 

properties of slag-based geopolymer concrete using two types of activator solutions. The 

use of powdered sodium silicate did not have a significant impact on the slump of concrete 

compared to samples made with liquid sodium silicate. The compressive strength at 1 day 

was similar to that of cement-based concrete but higher at 28 days. Nevertheless, the 

geopolymer concrete experienced drying shrinkage and cracking at a later age. 

The workability of slag geopolymer concrete incorporating different admixtures 

was assessed [71]. Lignosulphonate admixture enhanced the workability and shrinkage 

resistance but reduced the setting time and strength development. Conversely, naphthalene 

formaldehyde superplasticizer led to an increase in shrinkage and decrease in strength. 

Bondar et al. [72] developed and validated a mix design procedure for slag-based 

geopolymer concrete. Results highlighted the ability to enhance the workability of such 

concrete by increasing the binder content beyond 400 kg/m3. Yet, an increase in porosity 

may be expected. The strength of these concrete mixes was C16/20 to C32/40. 

A new type of high-performance self-compacting geopolymer concrete was 

developed using slag as the sole binder. Compressive strength values exceeded 70 MPa 

while maintaining excellent workability for a self-compacting nature. Upon exposing this 

concrete to an aggressive magnesium sulfate environment, a loss in strength was 

experienced. Similar findings were noted when subjecting the concrete to elevated 

temperatures. 
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Recently, slag-based geopolymer concrete was produced using seawater and sea 

sand [73]. Samples experienced higher drying shrinkage and lower chloride ion 

penetration compared to counterparts made with fresh water and river sand. Nevertheless, 

the hydration product was mainly C-A-S-H gel. 

In other work utilizing alternative sand, the performance of slag-based geopolymer 

concrete made with waste foundry sand was evaluated [74]. The replacement of natural 

sand with up to 40% waste foundry sand reduced the workability of geopolymer concrete 

but enhanced the strength and sorptivity. 

The effect of different mixture proportions and curing temperatures on the 

mechanical properties of slag-based geopolymer concrete was studied [75-77]. The 

authors concluded that an increase in sodium hydroxide molarity and sodium hydroxide-

to-sodium silicate ratio increased the mechanical properties. The curing temperature and 

solution-to-slag ratio had an adverse effect. 

2.5 Blended Geopolymer Composites 

Based on past literature, a blended system combining Ca-Si and Al-Si provided 

more optimal performance. As such, this section focuses on the performance of 

geopolymer composites incorporating calcium- and aluminosilicate-rich precursors, such 

as slag and fly ash. In fact, Shang et al. [78] noted that adding slag to fly ash-based 

geopolymer improved the early-age properties. Also, it was reported that blending the two 

precursors was essential to optimize setting time, workability, volume stability, 

mechanical performance, and durability properties. 
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 The mechanical properties of fly ash-slag blended geopolymer pastes were 

evaluated by Puertas et al. [79]. The main contributors to the development of strength 

were found to be the fly ash-to-slag ratio and alkaline activator content and concentration. 

Upon the incorporation of slag, the impact of curing at elevated temperatures was less 

prominent. Further, a compressive strength of around 50 MPa was attained in an optimum 

mix made with a 1:1 slag:fly ash ratio, a sodium hydroxide solution with a molar 

concentration of 10, and cured at ambient 25°C. 

In similar work, Garanayak [50] examined the performance of alkali-activated fly 

ash-slag blended paste under ambient curing conditions. The slag-to-fly ash ratio and 

molarity of the sodium hydroxide solution were varied to maximize mechanical strength. 

Results showed that strength of 89 MPa could be attained with slag:fly ash ratio of 7:3 

and solution molarity of 12.  

Rafeet et al. [80] also noted an increase in compressive strength when slag was 

added to fly ash-based geopolymer pastes. In their work, the authors refrained from curing 

in the oven to promote the use of geopolymer in construction applications. The developed 

blended paste mixes were found to be more environment-friendly and less costly as less 

activator was in the mixture proportioning. 

In other work, Nath and Sarker [81] added slag to fly ash-based geopolymer 

concrete to promote curing at room temperature. The blended binder was activated in an 

alkaline solution combining sodium hydroxide and sodium silicate. The authors reported 

that it was possible to proportion the geopolymer concrete mixture proportions for 
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optimum workability and setting time while being able to attain high compressive 

strength. In fact, a strength of 55 MPa was noted when slag replaced 30% fly ash. 

 The mechanical properties of slag-fly ash blended geopolymer concrete were also 

investigated by Sofi et al. [82]. The development of splitting tensile and flexural strength 

of geopolymer concrete mixes was found to be similar despite having a difference of 

around 2 MPa. A comparison to the values predicted from equations developed by 

AS3600 [83] for conventional cement-based concrete highlighted the possibility to use 

these equations for slag-fly ash blended geopolymer concrete. 

Moreover, Deb et al. [48] studied the effect of replacement of fly ash by slag to 

create a blended geopolymer concrete. Results showed an increase in compressive and 

tensile strength when fly ash was replaced by 10-20% slag with values of the former 

reaching 51 MPa. Simultaneously, a decrease in workability was reported. It is also worth 

noting that geopolymer concrete samples incorporating slag were cured at 20°C. When 

compared to equations of ACI 318 [84] and AS3600 [83], tensile strength results of 

ambient-cured geopolymer concrete could be accurately predicted while less accurate 

predictions were obtained for counterparts cured at elevated temperatures. 

Prusty and Pradhan [85] examined the influence of adding slag on the fresh and 

hardened properties of fly ash-based geopolymer concrete. A decrease in a slump was 

reported upon the addition of slag, owing to their higher water demand. The 7-day 

compressive strength was found to be nearly 80% higher when fly ash was partially 

replaced by slag. Also, lower potential values, corresponding to better corrosion 
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resistance, were obtained upon incorporating slag into fly ash-based geopolymer concrete 

mixes. 

The mixture proportions of fly ash-based geopolymer concrete with slag 

replacement of up to 20% were optimized by Mehta et al. [57]. Experimental findings 

highlighted that the optimum mix included a solution-to-fly ash ratio of 0.55, a sodium 

silicate-to-sodium hydroxide ratio of 2.5, and molarity of sodium hydroxide solution of 

10. Also, results showed that 20% slag replacement increased the 3-day compressive 

strength to 65 MPa, achieving up to 99% of that at the age of 28 days. 

The effect of slag incorporation on the compressive strength and modulus of 

elasticity of fly ash-based geopolymer concrete was evaluated by Bellum et al. [46]. A 

70% replacement of fly ash by slag resulted in the highest compressive strength and 

modulus of elasticity with values reaching 38 MPa and 20 GPa, respectively.  

Additionally, Prusty and Pradhan [86] examined the influence of mixture 

proportioning on the mechanical behavior of fly ash geopolymer concrete. Results showed 

that the 45% replacement of fly ash with slag, a sodium hydroxide solution molarity of 

14, and a sodium silicate-to-sodium hydroxide ratio of 1.5 were optimum for maximum 

compressive, splitting tensile, and flexural strengths. 

The mechanical and durability performance of slag-fly ash blended concrete was 

investigated by Yazdi et al. [87]. As more slag was incorporated into the mix, the 

compressive and flexural strengths attained up to 100 and 10 MPa, respectively, while the 

porosity decreased. Yet, it is worth noting that slag replacement more than 50% did not 

affect the performance as significantly. 
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Unlike conventional concrete, where a systematic mix design methodology has 

been developed and adopted, geopolymer concrete depends on the trial and error method. 

Yet, Reddy et al. [88] proposed and validated a procedure to proportion the mixture 

components for slag-fly ash blended geopolymer concrete. The ratios of fly ash-to-slag 

and solution-to-binder were set to 7:3 and 0.4-0.8. As the solution content increased, the 

workability, i.e., slump, increased, while the compressive strength decreased. However, 

compared to the impact of the water-to-cement ratio on the strength of conventional 

cement-based concrete, that of solution-to-binder ratio was less severe.  

In other work, Lau et al. [89] designed an amorphous mix design framework for 

slag-fly ash blended geopolymer concrete. Results showed that the optimum Si/Al and 

(Na+2Ca)/Al ratios were 2.3 and 3.2, correspondingly, with compressive strength 

reaching up to 69 MPa.  

Lee et al. [55] investigated the resistance of slag-fly ash blended geopolymer 

concrete to weathering and chloride penetration. Concrete mixes were cured for 180 days 

in outdoor and indoor conditions. The compressive strength increases with time to reach 

53 and 67 MPa for each respective curing technique. 

Samantasinghar and Singh [90] studied the effect of curing on slag-fly ash blended 

geopolymer concrete. It was found that curing at elevated temperatures was critical for fly 

ash-based mixes. In contrast, those incorporating slag experienced microcracks upon 

utilizing heat curing. Moreover, the highest strength development among the different 

curing techniques was noted for samples that were exposed to autoclaving and microwave 

radiation. 
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In most of the above work, the amount of fly ash was more than slag. In other 

words, the geopolymer was denoted as fly ash-based. However, the effect of adding fly 

ash to slag-based geopolymer mortar and concrete was also studied [39, 91-94]. Results 

showed that the addition of fly ash up to around 25-50% led to an increase in compressive 

strength and modulus of elasticity while becoming less dependent on heat curing. For such 

concrete, the influence of different curing regimes was examined [40, 49]. It was reported 

that a combination of open-air and water curing was optimum for slag-based geopolymer 

concrete mixes incorporating up to 25% fly ash. Yet, as more fly ash was added to the 

mix, the effect of curing was less apparent with compressive strength still achieving 40 

MPa. Thus, to promote the adoption of geopolymer concrete by the construction industry, 

the binding agent can be a slag-fly ash blend with not more than 25% FA. 

2.6 Recycled Aggregate Geopolymer Concrete 

To improve the sustainability aspect of geopolymer concrete, several researchers 

investigated the feasibility to replace natural aggregates (NA) with recycled concrete 

aggregate (RCA). The focus of most of these studies was on the effect of RCA 

replacement on the mechanical performance of geopolymer concrete. Generally, the 

results showed that the RCA geopolymer concrete experienced inferior performance 

compared to NA-based counterparts, owing to the porous nature of RCA and the weak 

bond between the mortar and RCA [95]. This section provides a more in-depth review of 

these studies. 

Peem Nuaklong [96] examined the influence of RCA on the properties of fly ash-

based geopolymer concrete. Results showed that RCA can be used with fly ash 
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geopolymer concrete while slightly compromising the performance and loss of less than 

10% in terms of the compressive strength.  

The mechanical performance of fly ash-based geopolymer concrete made with up 

to 100% RCA as a replacement of NA was studied by Shi et al. [97]. The fly ash-based 

RCA geopolymer concrete exhibited higher compressive strength and elastic modulus 

compared to the cement-based RCA concrete, owing to a better interfacial transition zone. 

Nevertheless, the mechanical properties decreased with an increase in RCA replacement.  

Nuaklong et al. [98] evaluated the influence of RCA on the mechanical and 

durability performance of high calcium fly ash-based geopolymer concrete. Compared to 

counterparts made with crushed limestone aggregates, geopolymer RCA concrete mixes 

showed slightly lower compressive strength but could reach up to 38 MPa. Also, the 

durability of geopolymer concrete was enhanced upon using a sodium hydroxide with 

higher molarity.  

In similar work, Shaikh [99] assessed the mechanical and durability properties of 

fly ash-based RCA geopolymer concrete. The RCA in this work was obtained from local 

demolition and waste and set to replace natural aggregates by 15, 30, and 50%, by weight. 

Decreases in compressive strength, splitting tensile strength, and modulus of elasticity 

were reported when 50% of NA was replaced by RCA in the mix. The durability 

performance, including sorptivity and chloride penetration, was adversely impacted by 

this replacement as well.  

Furthermore, the effect of replacing NA by RCA on the properties of slag-based 

geopolymer concrete was studied by Kathirvel and Kaliyaperumal [5]. Samples were 
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cured in ambient conditions to simulate industrial practice. With up to 50% RCA 

replacement, the concrete was characterized by lower porosity or voids, leading to an 

increase in the compressive strength development. Yet, higher RCA replacement had an 

adverse impact on the performance, including strength, sorptivity, and chloride diffusion. 

Mesgari et al. [100] examined the performance of geopolymer and cement-based 

concrete made with different RCA replacement percentages, including 0, 20, 50, and 

100%. Reductions in the compressive strength, modulus of elasticity, and flexural strength 

were 14, 1, and 3%, respectively, with up to 20% RCA replacement. Nevertheless, higher 

RCA replacement of up to 100% resulted in respective decreases of 33, 26, and 21%. 

Xie et al. [101] investigated the effect of RCA replacement on the fresh and 

hardened properties of geopolymer concrete incorporating slag and metakaolin. It was 

reported that, when RCA replacement was 100%, the compressive strength decreased by 

up to 35%, while the slump increased by 75%. The compressive toughness was also 

reduced upon replacing NA with RCA. 

The effect of slag and RCA replacements on the properties of fly ash-based 

geopolymer concrete was studied by Hu et al. [6]. The workability decreased as more slag 

was added to the mix, while it increased upon RCA replacement. Compared to the best 

NA geopolymer mix, the compressive strength, modulus of elasticity, splitting tensile 

strength, and flexural strength reduced for mixes made with 30% slag and 100% RCA. 

Nevertheless, its values were superior to mixes made with fly ash as the sole binder.  

Xie et al. [102] and Xie et al. [103] evaluated the fresh and hardened properties of 

slag-fly ash blended geopolymer concrete with 100% RCA replacement. The slump 
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increased upon replacing NA with RCA due to the additional water required for the higher 

absorption capacity of the latter aggregate. On the other hand, the compressive strength 

and modulus of elasticity reduced by 16 and 21%, respectively. 

2.7 Geopolymer Concrete Reinforced with Steel Fiber  

Geopolymer concrete has been suggested as a more sustainable substitute to 

conventional cement-based concrete. Notwithstanding its impressive performance, 

geopolymer concrete has little tensile and flexural properties alongside a brittle behavior. 

To counter the brittle characteristics in conventional concrete, fiber reinforcement has 

been suggested. Such fibers have also been utilized in geopolymer concrete. The following 

section summarizes the work that has used steel fibers in geopolymer concrete and mortar. 

Guo and Pan [104] studied the effect of different volume fractions and types of 

fibers on the mechanical properties of slag-fly ash blended geopolymer concrete. Among 

the various fibers investigated, steel fibers seemed to have the most significant positive 

impact on the flexural and tensile strength of geopolymer concrete.  

Bernal et al. [105] evaluated the impact of steel fibers on the mechanical properties 

of slag-based geopolymer concrete. Results showed that the steel fibers reduced the 

compressive strength, water absorption, and sorptivity but improved the splitting tensile 

and flexural strengths of geopolymer concrete compared to mixes without fibers.  

The flexural behavior of steel fiber-reinforced geopolymer concrete beams was 

evaluated by Devika and Nath [106]. The incorporation of steel fibers transformed the 

brittle geopolymer matrix into a more ductile one. It also significantly improved the tensile 

properties, including stress, strain, and toughness.  
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Al-Majidi et al. [107] evaluated the hardened properties of steel fiber-reinforced 

geopolymer concrete cured in ambient conditions. Experimental results revealed that steel 

fiber incorporated led to a loss in the compressive strength of the geopolymer made with 

10 and 20% slag. Yet, at higher slag additions, the strength was significantly superior to 

the plain respective mixes, i.e., without steel fibers. 

Islam et al. [15] developed geopolymer concrete made with palm oil fuel ash and 

slag. The aggregates were in the form of oil palm shell, while hooked-end steel fibers were 

employed. The study focused on understanding the impact resistance of the concrete upon 

fiber incorporation. Compared to plain geopolymer concrete, the addition of 0.5% steel 

fibers, by volume, increased the splitting tensile strength by up to 38%, the flexural 

strength by up to 44%, and the first crack load by up to 3.5 times.  

Steel fibers were added to slag-based geopolymer concrete incorporating up to 

50% fly ash. The effect of adding fibers on the mechanical properties was investigated 

[38, 108]. Upon the addition of 2% steel fibers, by volume, increases of 30, 31, and 25% 

were reported for the compressive, splitting tensile, and flexural strengths, respectively.  

The impact of steel fibers and silica fume on the performance of ultra-high 

performance geopolymer concrete was studied by Liu et al. [109]. The workability 

decreased when steel fibers were added to the geopolymer concrete whereas the 

mechanical properties, including modulus of elasticity, splitting tensile strength, 

compressive strength, flexural strength, fracture energy, and stress intensity factor, 

increased. 
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Guo and Xiong [110] evaluated the durability performance of steel fiber-

reinforced slag-fly ash blended geopolymer concrete reinforced. Samples were exposed 

to sulfate corrosion and drying-wetting cycles and the durability was assessed using 

strength retention. The addition of 0.4% steel fiber, by volume, maintained a geopolymer 

concrete compressive strength at 68 MPa even after 15 durability cycles. 

Gülşan et al. [111] studied the effect of steel fiber addition on the properties of 

self-compacting fly ash-based geopolymer concrete. Steel fibers were added up to 1%, by 

volume. Results highlighted a reduction in slump flow, V-funnel flow time, flow time, 

and L-box passing ability. As for the mechanical properties, the incorporation of steel 

fibers enhanced the bond resistance, flexural strength, fracture toughness, and stress 

intensity factor.  

Their and Özakça [112] added nanosilica and steel fibers to fly ash-based 

geopolymer concrete. The combined addition of these two materials allowed the 

compressive strength to attain 57 MPa alongside better water penetration resistance. 

Nevertheless, 1% steel fiber volume fraction improved the overall performance, but higher 

volume fractions led to a decrease in sorptivity and water penetration due to balling and 

higher void content. 

The performance of steel fiber-reinforced geopolymer concrete post-exposure to 

elevated temperatures was examined by Shaikh and Hosan [113]. Steel fibers maximized 

the residual compressive and splitting tensile strength after high-temperature exposure. 

Limited cracking and spalling were also noted in steel fiber-reinforced samples. 
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Khan et al. [114] evaluated the mechanical performance of high-strength 

geopolymer concrete reinforced two types of steel fibers, namely spiral and hooked-end. 

The addition of steel fibers led to a reduction in the workability but an increase in 

compressive strength, load carrying capacity, toughness, and residual strength in 

comparison to plain counterparts.  

2.8 Research Significance 

Infrastructure and superstructures require constant replacement, rehabilitation, and 

renovation. This results in significant upsurges in the demand for new construction 

materials. Hence, more concrete will be needed, as it is one of the most used materials by 

the construction industry. This will place tremendous stress on the production of cement 

and supply of non-renewable natural aggregates, thereby consuming and diminishing the 

global supply of natural resources. As such, there is a pressing need to provide new 

materials to be used in the production of concrete. For aggregates, RCA has been 

suggested as a viable and sustainable alternative to NA that not only relieves the stress 

build-up on NA but also promises to beneficially recycle wastes from construction and 

demolition activities. For cement, geopolymer binders have been advocated as a more 

sustainable substitute to cement, as it allows to reutilize industrial wastes in the making of 

construction materials while reducing the production of cement, i.e., diminishing the 

emissions of carbon dioxide and preserving the natural resources.  

The combination of these two solutions is optimal. However, the inferior 

mechanical and durability performance of RCA geopolymer concrete has limited its use 

to non-structural applications and hindered its adoption by the construction industry. 
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Indeed, several research works aspired to replace 100% NA with RCA but compromised 

the performance. Another reason for the limited use of geopolymer concrete, in general, 

is its brittle behavior. Accordingly, some research studies have investigated the addition 

of steel fiber reinforcement to geopolymer concrete made with NA to transform it into a 

more ductile material. With promising results, it seems that steel fibers may have a 

positive impact on the performance of geopolymer RCA concrete. Yet, no such study has 

been conducted on slag-based or slag-fly ash blended geopolymer concrete. 

This research aims to fill this gap by evaluating the feasibility of producing a 

geopolymer concrete made with 100% RCA and steel fibers. The mixes will either utilize 

slag as the sole binder or a blend of slag and fly ash. Such an alteration in the binder serves 

to provide an understanding of the combined effect of RCA, steel fibers, and fly ash 

through a comparative analysis. The mechanical and durability performance of this 

sustainable concrete will be assessed. The experimental investigation and in-depth 

analysis of results will provide much-needed evidence on the ability to utilize steel fiber-

reinforced geopolymer RCA concrete as a construction material that promises to reduce 

the demand for NA and cement, thereby enhancing the sustainability of the construction 

industry.  
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Chapter 3: Experimental Program 
 

3.1 Introduction 

The experimental program conducted in this research consists of designing, 

preparing, casting, and testing different geopolymer concrete mixes. These geopolymer 

concrete mixes were designed using two blends of binding materials, namely 100% slag 

and 3:1 slag-to-fly ash ratio. Recycled concrete aggregates (RCA) replaced normal coarse 

aggregates (NA) in proportions ranging from 0 to 100%. Abundant desert dune sand was 

employed as a sustainable fine aggregate in all mixes. Steel fibers were incorporated into 

the geopolymer concrete mixes in volumetric fractions up to 2%. Different specimens 

were used in various experimental tests to evaluate the mechanical properties, short-term 

durability performance, and microstructure of the geopolymer concrete. The details of the 

as-received materials, concrete mixture proportioning, experimental program, and testing 

methods are provided in this chapter. 

3.2 Test Program 

At the early stages of the thesis work, several trial mixes were designed, cast, and 

tested to obtain a cylinder compressive strength of 30 MPa. Such strength is typical for 

most concrete structures in the United Arab Emirates (UAE). Unlike conventional cement-

based concrete, the mix design of geopolymer concrete does not follow a standard 

procedure. For this reason, the trial-and-error approach was adopted. Results are presented 

in Appendix A. 
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Table 1: Experimental test matrix 

Group Subgroup 
Mix 

Number 

Mixture Mix 

Designation Slag  
% 

Fly ash 
% 

RCA 
% 

SF 
% 

1 

1 1 100 0 0 0 S100R0F0 

2 

2 100 0 30 0 S100R30F0 

3 100 0 30 1 S100R30F1 

4 100 0 30 2 S100R30F2 

3 

5 100 0 70 0 S100R70F0 

6 100 0 70 1 S100R70F1 

7 100 0 70 2 S100R70F2 

4 

8 100 0 100 0 S100R100F0 

9 100 0 100 1 S100R100F1 

10 100 0 100 2 S100R100F2 

2 

1 11 75 25 0 0 S75R0F0 

2 

12 75 25 30 0 S75R30F0 

13 75 25 30 1 S75R30F1 

14 75 25 30 2 S75R30F2 

3 

15 75 25 70 0 S75R70F0 

16 75 25 70 1 S75R70F1 

17 75 25 70 2 S75R70F2 

4 

18 75 25 100 0 S75R100F0 

19 75 25 100 1 S75R100F1 

20 75 25 100 2 S75R100F2 

 

A test matrix was developed to study the effect of different recycled aggregate 

replacement ratios, steel fibers volume fractions on the performance of two types of 
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geopolymer concrete, i.e., one made with 100% slag, and another made with a 3:1 slag-

to-fly ash ratio. The matrix is shown in Table 1. It is mainly divided into two main 

categories, representing the two blends of binding materials, which are subsequently 

categorized into four subgroups that signify the change in recycled aggregate replacement 

percentage, including 0, 30, 70, and 100%. The steel fiber volume fraction altered among 

0, 1, and 2% within each subgroup. As a result, a total of 20 mixes were designed in this 

work. They are designated as SxRyFz, where x, y, and z denote the percent of binder that 

is slag, the recycled aggregate replacement percentage, and the steel fiber volume fraction, 

respectively. For instance, S100R30F1 refers to the concrete mixture that contains 100% 

slag as the binder material, 30% recycled aggregate replacement, and 1% steel fibers, by 

volume. 

3.3 Material Properties 

The materials used in this study included the binding material, i.e., slag and fly 

ash, coarse aggregates, including natural aggregates and recycled concrete aggregates, 

fine aggregates in the form of desert dune sand, chemical activators, and steel fibers. The 

properties of each material are shown in the below sub-sections. 

3.3.1 Binding Material 

The binding materials used in this work include slag and fly ash. The slag was 

obtained from Emirates Cement with a Blaine fineness of 4250 cm2/g and a specific 

gravity of 2.70. In comparison, the fly ash was sourced from Ashtech India, having a 

Blaine fineness and specific gravity of 3680 cm2/g and 2.32, respectively. Particle size 
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distribution, scanning electron microscopy (SEM) micrographs, and X-ray diffraction 

(XRD) spectra of slag and fly ash are shown in Figures 1 and 2, respectively. Figures 1(a-

c) highlight the fine, irregular slag amorphous structure with peaks of quartz (SiO2), 

mullite (3Al2O3•2SiO2), and gehlenite (Ca2Al [AlSiO7]) being identified in XRD. In 

comparison, the spherical structure of fly ash and the XRD peaks of (SiO2), mullite 

(3Al2O3•2SiO2), and hematite (Fe2O3) are shown in Figures 2(a-c). The chemical 

composition and physical properties of the as-received materials are presented in Table 2. 

 

Table 2: Chemical composition of as-received materials 

Oxides Material (%) 
Slag Fly ash Dune sand 

CaO 42.0 3.3 14.1 
SiO2 34.7 48.0 64.9 
Al2O3 14.4 23.1 3.0 
MgO 6.9 1.5 1.3 
Fe2O3 0.8 12.5 0.7 
Loss on ignition 1.1 1.1 0.0 
Others 0.2 10.5 16.0 
Physical properties 
Blaine Fineness (cm2/g) 4250 3680 - 
Specific gravity 2.70 2.32 2.77 
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(a) 

 
(b) 

 
(c) 

Figure 1: Binding material properties (Slag). (a) Particle size distribution; (b) SEM 
micrograph; and (c) XRD spectrum of slag 
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(a) 

 
(b) 

 
 

(c) 

Figure 2: Binding material properties (Fly-ash). (a) Particle size distribution; (b) SEM 
micrograph; and (c) XRD spectrum of fly ash 
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3.3.2 Coarse Aggregates 

The coarse aggregates used in this work were in the form of natural crushed 

dolomitic limestone coarse aggregates and recycled concrete aggregates. The natural 

aggregates were obtained from Ras Al Khaimah, UAE, with a nominal maximum size 

(NMS) of 20 mm, while the recycled counterparts were sourced from Al Dhafra Recycling 

Industries, Abu Dhabi, UAE, having an NMS of 25 mm, in their as-received conditions. 

The grading curves of both aggregates and their corresponding blends are illustrated in 

Figure 3. It is worth noting that all curves satisfy the limits set by ASTM C33 [115]. 

Further, the physical properties of the two types of coarse aggregates are shown in Table 

3. The dry-rodded density and specific gravity of RCA were lower than those of NA, 

owing to the porous mortar attached to the surface of the RCA particles. In turn, the 

absorption, abrasion mass loss, soundness, and mass loss were higher in RCA than NA. 

This highlights the relatively weaker nature of the former compared to the latter. 

Nevertheless, it should be pointed out that the absorption of aggregates was accounted for 

by bringing them up to saturated surface dry (SSD) conditions prior to incorporation into 

the mixes. 

Table 3: Physical properties of fine and coarse aggregates 

Property Unit Standard Test NA RCA 
Specific gravity - ASTM C127 [116] 2.82 2.63 
Fineness modulus - ASTM C136 [117] 6.82 7.44 
Soundness (MgSO4) % ASTM C88 [118] 1.20 2.78 
Absorption % ASTM C127 [116] 0.22 6.63 
Los Angeles abrasion % ASTM C131 [119] 16.0 32.6 
Dry-rodded density kg/m3 ASTM C29 [120] 1635 1563 
Surface area cm2/g ASTM C136 [117] 2.49 2.50 
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Figure 3: Particle size distribution of different mixes of NA and RCA 

 

3.3.3 Fine Aggregates 

Desert dune sand served as the fine aggregate in the geopolymer concrete 

mixtures. Their abundance in the UAE renders them the more sustainable alternative to 

the typical crushed stone used in the market. Its chemical composition mainly consists of 

silica, calcium oxide, and alumina, as shown in Table 2. The particle size distribution, 

SEM micrograph, and XRD spectrum are illustrated in Figure 4.  Further, its dry-rodded 

density, specific gravity, surface area, and fineness modulus are 1663 kg/m3, 2.77, 116.8 

cm2/g, and 1.45, respectively. 
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(a) 

 
(b) 

 
(c) 

Figure 4: Fine aggregate properties. (a) Particle size distribution; (b) SEM micrograph; 
and (c) XRD spectrum of dune sand 
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3.3.4 Chemical Activators 

The alkaline activator solution consisted of sodium hydroxide (SH) and sodium 

silicate (SS). The two chemicals were obtained from Al Rama Industries, UAE. The SH 

was in the form of 97-98% pure NaOH flakes. It was dissolved in tap water to get an SH 

solution with a molarity of 14M. This molarity was based on the optimization experiments 

conducted in previous research [121-123]. In comparison, the Grade N SS was sourced in 

liquid form. Its mass chemical composition is 26.3% SiO2, 10.3% Na2O, and 63.4% H2O. 

3.3.5 Steel Fibers 

Double hooked-end steel fibers, manufactured by Bekaert, Belgium, were used in 

this work. They had a specific gravity of 7.9, aspect ratio of 65, and length of 35 mm 

[124]. The volume fraction was limited to 2% based on the inability to cast trial mixes 

made with 3% steel fibers, by volume. 

3.3.6 Superplasticizer 

A polycarboxylic superplasticizer (SP) was supplied by BASF Chemicals 

Company to maintain the workability of geopolymer concrete without affecting its 

mechanical performance [125, 126].  

3.4 Concrete Mixture Proportions 

A total of twenty mixtures were designed to evaluate the effect of replacing natural 

aggregates with recycled concrete aggregates and the incorporation of steel fibers on the 

performance of slag-based geopolymer concrete made with 0 and 25% fly ash. To achieve 
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this objective, the replacement of NA by RCA was altered among 0, 30, 70, and 100%, 

and the steel fiber volume fraction varied among 0, 1, and 2 %. The contents of binder 

(slag and fly ash), dune sand, coarse aggregates, SS, SH, and superplasticizer (SP) were 

optimized to attain a 30-MPa concrete mix. This was achieved by conducting numerous 

trial mixes that are shown in Appendix A. Accordingly, the aforementioned contents for 

100% slag-based geopolymer concrete mixes were 300, 725, 1210, 99, 66, and 10.5 kg/m3. 

They were slightly modified for the mix incorporating 25% fly ash. The steel fibers varied 

from 0 to 78 and 156 kg/m3, representing a 0 to 1 and 2% addition, by volume. Table 4 

summarizes the mixture proportions of geopolymer concrete. 

Table 4: Mixture proportions by weight (kg/m3) 

Mix 
Number 

Mix 
Designation Slag FA DS NA RCA SS SH SP SF 

1 S100R0F0 300 0 725 1210 0 99 66 7.5 0 
2 S100R30F0 300 0 725 847 363 99 66 7.5 0 
3 S100R30F1 300 0 725 847 363 99 66 7.5 78 
4 S100R30F2 300 0 725 847 363 99 66 7.5 156 
5 S100R70F0 300 0 725 363 847 99 66 7.5 0 
6 S100R70F1 300 0 725 363 847 99 66 7.5 78 
7 S100R70F2 300 0 725 363 847 99 66 7.5 156 
8 S100R100F0 300 0 725 0 1210 99 66 7.5 0 
9 S100R100F1 300 0 725 0 1210 99 66 7.5 78 

10 S100R100F2 300 0 725 0 1210 99 66 7.5 156 
11 S75R0F0 187.5 62.5 765 1220 0 99 66 6.25 0 
12 S75R30F0 187.5 62.5 765 854 366 99 66 6.25 0 
13 S75R30F1 187.5 62.5 765 854 366 99 66 6.25 78 
14 S75R30F2 187.5 62.5 765 854 366 99 66 6.25 156 
15 S75R70F0 187.5 62.5 765 366 854 99 66 6.25 0 
16 S75R70F1 187.5 62.5 765 366 854 99 66 6.25 78 
17 S75R70F2 187.5 62.5 765 366 854 99 66 6.25 156 
18 S75R100F0 187.5 62.5 765 0 1220 99 66 6.25 0 
19 S75R100F1 187.5 62.5 765 0 1220 99 66 6.25 78 
20 S75R100F2 187.5 62.5 765 0 1220 99 66 6.25 156 
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3.5 Sample Preparation 

Geopolymer concrete specimens were prepared and cast under ambient laboratory 

conditions of 23±2oC and relative humidity of 50±5%. The alkaline activator solution was 

prepared 24 hours prior to casting to allow for heat dissipation from the reactions of SH 

flakes with water and then the 14M-SH solution with the SS solution. The dry 

components, including the coarse and fine aggregates and binding materials, were mixed 

in a pan mixer for 3 minutes. In the event of using steel fibers, they were added to the dry 

components to ensure proper dispersion. A few seconds before incorporating the wet 

components into the mix, the superplasticizer was added and mixed swiftly. Further, the 

wet components, including SS, SH, and SP, were gradually added to the dry mix and 

mixed in the pan mixer for another 3 minutes to ensure homogeneity. The fresh 

geopolymer concrete was then placed in two to three layers into 100 mm diameter x 200 

mm height cylinders, 150 mm diameter x 300 mm height cylinders, 100 mm cubes, and 

100 mm height x 100 mm width x 500 mm length prisms, and vibrated on a vibrating table 

for 5-10 seconds per layer. The cast specimens were then covered and left at ambient 

conditions until testing age to simulate an on-site construction setting. Figure 5 presents a 

sample of the hardened geopolymer concrete specimens. 
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Figure 5: Hardened geopolymer concrete specimens 

 

3.6 Concrete Testing Methodology 

3.6.1 Compressive Strength 

The compressive strength of concrete was determined using a Wykeham Farrance 

machine with a loading capacity of 2000 kN. An axial compression load was applied to 

cylindrical (100 mm diameter, 200 mm height) and cube (100 mm) geopolymer concrete 
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specimens at a rate of 7 kN/s until failure, as per ASTM C39 [127] and BS EN 12390-3 

[128]. The maximum load was then divided by the cross-sectional area of each specimen. 

The resulting compressive strengths are denoted as f’c and fcu. Three cube and three 

cylinder samples were used to obtain an average f’c and fcu for each mix. While f’c was 

measured at the age of 1 day, fcu was determined at 1, 7, and 28 days. Figures 6 and 7 

present the compressive strength testing of geopolymer concrete cube and cylinders, 

respectively.  

 

Figure 6: Compressive strength testing of geopolymer concrete cube 

 

 

Figure 7: Compressive strength testing of geopolymer concrete cylinder 
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3.6.2 Modulus of Elasticity 

The modulus of elasticity (Ec) represents the concrete’s resistance to deformation 

under an applied compression load. It was determined following the procedure of ASTM 

C469 [129], whereby a 500-kN load cell recorded the applied load and four 60-mm-long 

strain gauges attached to the sides of the 100 mm x 200 mm (diameter x height) cylinder 

at diametrically opposite locations recorded the strain. Then, the modulus of elasticity was 

calculated as per Equation (1). 

Ec=
S2 - S1

ε2 - 0.00005
 (1) 

Where Ec is chord modulus of elasticity in (MPa), S2 is stress corresponding to 40% of 

ultimate load, S1 is stress corresponding to a longitudinal strain ε1, of 50 millionths in 

(MPa), ε2 is the longitudinal strain produced by stress S2. Triplicate specimens were used 

to attain an average. 

3.6.3 Tensile Splitting Strength 

The tensile splitting strength (fsp) of geopolymer concrete was determined 

according to the procedure of ASTM C496 [130]. A Wykeham Farrance machine with a 

loading capacity of 2000 kN applied the load at a rate of 1 kN/s to cylindrical specimens 

(100 mm diameter × 200 mm height). Three samples were tested to obtain an average. 

The tensile splitting strength (fsp) was calculated using Equation (2). 

fsp=
2P

πDL
 (2) 
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Whereas P is the compressive load at failure (N), L is the length of the cylinder (mm), 

and D is the diameter of the cylinder (mm). 

3.6.4 Flexural Strength 

The flexural strength (fr) of concrete, also known as the modulus of rupture, was 

assessed following the procedure of ASTM C1609 [131]. A Wykeham Farrance machine 

with a loading capacity of 2000 kN was used to apply the load at a rate of 1 kN/s to 

concrete prism specimens (100×100×500 mm). A load cell was placed beneath the loading 

jack to measure the applied load and find the flexural strength (fr) using Equation (3), 

while a linear variable displacement transducer (LVDT) was used to measure the mid-

span deflection. Using these two instruments, the load-deflection curve was developed. 

Then, it was used to determine the peak or flexural strength (fr), the peak load deflection 

(δp), and the residual strengths f150
 100and f600

 100 corresponding to the loads at 0.75 and 3 mm 

deflections. The curves were also utilized in finding the toughness T150
 100, which is the area 

under the curve up to a deflection of L/150, i.e., 3 mm, and relates to concrete’s capacity 

to absorb energy. The toughness was subsequently employed in findings the equivalent 

flexural ratio RT,150
 100 , as per Equation (4). 

fr =
PL
bd2 

(3) 

RT,150
 100  = 

150 x T150
 100

frbd2  x 100% 
(4) 

Where P is the load at the peak (N), L is the span length of the prism specimen (mm), b is 

the width of the prism specimen (mm), and d is the depth of the prism specimen (mm).  
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3.6.5 Water Absorption 

The water absorption test was conducted on 100 mm x 50 mm (diameter x height) 

28-day geopolymer concrete discs at the age of 28 days as per ASTM C642 [132]. Three 

specimens per mix were tested for an average. The test specimens were oven-dried for 24 

hours at 105°C and weighed until a mass change of less than 0.5% was obtained. They 

were then placed in a water container for 24 hours, after which their saturated surface dry 

(SSD) mass was recorded. The water absorption was calculated using Equation (5): 

Water absorption (%) =
SSD mass (g) - Oven-dried mass (g)

Oven-dried mass (g) ×100% 
(5) 

3.6.6 Sorptivity 

Sorptivity is defined as the rate of absorption of water in concrete. It is determined 

by measuring the increase in the mass of a concrete sample over time with only one surface 

being exposed to water. The test was conducted following the procedure of ASTM C1585 

[133]. Concrete disc specimens (100 mm × 50 mm, diameter x height) were used after 28 

days of curing. The test specimen s were first vacuum-saturated and preconditioned as per 

the recommendations of ASTM C1202 [134]. Further, they were sealed from the top and 

side surfaces with adhesive tape to allow water to penetrate from the bottom side only and 

prevent any evaporation. Each sample was weighed, and its unsealed surface was exposed 

to water by placing it on supports, as shown in Figure 8. The water reached 1 to 3 mm 

above the supports only. Subsequently, the sample’s weight was recorded at 1, 5, 10, 15, 

20, 30, and 60 minutes and then after every hour until 6 hours. The absorption was 

calculated using Equation (6) and plotted against the square root of time. The slope of the 
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best-fit relationship from 1 minute to 6 hours represented the initial sorptivity. The test 

was to be repeated if the regression coefficient, R2, was less than 0.98, as per ASTM 

C1585 [133]. 

I (mm) =
Change in mass at time t(g)

Exposed area (mm2) × Density of water ( g mm3)⁄  
(6) 

 

Figure 8: Schematic of Sorptivity Test Setup, ASTM C1585-13 

 

3.6.7 Bulk Resistivity 

Bulk resistivity is a non-destructive test that relates the concrete’s ability to resist 

chloride ion diffusion under an electric current to its general quality, durability, and 

performance. The test was conducted using Giatec RCON2® equipment in accordance 

with ASTM C1876 [135], as shown in Figure 9. The concrete specimens used in this test 

were 28-day 100 mm × 200 mm (diameter × height) concrete cylinders. The bulk 

resistivity was calculated using Equation (7). Owing to their electrically conductive 

nature, steel fibers may give unrepresentative results. As such, only test results of plain 

geopolymer concrete samples were reported later. For every mix, three specimens were 
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tested to obtain an average. Table 5 shows the relationship between bulk resistivity of 

concrete and the level of corrosion protection. 

Bulk Resistivity (Ω.cm) = Applied voltage (V) × (Avg. sample diameter (mm))2

1273.2 × Current at 1 minute (mA) × Avg. sample length (mm)
 (7) 

 

3.6.8 Ultra Pulse Velocity (UPV) 

Ultrasonic pulse velocity is another nondestructive test of concrete. It is used to 

assess the general quality and integrity of the concrete by indirectly estimating the number 

of voids, cracks, and imperfections in the concrete structure. The direct UPV test was 

carried out on three cube samples (100 mm) per mix, according to ASTM C597 (Figure 

10) [136]. The transit time of an ultrasonic pulse to travel between a transmitter and 

receiver is measured. It is inversely proportional to the density of concrete, i.e., the higher 

the density of concrete structure, the shorter the transit time will be. The results can be 

correlated to concrete quality grade using Table 6.  
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Figure 9: Bulk resistivity test setup 

 

Table 5: Relationship between bulk resistivity and level of corrosion protection, ACI 
222R-01  

Bulk Resistivity 
(kΩ.cm) 

Level of 
Corrosion Protection 

< 5 Low 

5 – 10 Moderate to Low 

– 20 High 

> 20 Very High 
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Figure 10: Schematic of Pulse Velocity Apparatus, ASTM C597-16 

 

Table 6: Velocity Criterion for Concrete Quality Grading, IS:13311 part 1-1992 

Pulse Velocity by 
Cross Probing (km/s) 

Concrete Quality 
Grading 

Above 4.5 Excellent 

3.5 to 4.5 Good 

3.0 to 3.5 Medium 

Below 3.0 Doubtful 

 

3.6.9 Abrasion Resistance 

The abrasion resistance test was conducted to determine the ability of geopolymer 

concrete to resist impact and friction actions, providing an estimate of its general quality 

and durability. It is mainly dependent on the strength of the geopolymeric binding matrix 

and aggregate, in addition to the bond between these two components [137, 138]. The test 

was conducted using a Los Angeles (LA) abrasion testing machine shown in Figure 11 in 

accordance with the procedure of ASTM C1747 [139]. The mass of the 28-day test 

specimen (100 mm diameter x 50 mm height) was recorded before starting the test and 
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after each subsequent 100 revolutions. The mass loss percentage over 500 revolutions 

represented the geopolymer concrete abrasion resistance potential. The abrasion 

resistance was determined using Equation (8). 

Mass Loss (%) =
Final Mass - Initial Mass

Initial Mass
x 100% 

(8) 

 

Figure 11: LA abrasion test machine 
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Chapter 4: Experimental Results and Discussions 
 

4.1 Introduction 

After determining the properties of the as-received materials to be used in 

producing the geopolymer concrete, the feasibility of 100% RCA replacement alongside 

the addition of steel fibers is examined. This chapter offers a detailed experimental 

performance evaluation program to evaluate such feasibility by testing the 100% slag and 

slag-fly ash blended geopolymer concrete for compressive strength, splitting tensile 

strength, flexural performance, modulus of elasticity, water absorption, sorptivity, bulk 

resistivity, UPV, and abrasion resistance. 

4.2 Compressive Strength 

4.2.1 Cube Compressive Strength Development Profile 

The cube compressive strength (fcu) of 100% slag and slag-fly ash blended 

geopolymer concrete is measured at the ages of 1, 7, and 28 days to examine the 

development over time. Mixes were made with different RCA replacement percentages 

and steel fibers volume fractions. Figure 12 presents the results of 100% slag geopolymer 

concrete. The control mix S100R0F0 had 1-, 7-, and 28-day compressive strengths of 38.6, 

46.4, and 47.5 MPa, respectively. As such, the increase from 1 to 7 days was 20% while 

that from 7 to 28 days was 2%, as shown in Table 7. Clearly, the geopolymerization 

reaction mainly took place during the first 7 days with 1- and 7-day strengths being 81 

and 98% that at 28 days. This is due to the accelerated reaction of calcium-carrying 

compounds in slag to form calcium aluminosilicate hydrate (C-A-S-H) and calcium 
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silicate hydrate (C-S-H) gels [64, 140-142] and the high molarity of SH solution [143]. 

Yet, such a reaction seemed to slow down after 7 days. 

The strength development profile of 100% slag concrete of mixes incorporating 

RCA was also examined. Higher RCA replacement percentages led to higher increases in 

strength from 1 to 7 days. Similar to the control mix, the main increase in strength was 

within the first 7 days, while a lesser increase was noted from 7 to 28 days. However, the 

increase in steel fiber volume fraction led to a decrease in the strength gain. In fact, the 

cube compressive strength (fcu) of mixes incorporating 0, 1, and 2% steel fibers, by 

volume, increased by 45, 33, and 31%, on average, from 1 to 7 days. Conversely, the 

strength increased by 11, 12, and 14%, on average, from 7 to 28 days. It seems that the 

bond between the geopolymeric matrix and RCA improved over time. 

 
(a) 

Figure 12: Development of cubic compressive strength of 100% slag geopolymer 
concrete mixes: (a) SF 0%; (b) SF 1%; (c) SF 2% 
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(b) 

 
(c) 

Figure 12: Development of cubic compressive strength of 100% slag geopolymer 
concrete mixes: (a) SF 0%; (b) SF 1%; (c) SF 2% (Continued) 
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Table 7: Development of compressive strength of 100% slag geopolymer concrete  

Mix 
No. 

Mix 
Designation 

Increases 
(%) 

Increaseb 
(%) 

1 S100R0F0 20.2 2.4 

2 S100R30F0 23.6 4.8 

3 S100R30F1 21.6 9.6 

4 S100R30F2 19.9 14.1 

5 S100R70F0 48.1 22.5 

6 S100R70F1 39.4 13.5 

7 S100R70F2 36.8 8.8 

8 S100R100F0 63.3 6.2 

9 S100R100F1 39.1 11.4 

10 S100R100F2 36.7 18.7 

 a Increase in fcu from 1 to 7 days 
 b Increase in fcu from 7 to 28 days 

 
 

The development profiles of the cube compressive strength of slag-fly ash blended 

geopolymer concrete incorporating different amounts of steel fibers and various RCA 

replacement percentages are evaluated through Figure 13. The values shown represent the 

average of three specimens per mix. The control mix (S75R0F0) exhibited compressive 

strengths of 31.5, 44.2, and 56.8 MPa at the age of 1, 7, and 28 days, respectively, 

signifying increases of 40 and 29% from 1 to 7 days and 7 to 28 days. Also, the 1- and 7-

day strengths are 55 and 78% that at 28 days. While most of the strength had developed 

within the first 7 days, the increase up to 28 days is indicative of the continuous reaction 
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of the fly ash to produce sodium aluminosilicate hydrate (N-A-S-H), as also reported by 

Ismail et al. [93]. However, such an increase in strength was more pronounced with the 

replacement of NA by RCA, as shown in Table 8. In fact, 30, 70, and 100% RCA 

replacement in plain blended geopolymer concrete led to respective increases of 59, 77, 

and 91%. It seems that the RCA had a more significant impact on 1 day. Yet, this negative 

impact, i.e., strength loss, could be reversed by the addition of steel fibers. The strength 

increase from 1 to 7 days was 75, 61, and 47%, on average, upon the incorporation of 0, 

1, and 2% steel fiber volume fractions. 

 
(a) 

Figure 13: Development of cubic compressive strength of slag-fly ash blended 
geopolymer concrete mixes: (a) SF 0%; (b) SF 1%; (c) SF 2% 
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(b) 

 
(c) 

Figure 13: Development of cubic compressive strength of slag-fly ash blended 
geopolymer concrete mixes: (a) SF 0%; (b) SF 1%; (c) SF 2% (Continued) 
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Table 8: Development of compressive strength of slag-fly ash blended geopolymer 
concrete  

Mix 
No. 

Mix 
Designation 

Increasea 
(%) 

Increaseb 
(%) 

11 S75R0F0 40.3 28.5 

12 S75R30F0 58.8 25.8 

13 S75R30F1 41.4 44.5 

14 S75R30F2 34.6 40.2 

15 S75R70F0 76.8 29.1 

16 S75R70F1 67.1 22.4 

17 S75R70F2 44.8 26.0 

18 S75R100F0 90.8 21.1 

19 S75R100F1 75.7 20.9 

20 S75R100F2 61.6 23.3 

     a Increase in fcu from 1 to 7 days. 
          b Increase in fcu from 7 to 28 days. 
 

4.2.2 Effect of RCA and SF 

Figure 14 shows the cube compressive strength of 100% slag geopolymer concrete 

made with different RCA replacement percentages and steel fiber volume fractions. At 

the age of 1 day, the replacement of 30% RCA had no impact on the strength, as presented 

in Figure 14(a). However, higher replacements of 70 and 100% reduced the strength from 

38.6 MPa to 26.4 and 21.8 MPa, representing decreases of 32 and 44%, respectively. This 

is primarily owed to the weak interfacial bond between the geopolymeric matrix and RCA 



53 
 
alongside the porous nature of the RCA. Nevertheless, the addition of 1 and 2% steel fiber 

volume fractions could enhance the 1-day compressive strength by, on average, 21 and 

30%, respectively, in comparison to the plain geopolymer concrete. 

At the age of 7 and 28 days, the replacement of NA by RCA led to a loss in strength 

of up to 23 and 20%, respectively, as shown in Figures 14(b-c). Similar findings were 

reported in geopolymer concrete made with a single precursor, i.e., class C fly ash, class 

F fly ash, or ground granulated blast furnace slag [5, 98, 144]. Clearly, the impact of RCA 

replacement was most critical at an early age and became less apparent at a later age. The 

addition of steel fibers improved the respective 7- and 28-day strengths to up to 18 and 

21%, on average, owing to the denser geopolymeric matrix and reduced pore space, which 

is attributed to the lower water absorption and sorptivity explained later in the thesis. 

Furthermore, the bridging effect of the steel fibers may have led to an enhancement in the 

structural integrity of the 100% slag geopolymer concrete. Analogous improvement in 

compressive strength was noted in other studies on steel fiber-reinforced NA-based 

geopolymer concrete [15, 38]. Compared to the values obtained at the age of 1 day, these 

are slightly lower, highlighting the superior effect of steel fibers at an early age. 

Accordingly, 100% slag geopolymer concrete mixes could be made with 100% RCA and 

2% steel fiber volume fraction while sustaining insignificant loss (<3%) in 28-day cube 

compressive strength. 
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(a) 

 
(b) 

Figure 14: Cubic compressive strength for 100% slag geopolymer concrete at the age 
of (a) 1 day, (b) 7 days, and (c) 28 days 
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(c) 

Figure 14: Cubic compressive strength for 100% slag geopolymer concrete at the age of 
(a) 1 day, (b) 7 days, and (c) 28 days (Continued) 
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and 13% upon adding 1% steel fibers, by volume, respectively, and by 41, 18, and 22% 

with 2% steel fiber volume fraction, respectively. Clearly, steel fibers could counter the 

negative effect of RCA replacement, especially at higher volume fractions. Indeed, it is 

possible to fully replace (100%) NA by RCA in producing a slag-fly ash geopolymer 

concrete incorporating 2% steel fibers, by volume, with a limited loss (< 10%) in the 28-

day cube compressive strength. 

 
(a) 

 
(b) 

Figure 15: Cubic compressive strength for concrete mixes (75% S) for (a) 1 day, (b) 7 
days, and (c) 28 days 

0

10

20

30

40

50

60

70

80

30 70 100

1-
D

ay
 C

om
pr

es
si

ve
 S

tre
ng

th
 (M

Pa
)

RCA (%)

F0
F1
F2

S75R0F0 = 31.5 MPa

0

10

20

30

40

50

60

70

80

30 70 100

7-
D

ay
 C

om
pr

es
siv

e 
St

re
ng

th
 (M

Pa
)

RCA (%)

F0
F1
F2

S75R0F0 = 44.2 



57 
 

 
(c) 

Figure 15: Cubic compressive strength for concrete mixes (75% S) for (a) 1 day, (b) 7 
days, and (c) 28 days (Continued) 

 

4.2.3 Cylinder Compressive Strength 
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Figure 16: Cylinder compressive strength (MPa) for 100% slag geopolymer concrete 
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Figure 17: Cylinder compressive strength (MPa) for slag-fly ash blended geopolymer 
concrete mixes 
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f'c = 0.48fcu + 7.70 (9) 

f'c = 0.63fcu (10) 

 

Table 9: Cylinder and cube compressive strength of 28-day 100% slag geopolymer 
concrete 

Mix # Mix Name 
f'c 

(MPa) 
fcu 

(MPa) f'c/fcu 
1 S100R0F0 31.8 47.5 0.67 

2 S100R30F0 30.0 47.8 0.63 

3 S100R30F1 34.2 56.2 0.61 

4 S100R30F2 36.4 59.1 0.62 

5 S100R70F0 30.4 47.9 0.63 

6 S100R70F1 31.9 51.4 0.62 

7 S100R70F2 33.3 55.8 0.60 

8 S100R100F0 25.0 37.8 0.66 

9 S100R100F1 28.0 42.0 0.67 

10 S100R100F2 30.1 46.4 0.65 
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Figure 18: Relationship between cube and cylinder compressive strengths of 100% slag 
geopolymer concrete 
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f'c = 1.08fcu - 27.54 (11) 

f'c = 0.56fcu (12) 

Table 10: Cylinder and cube compressive strength of 28-day slag-fly ash blended 
geopolymer concrete 

Mix No. Mix Designation f'c (MPa) fcu (MPa) f'c/fcu 

11 S75R0F0 31.5 56.8 0.55 

12 S75R30F0 28.4 52.6 0.54 

13 S75R30F1 38.3 61.7 0.62 

14 S75R30F2 40.6 63.8 0.64 

15 S75R70F0 18.4 45.2 0.41 

16 S75R70F1 28.4 49.1 0.58 

17 S75R70F2 33.0 55.8 0.59 

18 S75R100F0 15.7 42.5 0.37 

19 S75R100F1 26.5 48.0 0.55 

20 S75R100F2 31.7 51.4 0.62 
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Figure 19: Relationship between cube and cylinder compressive strengths of slag-fly ash 
blended geopolymer concrete 
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deformability of 100% slag and slag-fly ash blended geopolymer concrete made with RCA 

while also enhancing the compressive stress. Yet, it is worth noting that, despite the fact 

that steel fibers resulted in concrete with similar peak strains, the tail part of the 

compressive stress-strain curve was longer with higher steel fiber volume fractions, 

highlighting the enhanced energy absorption capacity. 

 
(a) 

 
(b) 

Figure 20: Typical compression stress-strain curves of 100% slag geopolymer 
concrete mixes with RCA replacement of (a) 30%, (b) 70%, and (c) 100% 
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(c) 

Figure 20: Typical compression stress-strain curves of 100% slag geopolymer concrete 
mixes with RCA replacement of (a) 30%, (b) 70%, and (c) 100% (Continued) 

 
(a) 

Figure 21: Typical compression stress-strain curves of slag-fly ash blended 
geopolymer concrete mixes with RCA replacement of (a) 30%, (b) 70%, and (c) 100% 
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(b) 

 
(c) 

Figure 21: Typical compression stress-strain curves of slag-fly ash blended geopolymer 
concrete mixes with RCA replacement of (a) 30%, (b) 70%, and (c) 100% (Continued) 
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replaced in the mixes, owing to the general weaker and porous nature of RCA. Conversely, 

the respective peak strains increased by, on average, 11, 5, and 4%. Furthermore, the 

influence of RCA replacement on the compression behavior of slag-fly ash geopolymer 

concrete mixes is highlighted in Figure 23. Higher RCA replacement percentages led to a 

major decrease in the peak stress and a slight increase in the peak strain. In conclusion, it 

is noted that the effect of steel fiber addition on the peak strain was more significant than 

the RCA replacement, while the latter was more influential on the peak stress than the 

former. 

 
(a) 

Figure 22: Typical compression stress-strain curves of 100% slag geopolymer 
concrete mixes with steel fiber volume fractions of (a) 0%, (b) 1%, and (c) 2% 
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(b) 

 
(c) 

Figure 22: Typical compression stress-strain curves of 100% slag geopolymer concrete 
mixes with steel fiber volume fractions of (a) 0%, (b) 1%, and (c) 2% (Continued) 
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(a) 

 
(b) 

Figure 23: Typical compression stress-strain curves of slag-fly ash blended 
geopolymer concrete mixes with steel fiber volume fractions (a) 0%, (b) 1%, and (c) 
2% 
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(c) 

Figure 23: Typical compression stress-strain curves of slag-fly ash blended geopolymer 
concrete mixes with steel fiber volume fractions (a) 0%, (b) 1%, and (c) 2% (Continued) 
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shows that while steel fibers could enhance the modulus of elasticity, the adverse effect 

of RCA replacement was more pronounced. 

 

Figure 24: Modulus of elasticity of 100% slag geopolymer concrete mixes with different 
RCA replacement percentages and SF volume fractions 

 

Figure 25 shows the modulus of elasticity of slag-fly ash blended geopolymer 

concrete made with different RCA and steel fiber proportions. Decreases of 28, 43, and 

52% in Ec were noted when NA was replaced by 30, 70, and 100% RCA, respectively. 

Similar results were reported in fly ash-based geopolymer concrete [99]. On the other 
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than that of the control mix S75R0F0, signifying that steel fibers cannot only reverse the 
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Figure 25: Modulus of elasticity of slag-fly ash blended geopolymer concrete mixes with 
different RCA replacement percentages and SF volume fractions 
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steel fiber volume fraction were incorporated into the model to formulate Equation 16. 

Evidenced by the modulus of elasticity analysis presented earlier, the coefficients indicate 

a positive impact of f’c and steel fiber volume fraction and a negative impact of RCA on 

Ec. 

Ec = 3.52�fc
  

 
(13) 

Ec = 4.24�fc
  – 0.09RCA + 1.10SF (14) 

Ec = 3.44�fc
  

 
(15) 

Ec = 3.78�fc
  – 0.05RCA + 1.16SF (16) 

 

Figure 26: Modulus of elasticity of 100% slag geopolymer concrete mixes as a function 
of compressive strength 

Ec = 3.52√f'c
R² = 0.25

0

5

10

15

20

25

30

35

0 1 2 3 4 5 6 7

M
od

ul
us

 o
f E

la
st

ic
ity

 (G
Pa

)

Compressive Strength, √f'c (MPa) 



74 
 

 

Figure 27: Modulus of elasticity of slag-fly ash blended geopolymer concrete mixes as a 
function of compressive strength 
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equations of ACI Committee 318 [84], CEB-FIP [145], and AS3600 [83]. With values 

mainly converging around the 45°-line, it is clear that Equation 16 is the most accurate 

among the employed equations. Yet, it is worth noting that the AS3600 [83] provides 

predictions with acceptable accuracy for Ec between 15 and 20 GPa, but deviates from the 

experimental result for Ec outside this range. Indeed, the error between the experimental 

and predicted Ec was in the range of 3 to 30%. Conversely, the error associated with 

utilizing the ACI Committee 318 [84] and CEB-FIP [145] reached up to 87 and 133%, 

respectively. Accordingly, some modifications to the codified equations are needed to 

accurately predict the modulus of elasticity of slag-fly ash blended geopolymer concrete.  

 

Figure 28: Experimental versus predicted modulus of elasticity of 100% slag 
geopolymer concrete 
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Figure 29: Experimental versus predicted modulus of elasticity of slag-fly ash blended 
geopolymer concrete 

 

4.5 Tensile Splitting Strength 
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[15, 38, 105]. This shows that the adverse effect of RCA cannot only be countered by steel 

fiber addition but can also surpass that of the control mix made with NA (3.0 MPa), owing 

to the fibers’ bridging effect and ability to increase the energy required for crack 

propagation. Furthermore, while the positive effect of steel fibers on fsp was analogous 

with that on f’c, the extent of improvement was superior. From Table 11, the ratio of fsp-

to-f’c increased with steel fiber addition. This shows that it was more influential on fsp than 

f’c. 

Figure 30(b) illustrates the effect of RCA replacement and steel fiber incorporation 

on the 28-day splitting tensile strength of slag-fly ash blended geopolymer concrete. The 

replacement of NA by 30, 70, and 100% RCA resulted in 13, 31, and 35% respective 

losses in fsp. These losses were generally lower than those noted in f’c (9, 41, and 50%). 

As such, it should be noted that the negative impact of RCA was generally more 

pronounced on f’c than fsp, which is also evidenced by the increase in the ratio of fsp-to-f’c 

of Table 11. Nevertheless, such an adverse effect of RCA can be reversed by the addition 

of steel fibers. In fact, incorporating 1 and 2% steel fibers, by volume, increased fsp by 87 

and 194%, respectively. Such enhancement surpasses that experienced by f’c, resulting in 

higher fsp-to-f’c ratios, as shown in Table 11. This signifies the more prominent impact of 

steel fiber addition on fsp rather f’c of slag-fly ash blended geopolymer concrete. 
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(a) 

 
(b) 

Figure 30: Splitting tensile strength of 28-day geopolymer concrete made with (a) 100% 
slag and (b) 3:1 slag:fly ash ratio 
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Table 11: Ratio of splitting tensile strength to compressive strength 

Mix 
No. 

Mix 
designation 

f'c 
(MPa) 

fsp 

(MPa) fsp / f'c (%) 

1 S100R0F0 31.8 3.0 9.6 

2 S100R30F0 30.0 2.3 7.8 

3 S100R30F1 34.2 5.5 16.1 

4 S100R30F2 36.4 7.4 20.2 

5 S100R70F0 30.4 2.3 7.7 

6 S100R70F1 31.9 4.4 13.7 

7 S100R70F2 33.3 7.0 21.1 

8 S100R100F0 25.0 2.3 9.1 

9 S100R100F1 28.0 3.9 13.9 

10 S100R100F2 30.1 6.0 19.9 

11 S75R0F0 31.5 2.9 9.3 

12 S75R30F0 28.4 2.6 9.3 

13 S75R30F1 38.3 5.1 13.2 

14 S75R30F2 40.6 7.7 19.0 

15 S75R70F0 18.4 2.1 11.5 

16 S75R70F1 28.4 3.9 13.8 

17 S75R70F2 33.0 6.3 19.0 

18 S75R100F0 15.7 2.0 12.5 

19 S75R100F1 26.5 3.6 13.5 

20 S75R100F2 31.7 5.8 18.2 
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Codified equations are typically employed in predicting the splitting tensile 

strength of concrete. Yet, a linear model was developed to relate fsp to f’c. It is illustrated 

in the scatter plot of Figure 31(a) and presented in the form of Equation 17. However, the 

low correlation coefficient, R2 = 0.16, shows that it is difficult to predict fsp from f’c with 

good accuracy. As such, Equation 18 was proposed as a multivariable linear regression 

relationship that incorporates steel fiber volume fraction (SF) as an additional parameter 

to enhance the accuracy of the prediction with R2 of 0.97.  

A similar approach was adopted for slag-fly ash blended geopolymer concrete. 

Equation 19 and Figure 31(b) show the relationship between fsp and f’c. With a low R2 

value of 0.41, the prediction capability of Equation 20 was limited. As such, Equation 18 

was developed to predict fsp from f’c and steel fiber volume fraction. The accuracy 

significantly increased with R2 reaching 0.95. 

fsp = 0.82�fc
  

(17) 

fsp = 0.55�fc
 

  – 0.01RCA + 2.13SF 
(18) 

fsp = 0.80�fc
  

(19) 

fsp = 0.89�fc
 

  – 0.01RCA + 1.83SF 
(20) 
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(a) 

 
(b) 

Figure 31: Correlation between tensile splitting strength and compressive strength of (a) 
100% slag and (b) slag-fly ash blended geopolymer concrete 
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MPa, beyond which the accuracy was significantly reduced. This is because these 

equations do not account for the effect of steel fibers. As such, such equations cannot be 

employed in providing a prediction of fsp for 100% slag geopolymer concrete. Similar 

findings and conclusions are noted for slag-fly ash blended geopolymer concrete in Figure 

32(b). 

 
(a) 

 
(b) 

Figure 32: Correlation between Experimental and predicted tensile splitting strength of 
(a) 100% slag and (b) slag-fly ash blended geopolymer concrete 
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Table 12: Flexural performance test results of geopolymer concrete 

Mix 
No. 

Mix 
Designation 

fp δp f600
 100 f150

 100 T150
 100 RT,150

 100  
MPa mm MPa MPa J % 

1 S100R0F0 6.3 0.20 - - 2.0 0.47 

2 S100R30F0 5.6 0.35 - - 2.3 0.62 

3 S100R30F1 6.6 0.43 4.8 2.0 24.0 5.46 

4 S100R30F2 9.0 1.00 - 8.4 33.2 5.54 

5 S100R70F0 4.4 0.46 - - 2.4 0.82 

6 S100R70F1 5.4 0.53 4.9 1.9 22.3 6.20 

7 S100R70F2 8.4 1.42 - 5.8 31.5 5.56 

8 S100R100F0 3.1 0.52 - - 4.0 1.93 

9 S100R100F1 4.6 1.00 - 1.0 20.5 6.70 

10 S100R100F2 8.1 2.20 - 4.3 31.1 5.75 

11 S75R0F0 6.1 0.25 - - 1.6 0.39 

12 S75R30F0 4.4 0.35 - - 2.4 0.82 

13 S75R30F1 6.3 0.52 5.4 2.2 25.8 6.14 

14 S75R30F2 9.7 0.68 9.5 7.4 49.8 7.70 

15 S75R70F0 3.6 0.46 - - 2.5 1.04 

16 S75R70F1 5.6 0.67 5.4 2.0 25.2 6.75 

17 S75R70F2 7.3 1.15 - 4.9 39.5 8.12 

18 S75R100F0 2.9 0.81 - - 3.2 1.66 

19 S75R100F1 3.9 1.84 - 1.5 21.9 8.42 

20 S75R100F2 6.0 2.05 - 3.3 28.0 8.57 
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4.6 Flexural Performance 

The flexural performance of 100% slag and slag-fly ash blended geopolymer 

concrete mixes made with different proportions of RCA and steel fiber volume fractions 

is evaluated using the flexural (peak) strength, deflection at peak (peak deflection), 

residual strength, flexural toughness, and equivalent flexural strength ratio. Table 12 

summarizes the results, which are discussed in more detail in the following sections. 

4.6.1 Load-Deflection Curves 

4.6.1.1. Effect of RCA Replacement 

The load-deflection curves of 100% slag geopolymer concrete made with different 

RCA replacement percentages are presented in Figure 33. Although three samples were 

tested per mix, a representative curve for each mix is shown throughout this section. 

Figure 33(a) shows the load-deflection curves of plain geopolymer concrete. The applied 

load increased until failure in a pseudo-elastic mode for all mixes. Yet, a decrease in slope 

can be noted with RCA replacement. Actually, 30, 70, and 100% RCA replacement 

resulted in 33, 34, and 87% decreases in the slope compared to the control mix S100R0F0. 

This is primarily due to the lower modulus of elasticity. 

Figure 33(b-c) depicts the load-deflection curves of 100% slag steel fiber-

reinforced geopolymer concrete. Unlike those of plain concrete, these curves comprise 

two phases. The first phase is characterized by an increase in load until the peak load is 

reached and is governed by Ec. Irrespective of steel fiber volume fraction, the change in 

RCA replacement percentage did not have a significant impact on the slope. Furthermore, 
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the second phase represents the post-peak flexural softening behavior. It was due to the 

bridging effect of steel fibers and their capacity to reduce crack development and 

propagation. The slope of this part of the curve was not significantly impacted by the RCA 

replacement percentage; yet, the residual strength was, as noted in later sections. 

 
(a) 

 
(b) 

Figure 33: Typical load-deflection curves of 100% slag geopolymer concrete mixes 
with (a) SF 0%, (b) SF 1%, and (c) SF 2% 
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(c) 

Figure 33: Typical load-deflection curves of 100% slag geopolymer concrete mixes with 
(a) SF 0%, (b) SF 1%, and (c) SF 2% (Continued) 

 

Figure 34 demonstrates the effect of RCA replacement on the load-deflection 
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34(a)], the replacement of NA by 30, 70, and 100% RCA decreased the slope of the 

ascending part of the load-deflection curve by 25, 64, and 84%, respectively, compared to 

the control mix S75R0F0. Similar but less significant reductions in the slope were noted 

when 1 and 2% steel fiber, by volume, were added to the mix, as shown in Figure 34(b-

c). Furthermore, the slope of the descending post-peak part of the curves was similar for 

70 and 100% RCA replacement but was more intense for mixes made with 30% RCA. 
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(a) 

 
(b) 

Figure 34: Typical load-deflection curves of slag-fly ash blended geopolymer concrete 
mixes with (a) SF 0%, (b) SF 1%, and (c) SF 2% 
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(c) 

Figure 34: Typical load-deflection curves of slag-fly ash blended geopolymer concrete 
mixes with (a) SF 0%, (b) SF 1%, and (c) SF 2% (Continued) 
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generally faster rate for mixes made with 2% steel fibers, by volume, despite having a 

higher peak load. In conclusion, the negative impact of RCA on the flexural performance 

of 100% slag geopolymer concrete could not only be reversed by the addition of steel 

fibers but also enhanced to the extent of exceeding that of the control mix made with 

natural aggregates only. 

 
(a) 

 
(b) 

Figure 35: Typical load-deflection curves of 100% slag geopolymer concrete 
specimens with RCA (a) 30%, (b) 70%, and (c) 100% 
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(c) 

Figure 35: Typical load-deflection curves of 100% slag geopolymer concrete specimens 
with RCA (a) 30%, (b) 70%, and (c) 100% (Continued) 

 

Figure 36(a-c) illustrates the effect of steel fiber addition on the load-deflection 

curve of slag-fly ash blended geopolymer concrete made with different RCA replacement 
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of the curve of blended geopolymer mixes incorporating 30, 70, and 100% RCA increased 

by, on average, 2.5, 3.0, and 3.5 times, respectively, owing to an associated increase in 

the modulus of elasticity. Conversely, the slope of the descending part for mixes made 

with 1 and 2% steel fibers was either the same or slightly higher for the latter. This post-

peak tail developed because of the bridging effect associated with the incorporation of 

steel fibers. Thus, it can be concluded that the addition of steel fibers improved the flexural 

performance of slag-fly ash blended geopolymer made with 100% RCA to exceed that of 

the control mix (S75R0F0). 
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(a) 

 
(b) 

Figure 36: Typical load-deflection curves of slag-fly ash blended geopolymer concrete 
specimens with (a) RCA 30%, (b) RCA 70%, and (c) RCA 100% 
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(c) 

Figure 36: Typical load-deflection curves of slag-fly ash blended geopolymer concrete 
specimens with (a) RCA 30%, (b) RCA 70%, and (c) RCA 100% (Continued) 

 

4.6.2 Flexural Strength 

The flexural strength (fr) of 28-day 100% slag geopolymer concrete made with 

different RCA replacement percentages and steel fiber volume fractions is shown in 

Figure 37(a). Replacing NA by 30, 70, and 100% RCA in plain geopolymer concrete led 
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natural aggregates only [15, 38, 105, 106]. Also, the incorporation of steel fibers seemed 

to be more impactful on fr rather than f’c, evidenced by the increase in the fr-to-f’c ratio in 

Table 13. Based on the results, it is apparent that the addition of 2% steel fiber, by volume, 

could promote the production of 100% slag RCA geopolymer concrete with superior 

flexural strength than the NA-based control mix (S100R0F0). 

Figure 37(b) presents the flexural strength of slag-fly ash geopolymer concrete 

incorporating RCA and steel fibers. The results show that every 10% RCA replacement 

caused average reductions in fr of 6.7%. While a similar trend was noted for f’c, the 

corresponding decrease was 4.8%. With such a slight difference, it can be noted that the 

replacement of NA by RCA has a somewhat similar effect on fr and f’c, evidenced by the 

relatively similar fr-to-f’c ratios of these mixes in Table 13. Conversely, the addition of 

steel fibers had a different effect on the flexural strength of slag-fly ash geopolymer 

concrete. For every 1% steel fiber added to the mix, the value of fr increased by, on 

average, 55%. Such an increase is sufficient to counter the negative impact of RCA. In 

addition, fr increased more than f’c upon the incorporation of steel fibers, which can be 

clearly seen in the increase in fr-to-f’c ratios in Table 13.  
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(a) 

 
(b) 

Figure 37: Flexural strength of 28-day (a) 100% slag and (b) slag-fly ash blended 
geopolymer concrete 
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Table 13: Ratio of flexural strength to compressive strength 

Mix 
No. 

Mix 
designation 

f'c 
(MPa) 

fr 
(MPa) 

fr / f'c 
(%) 

1 S100R0F0 31.8 6.3 19.7 

2 S100R30F0 30.0 5.6 18.5 

3 S100R30F1 34.2 6.6 19.4 

4 S100R30F2 36.4 9.0 24.7 

5 S100R70F0 30.4 4.4 14.6 

6 S100R70F1 31.9 5.4 17.0 

7 S100R70F2 33.3 8.4 25.3 

8 S100R100F0 25.0 3.1 12.4 

9 S100R100F1 28.0 4.6 16.5 

10 S100R100F2 30.1 8.1 27.0 

11 S75R0F0 31.5 6.1 19.2 

12 S75R30F0 28.4 4.4 15.5 

13 S75R30F1 38.3 6.3 16.5 

14 S75R30F2 40.6 9.7 23.8 

15 S75R70F0 18.4 3.6 19.7 

16 S75R70F1 28.4 5.6 19.7 

17 S75R70F2 33.0 7.3 22.1 

18 S75R100F0 15.7 2.9 18.3 

19 S75R100F1 26.5 4.9 18.5 

20 S75R100F2 31.7 6.0 19.0 
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As noted earlier, the values of fr and f’c were affected by RCA replacement and 

steel fiber addition. Accordingly, the two properties were correlated using a linear 

regression model, as shown in Figure 38(a) and presented in the form of Equation 21. 

However, with a low correlation coefficient, R2, of 0.25, it provides a predicted value of 

fr with low accuracy. As such, a multivariable regression model comprising f’c, steel fiber 

volume fraction (SF), and RCA replacement percentage was developed as Equation 22 

with R2 = 0.91. A similar approach was adopted for slag-fly ash blended geopolymer 

concrete. As a result, Equation 23 was developed based on the scatter plot of Figure 38(b). 

With a low correlation coefficient, R2, of 0.57, Equation 24 was proposed to enhance the 

accuracy of predicting fr by including f’c, SF, and RCA. The resultant value of R2 was 

0.89. Based on the coefficients of Equations 22 and 24, it can be mentioned that fr is 

proportional to f’c and SF and inversely proportional to RCA. 

The feasibility of using codified equations of ACI 318, AS3600, and CEB-FIP [83, 

84, 145] is evaluated through Figure 39. For 100% slag and slag-fly ash blended 

geopolymer concrete, the equations of ACI 318 [84] and AS3600 [83] underestimated the 

value of fr, while that of CEB-FIP [145] provided a more accurate prediction. Indeed, the 

average respective errors associated with these three codified equations were 39, 41, and 

26%. On the other hand, the newly-developed Equation 20 was more suitable for 

predicting the values of fr for 100% slag geopolymer concrete with an error of 7%. 

Similarly, for slag-fly ash geopolymer concrete, the errors attributed to the three codified 

equations were 35, 37, and 18%, respectively, while that of Equation 22 was less than 

10%. As such, codified equations cannot be used in their current form to predict the 

flexural strength of geopolymer concrete made with RCA and steel fibers. 
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 fr = 1.12�fc
  

(21) 

fr = 1.04�fc
  – 0.02RCA + 1.79SF  

(22) 

fr = 1.08�fc
  

(23) 

fr = 1.07�fc
  – 0.02RCA + 1.12SF  

(24) 

 
(a) 

 
(b) 

Figure 38: Relationship between flexural and cylinder compressive strength of 28-day 
(a) 100% slag and (b) slag-fly ash blended geopolymer concrete 
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(a) 

 
(b) 

Figure 39: Experimental versus predicted flexural strength of (a) 100% slag and (b) slag-
fly ash blended geopolymer concrete 
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4.6.3 Deflection 

The mid-span deflection of 100% slag geopolymer concrete mixes made with 

different RCA and steel fiber proportions was measured. Although ASTM C1609 [131] 

notes that the first and peak deflection associated with the first and peak load are typically 

required, the load-deflection curves of Figure 33-36 show that the first load and deflection 

cannot be detected in all mixes. To maintain comparability of the mixes, the deflection 

referred to herein is that at the peak load and is denoted as δp. Figure 40(a) presents the 

peak deflection as a function of RCA replacement percentage and steel fiber volume 

fraction with values ranging from 0.2 to 2.2 mm. In plain geopolymer concrete, the 

replacement of NA by 30, 70, and 100% RCA increased δp by 75, 130, and 160%, 

respectively. A similar increasing trend was noticed with steel fiber-reinforced mixes. 

Furthermore, the addition of steel fibers led to higher peak deflections. In fact, adding 1 

and 2% steel fiber volume fractions increased the deflection by, on average, 43 and 239%, 

respectively. Similar results were reported in cement-based concrete and were attributed 

to the bridging effect of steel fibers and their ability to diminish crack propagation [9]. 

 The change in peak deflection (δp) as a function of 28-day cylinder compressive 

strength is presented in Figure 40(b). For plain 100% slag geopolymer concrete, the 

deflection ranged between 0.20 and 0.52 mm with higher deflections being associated 

with mixes with lower f’c and higher RCA replacement. On the other hand, the deflection 

of steel fiber-reinforced geopolymer concrete made with 1 and 2% steel fiber, by volume, 

were in the ranges of 0.43-1.00 mm and 1.00-2.20 mm, respectively. Moreover, it is worth 

noting that the inclusion of steel fibers significantly increased the deflection for a specific 

compressive strength. For instance, mixes incorporating 0, 1, and 2% steel fiber volume 
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fractions with a compressive strength of around 31 MPa had respective deflections of 0.20, 

0.53, and 1.20 mm. Such an increase in δp highlights steel fibers-reinforced geopolymer 

concrete’s ability to maintain a certain compressive strength while enhancing the 

deflection capacity.  

 
(a) 

 
(b) 

Figure 40: Deflection at peak load of 100% slag geopolymer concrete with various (a) 
RCA replacement percentage and SF volume fractions and (b) cylinder compressive 
strength. 
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Figure 41(a) illustrates the influence of RCA replacement and steel fiber addition 

on the peak deflection of slag-fly ash blended geopolymer concrete. An increase in the 

RCA replacement percentage to 30, 70, and 100% led to respective increases in δp of 43, 

112, and 178%. Similarly, the addition of 1 and 2% steel fibers, by volume, increased the 

deflection by, on average, 44 and 195%, respectively. Furthermore, the change in δp as a 

function of 28-day cylinder compressive strength is depicted in Figure 41(b). For plain 

slag-fly ash blended geopolymer concrete, the peak deflection reached up to 0.68 mm, 

while that of counterparts incorporating 1 and 2% steel fiber volume fractions could reach 

up to 1.15 and 2.05 mm, respectively. Yet, such values were impacted by the values of f’c. 

In fact, higher compressive strength, associated with lower RCA replacement, resulted in 

lower δp. Accordingly, it can be concluded that for both types of geopolymer concrete, i.e. 

100% slag and slag-fly ash blended, the peak deflection is proportional to RCA 

replacement and steel fiber addition but inversely proportional to the compressive 

strength. Similar findings were reported for steel fiber-reinforced RCA cement-based 

concrete incorporating steel fibers [8, 9, 147, 148]. 
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(a) 

 
(b) 

Figure 41: Deflection at peak load of slag-fly ash blended geopolymer concrete with 
various (a) RCA replacement percentage and SF volume fractions and (b) cylinder 
compressive strength 
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4.6.4 Residual Strength 

The residual strength of concrete represents its capacity to maintain strength after 

cracking [131]. Table 12 shows the residual strength at two deflection points, L/600 and 

L/150. Since plain geopolymer concrete mixes did not experience any post-peak behavior, 

their residual strength was not reported and left blank. Further, mixes with peak 

deflections larger than L/600 (0.75 mm) were also left empty. Accordingly, the residual 

strength reported in this thesis is mainly focused on that at L/150 denoted by f150
 100. 

 The residual strengths at L/150 of 100% slag geopolymer concrete made with 

different RCA replacement percentages and steel fiber volume fractions are shown in 

Figure 42(a). Increasing the RCA replacement from 30 to 70 and 100% reduced f150
 100 by, 

on average, 19 and 51%, respectively. With a similar flexural strength retention rate, 

mixes with higher RCA had lower flexural strength, resulting in lower residual strength. 

Moreover, the inclusion of steel fibers in 100% slag geopolymer concrete mixes resulted 

in a significant increase in f150
 100. In fact, increasing the steel fiber volume fraction from 1 

to 2% increased f150
 100 by, on average, 3.86 times. Also, the correlation between f’c and f150

 100 

was investigated in Figure 42(b). Regardless of steel fiber volume fraction, an increase in 

compressive strength led to an increase in residual strength. Yet, this increase was more 

apparent in mixes incorporating 2% steel fiber volume fraction. Indeed, for every 1 MPa 

increase in f’c, the value of f150
 100 for mixes made with 1 and 2% steel fiber, by volume, 

increase by an average 0.16 and 0.84 MPa, respectively. 
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(a) 

 
(b) 

Figure 42: Residual strength of 100% slag geopolymer concrete with various (a) RCA 
replacement percentage and SF volume fractions and (b) cylinder compressive strength 
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MPa and 7.36 to 3.27 MPa. Clearly, the decrease in f150

 100 was more significant in the latter 

mixes. Nevertheless, the addition of steel fibers increased f150
 100. In fact, mixes with 30, 70, 

and 100% RCA replacement experienced 2.3, 2.5, and 2.2 times higher f150
 100 when steel 

fiber volume fraction increased from 1 to 2%. Furthermore, the effect of f’c on f150
 100 is 

presented in Figure 43(b). As f’c increased by 1 MPa, f150
 100 increased by, on average, 0.12 

and 0.69 MPa for mixes reinforced with 1 and 2% steel fibers, by volume. These findings 

highlight that f150
 100 is proportional to steel fiber volume fraction and f’c and inversely 

proportional to RCA replacement. Similar conclusions were noted in cement-based 

concrete made with RCA and steel fibers [8, 9, 148]. 

 
(a) 

Figure 43: Residual strength of slag-fly ash blended geopolymer concrete with 
various (a) RCA replacement percentage and SF volume fractions and (b) cylinder 
compressive strength 
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(b) 

Figure 43: Residual strength of slag-fly ash blended geopolymer concrete with various 
(a) RCA replacement percentage and SF volume fractions and (b) cylinder compressive 
strength (Continued) 
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an increase is due to the steel fibers’ bridging effect and ability to diminish crack 

propagation and enhance flexural performance. 

 Figure 44(b) presents the change in T150 as a function of 28-day cylinder 

compressive strength. A limited change in T150 was noted when f’c increased in plain 100% 

slag geopolymer concrete. This was not the case for steel fiber-reinforced counterparts. 

Indeed, for every 1 MPa increase in f’c, the toughness of mixes made with 1 and 2% steel 

fiber volume fractions increased by, on average, 0.6 and 0.4 J, respectively. Also, it should 

be noted that, for a specific compressive strength, the toughness changed with steel fiber 

incorporation. For instance, concrete mixes incorporating 0, 1, and 2% steel fiber, by 

volume, with a compressive strength of around 31 MPa had respective toughness values 

of 2.0, 22.3, and 31.5 J. Accordingly, it is clear that toughness was more impacted by steel 

fiber addition than RCA replacement. 

 
(a) 

Figure 44: Flexural toughness of 100% slag geopolymer concrete with various (a) 
RCA replacement percentage and SF volume fractions and (b) cylinder 
compressive strength 

0

5

10

15

20

25

30

35

0 30 70 100

To
ug

hn
es

s, 
T 1

50
(J

)

RCA Replacement (%)

F0
F1
F2



108 
 

 

 
(b) 

Figure 44: Flexural toughness of 100% slag geopolymer concrete with various (a) RCA 
replacement percentage and SF volume fractions and (b) cylinder compressive strength 
(Continued) 

 

 The flexural toughness of slag-fly ash blended geopolymer concrete made with 

different RCA and steel fiber proportions is shown in Figure 45(a). While T150 did not 

significantly change due to RCA replacement in plain geopolymer concrete mixes, 

respective reductions of up to 15 and 44% were noted for those incorporating 1 and 2% 

steel fiber, by volume. Yet, this adverse effect could be countered by steel fiber addition. 

In fact, T150 increased by, on average, 9.2 and 19.6 times when 1 and 2% steel fiber 

fractions were added to the mix, respectively. However, the positive impact of steel fiber 

addition diminished with RCA replacement. Furthermore, the relationship between T150 

and f’c is shown in Figure 45(b). The toughness did not experience significant change as 

f’c of plain slag-fly ash blended geopolymer concrete increased. However, for mixes 

reinforced with 1 and 2% steel fiber, it increased by 0.7 and 4.2 J for every 1 MPa increase 

0

5

10

15

20

25

30

35

0 10 20 30 40

To
ug

hn
es

s, 
T 1

50
(J

)

Compressive strength, f'c (MPa)

F0
F1
F2



109 
 
in f’c. A similar finding to that reported in 100% slag geopolymer concrete is noted here, 

whereby the toughness increased when steel fibers were added to the mix even though the 

compressive strength was the same. 

 
(a) 

 
(b) 

Figure 45: Flexural toughness of slag-fly ash blended geopolymer concrete with various 
(a) RCA replacement percentage and SF volume fractions and (b) cylinder compressive 
strength 
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4.6.6 Equivalent Flexural Strength Ratio 

The equivalent flexural strength ratio (RT,150
 100 ) of 100% slag geopolymer concrete 

is shown in Figure 46(a). For plain concrete mixes, 30, 70, and 100% RCA replacement 

increased the ratio by 32, 75, and 311%, respectively. Despite such increases, the values 

ranged from 0.5 to 1.9%. The impact of RCA was less significant for steel fiber-reinforced 

geopolymer concrete, as mixes made with 1 and 2% steel fiber, by volume, experienced 

23 and 3% respective increases in RT,150
 100  when RCA replacement increased from 30 to 

100%. This enhancement in the equivalent flexural strength ratio is owed to the slight 

increase in toughness and obvious decrease in peak load. Furthermore, steel fiber addition 

of 1 and 2%, by volume, increased RT,150
 100  by, on average, 6.6 and 12.1 times with a more 

pronounced increase at lower RCA replacement.  

 Figure 46(b) presents the relationship between RT,150
 100  and f’c. The two properties 

are clearly inversely proportional. In fact, the value of RT,150
 100  decreased by, on average, 

0.26, 0.22, and 0.04% for every 1 MPa increase in f’c of mixes made with 0, 1, and 2% 

steel fiber volume fractions. This shows that the effect of f’c on RT,150
 100  was reduced as more 

steel were are included in the mix. It is also worth noting that different RT,150
 100  were noted 

for mixes having the same compressive strength but different steel fiber volume fractions. 

For instance, a 31-MPa concrete incorporating 0, 1, and 2% steel fibers, by volume, had 

equivalent flexural strength ratios of 0.5, 6.2, and 7.4%, respectively. As such, it can be 

concluded that steel fiber incorporation had a more significant impact on RT,150
 100  than RCA 

replacement. 
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(a) 

 
(b) 

Figure 46: Equivalent flexural ratio of 100% slag geopolymer concrete with various (a) 
RCA replacement percentage and SF volume fractions and (b) cylinder compressive 
strength 
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increases were much lower in steel fiber-reinforced counterparts with 37% higher RT,150

 100  

being associated with an increase in RCA from 30 to 100%. In contrast, steel fiber addition 

was much more influential on RT,150
 100 . Indeed, 1 and 2% steel fiber volume fractions 

increased RT,150
 100  by, on average, 6.4 and 12.6 times, respectively. This can also be noted 

for mixes having the same compressive strength but higher RT,150
 100  upon fiber addition, as 

shown in Figure 47(b). Furthermore, for mixes made with 0, 1, and 2% steel fiber, by 

volume, RT,150
 100  decreased by an average of 0.06, 0.38, and 0.17% for every 1 MPa increase 

in f’c. Thus, the inclusion of steel fibers had a more prominent impact on the equivalent 

flexural strength ratio of slag-fly ash blended geopolymer concrete than RCA 

replacement. 

 
(a) 

Figure 47: Equivalent flexural ratio of slag-fly ash blended geopolymer concrete 
with various (a) RCA replacement percentage and SF volume fractions and (b) 
cylinder compressive strength 
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(b) 

Figure 47: Equivalent flexural ratio of slag-fly ash blended geopolymer concrete with 
various (a) RCA replacement percentage and SF volume fractions and (b) cylinder 
compressive strength (Continued) 
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decrease in mechanical properties, including compressive, splitting tensile, and flexural 

strength.  

Figure 48 also highlights the impact of steel fiber addition on the water absorption 

of 100% slag geopolymer concrete. Generally, an increase in steel fiber volume fraction 

led to a decrease in water absorption. In fact, it was reduced by, on average, 25 and 43% 

upon the incorporation of 1 and 2% steel fibers, by volume, compared to plain 

counterparts. Accordingly, it can be concluded that steel fiber inclusion can densify the 

geopolymer matrix, thereby reducing the water absorption and enhancing the mechanical 

performance. Similar findings have been reported in 100% slag geopolymer concrete 

made with natural aggregates [105].  

 

Figure 48: Water absorption of 100% slag geopolymer concrete mixes  
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plain concrete made with 30, 70, and 100% RCA had water absorption of 3.7, 5.8, and 

8.2%, respectively, representing 65, 158, and 262% respective increases. This shows that 

the water absorption increased by an average of 23.5% for every 10% NA replaced by 

RCA. Additionally, the effect of incorporating steel fibers in slag-fly ash blended 

geopolymer concrete mixes is examined in Figure 49. An increase in steel fiber volume 

fraction led to a reduction in water absorption. Indeed, the addition of 1 and 2% steel fiber, 

by volume, decreased the absorption by, on average, 11 and 34%, respectively, in 

comparison to the corresponding plain concrete mixes. In conclusion, RCA replacement 

had a negative impact on the water absorption of slag-fly ash blended geopolymer 

concrete. Yet, it could be somewhat countered through the addition of steel fibers. 

 

Figure 49: Water absorption of slag-fly ash blended geopolymer concrete mixes 
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4.8 Sorptivity 

Sorptivity represents the concrete’s tendency to absorb and transport water into its 

microstructure through capillary action, making it an indirect tool to assess the durability 

of concrete. It depends on the permeability and porosity of concrete as well as the strength 

of the capillary forces and size and distribution of the pores [29, 149]. Large capillary and 

small gel pores control the sorptivity. It is because of the different sizes of these pores that 

two types of sorptivity are analyzed, namely initial and secondary sorptivity [150]. As the 

former pores are larger than the latter, water occupies them faster, causing the initial 

sorptivity to be larger than the secondary sorptivity. As such, this thesis only focuses on 

the initial sorptivity. 

Figure 50 presents the plot of absorption over time and is used to find the rate of 

absorption or sorptivity of 100% slag geopolymer concrete. For plain mixes in Figure 

50(a), the slope of the sorptivity curve changes with time and is a function of RCA 

replacement. In fact, mixes made with 0, 30, 70, and 100% RCA maintain the same slope 

for up to 15, 90, 135, and 240 minutes before the slope decreases. This shows that the 

higher the RCA replacement, the more time it takes to fill the large pores present in the 

RCA, which may be cracks or fissures that developed during the production of RCA. In 

addition, RCA replacement was found to be proportional to the absorption at 360 minutes. 

Moreover, Figure 50(b) shows the sorptivity of mixes incorporating 1% steel fiber, by 

volume. Compared to the plain concrete mixes, the slope of the absorption curves did not 

significantly vary due to steel fiber incorporation while the 360-minute absorption value 

experienced little to no change. Conversely, mixes with a 2% steel fiber volume fraction 
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exhibited a decrease in the slope compared to plain counterparts. Also, the slope changed 

at 3, 90, and 240 minutes for mixes made with 30, 70, and 100% RCA, respectively. As 

such, steel fiber-reinforced geopolymer mixes filled the larger pores faster than plain 

mixes due to steel fibers’ ability to restrict water movement and occupy void space in the 

geopolymer structure. Other work reported similar findings in conventional cement-based 

steel fiber-reinforced concrete [151, 152]. 

 
(a) 

 
(b) 

Figure 50: Capillary sorptivity of 100% slag geopolymer concrete mixes over time: (a) 
SF 0%; (b) SF 1%; (c) SF 2%. 
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(c) 

Figure 50: Capillary sorptivity of 100% slag geopolymer concrete mixes over time: (a) 
SF 0%; (b) SF 1%; (c) SF 2%. (Continued) 

 

Figure 51(a) shows the absorption of plain slag-fly ash blended geopolymer 

concrete as a function of time. Mixes made with 0, 30, 70, and 100% maintained the same 

initial slope up to 33, 60, 135, and 240 minutes, after which the slope decreased. This 

shows that the higher RCA replacement required more time to reach absorption stability 

due to the presence of voids in RCA. Additionally, higher RCA content resulted in higher 

absorption at 360 minutes. Figures 51(b-c) present the absorption of steel fiber-reinforced 

slag-fly ash blended geopolymer concrete as a function of time. While 1% steel fiber 

volume fraction did not have a major impact on the slope and absorption, 2% steel fiber 

volume fraction caused a significant reduction in the slope. This signifies a slower 

absorption rate with steel fiber incorporation owing to their ability to restrict water 

movement and occupy larger void space in the geopolymer structure. 
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(a) 

 
(b) 

Figure 51: Capillary sorptivity of slag-fly ash blended geopolymer concrete mixes 
over time: (a) SF 0%; (b) SF 1%; (c) SF 2% 
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(c) 

Figure 51: Capillary sorptivity of slag-fly ash blended geopolymer concrete mixes over 
time: (a) SF 0%; (b) SF 1%; (c) SF 2% (Continued) 

 

 The sorptivity results of 28-day geopolymer concrete mixes are summarized in 

Table 14. The replacement of NA by RCA increased the sorptivity. For 100% slag 

geopolymer concrete, 30, 70, and 100% RCA led to 111, 256, and 356% higher sorptivity, 

respectively. Conversely, slag-fly ash blended geopolymer concrete experienced 

respective increases in sorptivity of 38, 80, and 125%. Nevertheless, steel fiber 

incorporation decreased the sorptivity of RCA geopolymers. In fact, the addition of 1 and 

2% steel fiber volume fractions to 100% slag geopolymer concrete reduced the sorptivity 

by, on average, 7.4 and 11.6%, respectively. The respective average reductions were 5.1 

and 14.4% for slag-fly ash blended geopolymer. Such a decrease with steel fiber inclusion 

may be due to an improvement in the bond within the binding matrix [18]. Similar 

conclusions were noted upon reinforcing cement-based concrete with steel fibers [151-

153]. 
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Table 14: Initial sorptivity of geopolymer concrete mixes 

Mix 
No. 

Mix 
Designation 

RCA 
(%) 

Steel Fibers 
(%) 

Sorptivity x 
10-2 (mm/√s)  

1 S100R0F0 0 0 0.86 
2 S100R30F0 30 0 1.86 
3 S100R30F1 30 1 1.70 
4 S100R30F2 30 2 1.56 
5 S100R70F0 70 0 3.15 
6 S100R70F1 70 1 2.94 
7 S100R70F2 70 2 2.85 
8 S100R100F0 100 0 4.12 
9 S100R100F1 100 1 3.96 
10 S100R100F2 100 2 3.75 
11 S75R0F0 0 0 1.58 
12 S75R30F0 30 0 2.17 
13 S75R30F1 30 1 1.99 
14 S75R30F2 30 2 1.83 
15 S75R70F0 70 0 2.91 
16 S75R70F1 70 1 2.78 
17 S75R70F2 70 2 2.48 
18 S75R100F0 100 0 3.58 
19 S75R100F1 100 1 3.49 
20 S75R100F2 100 2 3.21 

 

 

4.9 Bulk Resistivity 

The concrete durability can be indirectly assessed using bulk electric resistivity or 

simply bulk resistivity. While 20 mixes were carried out in this thesis, those incorporating 

steel fibers were discarded. This is because steel fibers are electrically conductive, 

rendering the results incomparable and unrepresentative of true durability. Figure 52(a) 

presents the bulk resistivity results of 100% slag geopolymer concrete. While the control 

mix with 0% RCA had a resistivity of 8.5 kΩ.cm, those of mixes incorporating 30, 70, 
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and 100% RCA were 6.1, 5.5, and 4.9 kΩ.cm, respectively. This represents respective 

decreases of 28, 35, and 42%, which are owed to the increase in pore space in the 

geopolymeric binder matrix. 

Furthermore, the bulk resistivity of slag-fly ash blended geopolymer concrete is 

shown in Figure 52(b). Values of mixes made with 0, 30, 70, and 100% RCA were 8.2, 

5.9, 3.7, and 3.6 kΩ.cm. The respective reductions in resistivity are 28, 55, and 56%. In 

this case, the replacement of 70% RCA caused a significant impact on the resistivity to 

the extent that 100% RCA did not cause much further reduction. 

 
(a) 

Figure 52: Bulk resistivity of (a) 100% slag and (b) slag-fly ash blended geopolymer 
concrete mixes 
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(b) 

Figure 52: Bulk resistivity of (a) 100% slag and (b) slag-fly ash blended geopolymer 
concrete mixes (continued)  

 

4.10 Ultrasonic Pulse Velocity 

 The concrete quality and durability can be indirectly assessed by the ultrasonic 

pulse velocity test. Similar to bulk resistivity, steel fiber-reinforced geopolymer concrete 

mixes were omitted. Figure 53(a) shows the results of 100% slag geopolymer concrete. 

An increase in RCA from 0 to 30, 70, and 100% led to 5.6, 15.9, and 22.7% decreases in 

UPV, respectively. Nevertheless, values of mixes S100R0F0, S100R30F0, and 

S100R70F0 were above 4.5 km/s, signifying excellent concrete quality based on IS 13311-

1 [154]. The mix made with 100% RCA was classified to have good quality. Similarly, 

these RCA replacements reduced respective UPV values of slag-fly ash blended 

geopolymer by 7.3, 15.0, and 19.9%, as depicted in Figure 52(b). With reference to the 

quality grading of IS 13311-1 [154], mixes S75R0F0 and S75R30F0 were categorized as 

“Excellent”, while S75R70F0 and S75R100F0 were considered “Good”. 
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(a) 

 
(b) 

Figure 53: Ultrasonic pulse velocity of (a) 100% slag and (b) slag-fly ash blended 
geopolymer concrete mixes  

 

4.11 Abrasion Resistance 

The mechanical properties of the concrete and the hardness of the aggregates 

govern its abrasion resistance. In this thesis, the mass loss due to abrasive forces was 
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profile. The abrasion resistance of 100% slag geopolymer concrete is shown in Figure 54. 

For plain mixes made with 30, 70, and 100% RCA, the mass loss was mainly within the 

first 400 revolutions, while counterparts made with 0% RCA had a uniform mass loss 

during the 500 revolutions. In fact, the control mix had a mass loss of 33%, while mixes 

having 30, 70, and 100% NA replaced by RCA had losses of 92, 97, and 100%, 

respectively.  Such higher mass losses are associated with the inferior properties of RCA, 

in addition to the weak interfacial bond between the old mortar and new paste. Similar 

findings were noted in conventional concrete made with RCA [153, 155]. Figures 54(b-c) 

show the abrasion mass loss of steel fiber-reinforced 100% slag geopolymer concrete. 

While the effect of RCA replacement was similar to that of plain counterparts, the mass 

loss values were much lower, indicating a much less pronounced influence of RCA on the 

abrasion resistance of steel fiber-reinforced 100% slag geopolymer concrete. 

The influence of steel fiber addition on the abrasion mass loss of 100% slag 

geopolymer concrete was also investigated in Figure 54. On average, the inclusion of 1 

and 2% steel fiber decreased the abrasion mass loss by 53 and 68%, respectively. This is 

owed to the steel fibers’ bridging effect and ability to improve the geometric integrity and 

densify the geopolymer matrix, thereby increasing the abrasion resistance. Indeed, mixes 

incorporating 2% steel fiber volume fractions had comparable abrasion resistance as that 

of the NA-based control mix. 
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(a) 

 
(b) 

Figure 54: Abrasion resistance of 100% slag geopolymer concrete mixes over time: 
(a) SF 0%; (b) SF 1%; (c) SF 2% 
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(c) 

Figure 54: Abrasion resistance of 100% slag geopolymer concrete mixes over time: (a) 
SF 0%; (b) SF 1%; (c) SF 2% (Continued) 

 

Figure 56 shows the abrasion mass loss of slag-fly ash blended geopolymer 

concrete. Mixes made with 0 and 30% RCA had a nearly linear increase in the mass loss 

as a function of the number of revolutions. Yet, this was not the case with higher RCA 

replacement, where the slope of mass loss increased around 300 revolutions. As a result, 

the mass loss of 0, 30, 70, and 100% RCA mixes were 35, 43, 73, and 88%, respectively. 

Furthermore, steel fiber-reinforced mixes noted a similar trend but the mass loss values 

were lower. Indeed, mixes incorporating 1% steel fiber, by volume, and 30, 70, and 100% 

RCA had mass losses of 27, 57, and 67%, respectively. In turn, 2% steel fiber volume 

fraction addition led to respective mass losses of 26, 34, and 36%, highlighting the less 

significant impact of RCA replacement on the abrasion resistance of steel fiber-reinforced 

slag-fly ash blended geopolymer concrete.  
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The abrasion resistance of slag-fly ash blended geopolymer concrete as a function 

of steel fiber inclusion was also examined. The addition of 1 and 2% steel fiber, by 

volume, decreased the mass loss by, on average, 27 and 51%, respectively. Apparently, 

the incorporation of steel fibers enhanced the abrasion resistance of slag-fly ash blended 

geopolymer concrete to the extent that the mix made with 100% RCA and 2% steel fiber, 

by volume, was comparable to that of the control.  

 
(a) 

 
(b) 

Figure 56: Abrasion resistance of slag-fly ash blended geopolymer concrete mixes 
over time: (a) SF 0%; (b) SF 1%; (c) SF 2% 
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(c) 

Figure 56: Abrasion resistance of slag-fly ash blended geopolymer concrete mixes over 
time: (a) SF 0%; (b) SF 1%; (c) SF 2% (Continued) 
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Chapter 5: Comparative Analysis 

 

5.1 Introduction 

This chapter offers a comparative analysis of the results of 100% slag and slag-fly 

ash blended geopolymer concrete. The comparison comprises the compressive strength, 

compressive stress-strain behavior, modulus of elasticity, splitting tensile strength, 

flexural properties, water absorption, bulk resistivity, UPV, and abrasion resistance. Each 

parameter is discussed in the following sections. 

5.2 Compressive Strength 

 The cube compressive strength of 100% slag and slag-fly ash blended geopolymer 

concrete was determined at the ages of 1, 7, and 28 days to evaluate the strength 

development profile, as summarized in Table 15. At the age of 1 day, geopolymer concrete 

mixes made with 100% slag had superior fcu than slag-fly ash blended counterparts. This 

is believed to be owed to the accelerated reaction of calcium compounds in slag to produce 

calcium silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-A-S-H) gels [64, 

140-142]. With lower slag content, such accelerated reaction was less intense in slag-fly 

ash blended geopolymer concrete. 

Nevertheless, the difference between the fcu of both geopolymer concretes 

decreased at the age of 7 days, owing to high increases in fcu from 1 to 7 days for slag-fly 

ash blended geopolymers. While the 100% slag geopolymers increased by 20-63% 

(average = 35%), slag-fly ash blended counterparts increased by 40-91% (average = 59%). 
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A similar finding is noted between 7 and 28 days, where the average increase in fcu was 

11 and 28% for 100% slag and slag-fly ash geopolymer concrete, respectively. Such a 

continuous increase in the latter is primarily due to the delayed formation of sodium 

aluminosilicate hydrate gel (N-A-S-H) from the activation of fly ash at room temperature 

[93]. Accordingly, the 28-day fcu of 100% slag geopolymer concrete was, on average, 7% 

lower than that of slag-fly ash blended equivalents. Yet, it should be noted that less binder 

was used in the latter geopolymer concrete mixes have similar design cylinder 

compressive strength (30 MPa) as the former. 

Table 15: Compressive strength development of 100% slag and slag-fly ash blended 
geopolymer concrete 

Mix 

Designation 

100% Slag Slag-Fly Ash Blend 

fcu (MPa) 
Increasea 

(%) 
Increaseb 

(%) 

fcu (MPa) 
Increasea 

(%) 
Increaseb 

(%) 1 7 28 1 7 28 
R0F0 38.6 46.4 47.5 20.2 2.4 31.5 44.2 56.8 40.3 28.5 

R30F0 36.9 45.6 47.8 23.6 4.8 26.3 41.8 52.6 58.8 25.8 

R30F1 42.2 51.3 56.2 21.6 9.6 30.2 42.7 61.7 41.4 44.5 

R30F2 43.2 51.8 59.1 19.9 14.1 33.8 45.5 63.8 34.6 40.2 

R70F0 26.4 39.1 47.9 48.1 22.5 19.8 35.0 45.2 76.8 29.1 

R70F1 32.5 45.3 51.4 39.4 13.5 24.0 40.1 49.1 67.1 22.4 

R70F2 37.5 51.3 55.8 36.8 8.8 30.6 44.3 55.8 44.8 26.0 

R100F0 21.8 35.6 37.8 63.3 6.2 18.4 35.1 42.5 90.8 21.1 

R100F1 27.1 37.7 42.0 39.1 11.4 22.6 39.7 48.0 75.7 20.9 

R100F2 28.6 39.1 46.4 36.7 18.7 25.8 41.7 51.4 61.6 23.3 

a Increase in fcu from 1 to 7 days. 
b Increase in fcu from 7 to 28 days. 
 

The effect of RCA replacement and steel fiber incorporation was also different in 

each type of geopolymer. For 100% slag geopolymer concrete, every 10% RCA 
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replacement reduced 1-, 7-, and 28-day fcu by, on average, 3.4, 1.7, and 0.6%, respectively. 

Conversely, slag-fly ash geopolymers experienced respective decreases of 5, 2.3, and 

2.6%. Apparently, the replacement of NA by RCA was more impactful on mixes 

incorporating fly ash. Yet, the values of fcu were still higher when slag was replaced by 

25% fly ash. Moreover, this negative impact of RCA replacement could be countered by 

steel fiber inclusion. For the former mixes, the 1-, 7-, and 28-day fcu increased by, on 

average, 17.9, 10.3, and 11.2%, respectively, for each 1% steel fiber added to the mix, by 

volume. Similarly, it increased by, on average, 20.1, 9.5, and 12.0% for the latter mixes. 

This shows that steel fibers have a similar effect on both types of geopolymers, but with 

higher increases at 1 day, they were more clearly impactful at a very early age. 

 Furthermore, the 28-day cylinder compressive strength of 100% slag (100S) and 

slag-fly ash blended (75S-25F) geopolymer concrete mixes were compared, as shown in 

Figure 57. With reference to f’c of the control mix (31.8 MPa), that of 100% slag 

geopolymer concrete made with 30, 70, and 100% decreased by 5, 5, and 21%, 

respectively. While f’c of the control mix of slag-fly ash blended geopolymer counterpart 

was similar (31.5 MPa), the respective strength reductions were 10, 42, and 50%. Such 

results show that the confinement effect of cubes under compression was more impactful 

on slag-fly ash blended geopolymers. Still, for both concretes, it was possible to reverse 

the impact of RCA by steel fiber addition to the extent that mixes made with 100% RCA 

and 2% steel fiber, by volume, had similar compressive strength as the NA-based controls.  
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Figure 57: Cylinder compressive strength of 100% slag and slag-fly ash blended 
geopolymer concrete 

 

5.3 Modulus of Elasticity 

 The modulus of elasticity (Ec) of 100% slag and slag-fly ash blended geopolymer 

concrete made with NA were 29.5 and 22.4 GPa, as shown in Figure 58. Despite having 

similar compressive stress, it seems that the slope of the stress-strain curves was higher 

for the former mixes, leading to higher Ec. The RCA replacement of 30, 70, and 100% in 

plain 100% slag geopolymer concrete reduced Ec by 42, 44, and 56%, respectively. 

Conversely, Ec of plain slag-fly ash blended geopolymer counterparts decreased by 28, 

42, and 52%. This shows that the RCA replacement had a slightly more pronounced 

influence on the plain 100% slag geopolymer concrete mixes. Still, the Ec values of 

concrete made with 100% slag were higher than those incorporating fly ash. 

 The effect of steel fiber addition on Ec was also investigated in Figure 57. For 

mixes made with 100% slag, Ec increased by, on average, 18% for every 1% steel fiber 
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added, by volume, regardless of RCA replacement. As a result, the Ec of steel fiber-

reinforced concrete were 56 to 83% that of the control mix. Conversely, slag-fly ash 

blended geopolymer concrete noted an average increase of 36% for every 1% steel fiber 

volume fraction. The resultant Ec for steel fiber-reinforced concrete were 73 to 118% that 

of the control mix. As such, steel fiber addition was more impactful on Ec of slag-fly ash 

blended geopolymer concrete than slag-based counterparts. This is possibly due to the 

better bond between the steel fibers and the binding matrix made with slag and fly ash. 

   

Figure 58: Modulus of elasticity of 100% slag and slag-fly ash blended geopolymer 
concrete 
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and 35%. It thus seems that RCA replacement was more impactful on fsp of mixes made 

with 25% fly ash. Moreover, replacing NA with RCA caused an increase in the fsp-to-f’c 

ratio of 100% slag geopolymer concrete, indicating that f’c was more affected by RCA 

replacement than fsp. An opposite finding was noted for slag-fly ash blended geopolymer, 

whereby the fsp-to-f’c ratio decreased due to a prominent influence of RCA replacement 

on fsp. 

 The effect of steel fiber addition on each geopolymer mix was examined in Figure 

58. For 100% slag and slag-fly ash geopolymer concrete, fsp increased by, on average, 95 

and 94%, respectively, for every 1% steel fiber added to the mixes. This shows that not 

only can the steel fiber incorporation reverse the adverse impact of RCA replacement, it 

can also lead to fsp higher than that of the control mixes. Compared to the improvement 

noted for f’c, the enhancement in fsp is superior for both geopolymer concrete mixes. This 

shows that steel fiber addition was more influential on fsp rather than f’c. 

 

Figure 59: Splitting tensile strength of 100% slag and slag-fly ash blended geopolymer 
concrete 
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5.5 Flexural Properties 

5.1.1 Load-Deflection Curves 

 The flexural load-deflection curves of 100% slag and slag-fly ash blended 

geopolymer were affected by RCA replacement and steel fiber addition. For both plain 

concrete mixes, every 10% RCA replacement decreased the slope of the load-deflection 

curve by an average of 25%, highlighting a similar negative impact regardless of the 

binder composition. Yet, this adverse effect of RCA replacement was not as significant in 

steel fiber-reinforced geopolymer concrete. Furthermore, every 1% steel fiber volume 

fraction increased the slope of 100% slag geopolymer concrete made with 30, 70, and 

100% RCA by, on average, 1.7, 3.2, and 11.4 times, respectively. In contrast, the slope of 

the slag-fly ash geopolymer counterpart increased by, on average, 2.5, 3.0, and 3.5 times. 

While the former concrete showed higher slope values and increases than the latter in 70 

and 100% RCA concrete, the latter was superior at 30% RCA replacement. Such findings 

are analogous to those of the modulus of elasticity. 

5.1.2 Flexural Strength 

 The effect of RCA replacement and steel fiber inclusion on the flexural strength 

of 100% slag and slag-fly ash geopolymer concrete is presented in Figure 60. The control 

mixes had respective fr of 6.3 and 6.1 MPa. For the 100% slag geopolymer concrete, 

replacement of NA by 30, 70, and 100% RCA reduced fr by 11, 29, and 51%, respectively. 

This negative impact was more severe on fr than f’c, evidenced by a decrease in the fr-to-

f’c ratio. Conversely, slag-fly ash counterparts showed respective reductions of 27, 40, and 
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53%. It is clear that RCA replacement has a more pronounced influence on mixes with 

25% fly ash. Yet, such influence was analogous to that reported for f’c, implied through 

the little to no change in the fr-to-f’c ratio. 

 The negative effect of RCA replacement could be reversed through the addition of 

steel fibers. For mixes made with 100% slag, 1 and 2% steel fiber volume fractions 

increased fr by, on average, 30 and 105%, respectively. Counterparts made with slag and 

fly ash noted average respective increases of 56 and 110%. These increases are much 

higher than those reported for f’c. As such, it can be stated that the effect of steel fibers 

was more pronounced on fr rather than f’c. Also, steel fiber addition was more impactful 

on slag-fly ash blended geopolymer concrete mixes. Still, in both concretes, it was 

possible to produce a geopolymer concrete made with 100% RCA and 2% steel fiber, by 

volume, with similar flexural strength as the control mixes. 

 
Figure 60: Flexural strength of 100% slag and slag-fly ash blended geopolymer concrete 
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5.1.3 Deflection 

 The peak deflection at mid-span of 100% slag and slag-fly ash blended 

geopolymer concrete prisms were investigated, as illustrated in Figure 61. For the former 

mixes, the replacement of NA by 30, 70, and 100% RCA increased the deflection by 75, 

130, and 160%, respectively. In contrast, it increased by 43, 112, and 178% for the latter 

mixes. Furthermore, steel fiber addition of 1 and 2%, by volume, increased the deflection 

by, on average, 43 and 239%, respectively for 100% slag geopolymer concrete and, on 

average, 44 and 195%, for slag-fly ash counterparts. Despite the relatively similar changes 

to the deflection, it is worth noting that the values of δp were, on average, 15% higher in 

slag-fly ash blended geopolymer concrete, signifying a slight improvement in the 

deflection capacity upon the replacement of slag with 25% fly ash.  

  
Figure 61: Peak deflection of 100% slag and slag-fly ash blended geopolymer concrete 
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5.1.4 Residual Strength 

 Figure 62 presents the residual strength of 100% slag and slag-fly ash blended 

geopolymer concrete. Results show that increasing the RCA replacement from 30 to 100% 

led to, on average, 19 and 51% respective decreases in f150
 100 of 100% slag geopolymer 

concrete. In contrast, f150
 100 of slag-fly ash geopolymer counterparts decreased by, on 

average, 21 and 44%, respectively. Yet, the f150
 100 values of the former were higher, owing 

to generally higher flexural strength. So, to better understand the strength retention 

capacity of each type of geopolymer concrete, the ratio of f150
 100-to-fr was determined. Based 

on the results shown herein, the ratios were, on average, 50.5 and 50.0%, for 100% slag 

and slag-fly ash geopolymer concrete, respectively. This highlights that RCA and steel 

fibers have a similar impact on the residual strength for both types of geopolymer concrete. 

 

Figure 62: Residual strength of 100% slag and slag-fly ash blended geopolymer concrete 
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5.1.5 Flexural Toughness 

 The flexural toughness of plain 100% slag geopolymer concrete ranged between 2 

and 4 J, while that of slag-fly ash blended geopolymer counterparts were in the range of 

1.6-3.2 J, as shown in Figure 63. In comparison, former mixes incorporating steel fibers 

presented toughness values between 21 and 33 J, whereas the latter ones were between 22 

and 49 J. In general, the inclusion of 25% fly ash as a binder in plain geopolymer concrete 

had a limited impact on the flexural toughness, while its incorporation in steel fiber-

reinforced geopolymer concrete resulted in higher flexural toughness. Nonetheless, the 

adverse effect of RCA replacement was slightly more pronounced in slag-fly ash blended 

geopolymer concrete. Yet, this negative impact of RCA replacement was countered by 

steel fiber inclusion, whereby 1 and 2% steel fiber volume fractions increased the 

toughness of said concrete by 9.2 and 19.6 times, respectively. In turn, that of 100% slag 

geopolymer concrete increased by 8.3 and 14.5 times upon adding 1 and 2% steel fibers, 

by volume. Based on these findings, it can be concluded that geopolymer concrete made 

with a blend of slag and fly ash was more influenced by RCA replacement and steel fiber 

addition. 
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Figure 63: Flexural toughness of 100% slag and slag-fly ash blended geopolymer 
concrete 
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on geopolymer concrete regardless of the binder composition. Still, a comparison between 

the values of both concretes shows that RT,150
 100  was 7.8% higher when slag was replaced 

with 25% fly ash. 

 
Figure 64: Equivalent flexural strength ratio of 100% slag and slag-fly ash blended 
geopolymer concrete 
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and equivalent flexural strength ratio of the latter were superior, owing to 15% higher 

deflection capacity and more pore space, i.e., higher water absorption. Furthermore, the 

addition of steel fiber seemed to have a more prominent impact on the water absorption 

of 100% slag geopolymer concrete, as it was reduced by, on average, 25 and 43% for 1 

and 2% steel fiber inclusion, by volume, respectively, compared to respective average 

decreases of 11 and 34% for slag-fly ash geopolymer concrete. Similar findings were 

noted for the initial sorptivity. 

 
Figure 65: Water absorption of 100% slag and slag-fly ash blended geopolymer concrete 
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respectively. Similarly, the UPV of the former was, on average, 8.2% higher than the 

latter, as illustrated in Figure 66(b). This is well-aligned with the water absorption results. 

Furthermore, RCA replacement was more impactful on the bulk resistivity and UPV of 

geopolymer concrete made with 25% fly ash. For instance, every 10% RCA replacement 

decreased the bulk resistivity by, on average, 6.2 and 7.5% for 100% slag and slag-fly ash 

blended geopolymer concrete, respectively. Such a finding is analogous to that reported 

for most mechanical properties. Yet, it should be noted that while 100% slag geopolymer 

concrete was designed to attain the same cylinder compressive strength as slag-fly ash 

blended equivalents (30 MPa), the binder content of the latter was lower. If it were the 

same, it is believed that slag-fly ash blended geopolymer concrete would present superior 

overall performance. Such a hypothesis is based on the results of past work that 

investigated the addition of fly ash to slag-based geopolymer concrete (no RCA or steel 

fibers were included) [38, 49, 156]. 

 
(a) 

Figure 66: Bulk resistivity (a) and UPV (b)  of 100% slag and slag-fly ash blended 
geopolymer concrete 
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(b) 

Figure 66: Bulk resistivity (a) and  UPV (b) of 100% slag and slag-fly ash blended 
geopolymer concrete (Continued) 
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Chapter 6: Conclusions and Recommendations 

 

6.1 Introduction 

 The feasibility of recycling locally available industrial by-products and recycled 

concrete aggregates in producing geopolymer concrete for structural applications was 

evaluated in this study. The binding material was alternated between 100% slag and a 

blend of 75% slag and 25% fly ash. Steel fibers were added to the mixes made with RCA 

to promote their use as structural geopolymer concrete. Such steel fiber-reinforced RCA 

geopolymer concrete offers to be an innovative and sustainable alternative to conventional 

cement-based concrete that addresses multiple globally recognized challenges, including 

the emission of carbon dioxide, production of industrial by-products, and depletion of 

non-renewable natural resources. 

 The experimental testing program aimed to examine the effect of RCA 

replacement and steel fiber inclusion on the performance of 100% slag and slag-fly ash 

blended geopolymer concrete. It involved testing twenty concrete mixes made with RCA 

replacements of 0, 30, 70, and 100% and steel fiber volume fractions of 0, 1, and 2%. To 

investigate the mechanical properties, the compressive strength, splitting tensile strength, 

flexural performance, and modulus of elasticity were determined. In turn, the durability 

properties were evaluated by measuring the water absorption, sorptivity, bulk resistivity, 

UPV, and abrasion resistance. This chapter outlines the main findings and limitations of 

this research work and recommendations for future studies. 
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6.2 Limitations  

The results and findings of this work are limited to the specific types of slag and 

fly ash utilized as binders. The fine aggregates were dune sand, while the coarse 

aggregates were dolomitic limestone. Also, the alkaline activator solution was a mixture 

of grade N sodium silicate solution and sodium hydroxide solution with a molar 

concentration of 14 M. The steel fiber reinforcement was double hooked end with a 

specific diameter and aspect ratio. Variations in these components could lead to different 

results and conclusions than those shown in this thesis. Additionally, the durability 

performance was limited to indirect tests related to transport properties and abrasion 

resistance. Other deterioration mechanisms were not considered. 

6.3 Conclusions 

Based on the experimental testing program carried out in this work, the following 

conclusions can be drawn: 

• The compressive strength development profile of 100% slag geopolymer concrete 

showed that 81 and 98% of the 28-day cube compressive strength was attained 

within 1 and 7 days. Conversely, the 1- and 7-day strengths of slag-fly ash blended 

geopolymer concrete were 55 and 78% that after 28 days. Yet, the 28-day strengths 

of the latter were superior to those of the former despite having lower binder 

content. This signifies that the addition of 25% fly ash resulted in lower early-age 

(1 day) and higher late-age (28 days) cube compressive strength. 

• The 1-, 7-, and 28-day cube compressive strengths of 100% slag geopolymer 

concrete were reduced by up to 44, 23, and 20%, respectively, upon RCA 
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replacement compared to the NA-based control mix. In comparison, those of slag-

fly ash blended geopolymer concrete decreased by up to 42, 21, and 25%. 

However, this adverse effect of RCA replacement could be countered by steel fiber 

inclusion. Actually, the addition of up to 2% steel fiber volume fraction increased 

the 1-, 7-, and 28-day 100% slag geopolymer cube compressive strength by up to 

42, 31, and 23%, respectively, while those of slag-fly ash blended counterpart 

experienced respective increases of up to 41, 18, and 22%. This indicates that steel 

fibers have a more significant impact at 1 day. 

• The effect of RCA replacement and steel fiber addition on the 28-day cylinder 

compressive strength is similar to that of the cube strength. While this finding 

applied to both types of geopolymer concrete examined herein, mixes with 25% 

fly ash experienced slightly higher losses and gains in f’c due to RCA replacement 

and steel fiber inclusion. As such, f’c and fcu of each of 100% slag and slag-fly ash 

blended geopolymer concrete were related using linear regression models to 

predict one property from the other with high accuracy (R2 > 0.90). 

• The replacement of NA by RCA decreased the peak stress and increased the peak 

strain of 100% slag and slag-fly ash blended geopolymer concrete. Yet, steel fiber 

addition increased the peak stress and further increased the peak strain, owing to 

the steel fibers’ bridging effect. This is indicative of enhanced deformability and 

energy absorption capacity. 

• The slope of the compression stress-strain curves characterized the modulus of 

elasticity. The values of Ec decreased by up to 56 and 52% with 100% RCA 

replacement in 100% slag and slag-fly ash geopolymer concrete, respectively. The 
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addition of steel fibers could enhance respective Ec by up to 43 and 70%. Still, Ec 

of the former mixes were superior to those of the latter, bearing in mind a higher 

binder content was used in the former. Also, for both types of geopolymers, mixes 

made with 100% RCA and 2% steel fiber, by volume, could not attain Ec of the 

respective NA-based control mixes.  

• The splitting tensile strength of 100% slag geopolymer concrete decreased by up 

to 25% upon RCA replacement. Yet, every 1% steel fiber added led to, on average, 

a 97% increase in fsp compared to plain counterparts, thus reversing the negative 

effect of RCA on fsp. These results also show that RCA replacement and steel fiber 

addition had a more pronounced impact on fsp than f’c of 100% slag geopolymer 

concrete. Similar changes in fsp were noted in slag-fly ash blended geopolymer 

concrete. Yet, the influence of RCA replacement was more prominent on f’c than 

fsp, while the steel fiber inclusion was vice versa. 

• The peak flexural strength, peak deflection, residual flexural strength, flexural 

toughness, and equivalent flexural strength ratio were employed in evaluated the 

flexural performance of 100% slag and slag-fly ash blended geopolymer concrete. 

For both types of geopolymers, an increase in RCA replacement percentage 

resulted in a decrease in the slope of the flexural load-deflection curve, flexural 

strength, and residual flexural strength. In turn, it caused an increase in peak 

deflection and equivalent flexural strength ratio and a limited impact on the 

flexural toughness. Nevertheless, the inclusion of steel fibers enhanced all flexural 

performance indicators, exceeding those of the control mixes, with more 

pronounced impact on mixes incorporating 25% fly ash. 
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• For 100% slag and slag-fly ash blended geopolymer concrete, the 28-day cylinder 

compressive strength was correlated to the various mechanical and durability 

properties tested herein. These include Ec, fsp, and fr. The newly-developed 

regression models can be used to predict such properties from f’c with good 

accuracy, as R2 > 0.90. A comparison with codified equations shows that they 

provide less accurate predictions for 100% slag and slag-fly ash blended 

geopolymer concrete incorporating RCA and steel fibers.  

• For 100% slag and slag-fly ash blended geopolymer concrete, the water absorption 

increased by up to 255 and 262% upon replacing NA by RCA, respectively. Yet, 

it could be decreased by up to 65 and 40% when steel fibers were added to 

respective mixes. Generally, the values of mixes without fly ash were lower than 

those with 25% fly ash. While the strength results of the two geopolymers were 

similar, it seems that reducing the binder content in the latter may have reduced 

the overall durability. The effect of RCA replacement and steel fiber incorporation 

on the initial sorptivity was similar to that noted for the water absorption. 

• The bulk resistivity of 100% slag and slag-fly ash blended geopolymer concrete 

decreased by up to 42 and 56% when NA was replaced by 100% RCA, 

respectively. In turn, the UPV values experienced respective decreases of 23 and 

20%. Yet, the plain mix with 30% RCA was reported to have “Excellent” quality, 

while those made with 70 and 100% RCA had “Good” quality. 

• For both types of geopolymers, RCA replacement led to lower abrasion resistance, 

i.e. higher mass loss, than the control mixes. However, the addition of steel fibers 
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improved the resistance by up to 74 and 60% to be comparable to that of the control 

mixes. 

6.4 Recommendations for Future Studies 

Experimental results and findings of this thesis highlighted the feasibility of 

employing steel fiber-reinforced RCA geopolymer concrete for structural applications. 

Still, the following research works are recommended for future studies: 

• Evaluate the influence of steel fibers with different geometric shapes, lengths, and 

aspect ratios. 

• Study the effect of various types and quantities of water reducers on the 

rheological and fresh concrete properties of 100% slag and slag-fly ash blended 

steel fiber-reinforced RCA geopolymer concrete. 

• Examine the resistance of slag-based and slag-fly ash blended geopolymer 

concrete to seawater exposure, acid attack, sulfate attack, and elevated 

temperatures. 

• Investigate the mechanical and durability properties of slag-fly ash blended 

geopolymer concrete incorporating other by-products in ternary and quaternary 

mixtures. 

• Develop numerical models to characterize the structural behavior of steel fiber-

reinforced geopolymer concrete made with RCA and validate their accuracy with 

experimental testing of the large-scale concrete beam. 
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• Evaluate the feasibility of employing slag-based and slag-fly ash blended 

geopolymer concrete in structural applications through a lifecycle assessment and 

cost-impact analysis.  
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Appendix  
Table A1: Mixture proportions of trial mixes 

Mix # 
Component (kg/m3) Total 

(kg/m3) GGBS FA SS SH RCA NA DS SP SF 
1 500 0 179 71 0 1000 650 12.5 0 2412.5 

2 500 0 179 71 0 1000 650 12.5 156 2568.5 

3 500 0 179 71 1000 0 650 12.5 0 2412.5 

4 500 0 179 71 1000 0 650 12.5 156 2568.5 

5 450 0 161 64 0 1100 600 11.25 0 2386.25 

6 450 0 161 64 0 1100 600 11.25 156 2542.25 

7 450 0 161 64 1100   600 11.25 0 2386.25 

8 450 0 161 64 0 1100 600 11.25 156 2542.25 

9 300 0 99 66 0 1210 725 7.5 0 2407.5 

10 300 0 99 66 1210 0 725 7.5 0 2407.5 

11 300 0 99 66 1210 0 725 7.5 156 2563.5 

12 375 125 179 71 0 1000 650 12.5 0 2412.5 

13 375 125 179 71 0 1000 650 12.5 156 2568.5 

14 375 125 179 71 1000 0 650 12.5 0 2412.5 

15 375 125 179 71 1000 0 650 12.5 156 2568.5 

16 337.5 112.5 161 64 0 1100 600 11.25 0 2386.25 

17 337.5 112.5 161 64 0 1100 600 11.25 156 2542.25 

18 337.5 112.5 161 64 1100   600 11.25 0 2386.25 

19 337.5 112.5 161 64 0 1100 600 11.25 156 2542.25 

20 225 75 99 66 0 1210 725 7.5 0 2407.5 

21 225 75 99 66 1210 0 725 7.5 0 2407.5 

22 225 75 99 66 1210 0 725 7.5 156 2563.5 

23 187.5 62.5 99 66 0 1220 765 6.25 0 2406.25 

24 187.5 62.5 99 66 1220 0 765 6.25 0 2406.25 

25 187.5 62.5 99 66 1220 0 765 6.25 156 2562.25 
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Table A2: Mixture ratios of trial mixes 

Mix # 
Ratios 

SF (%) FA/GGBS AAS/B SS/SH CA/DS RCA/DS Agg/B SP/B (%) 
1 0.00 0.50 2.52 1.54 0.00 3.30 2.50 0.0% 

2 0.00 0.50 2.52 1.54 0.00 3.30 2.50 2.0% 

3 0.00 0.50 2.52 0.00 1.54 3.30 2.50 0.0% 

4 0.00 0.50 2.52 0.00 1.54 3.30 2.50 2.0% 

5 0.00 0.50 2.52 1.83 0.00 3.78 2.50 0.0% 

6 0.00 0.50 2.52 1.83 0.00 3.78 2.50 2.0% 

7 0.00 0.50 2.52 0.00 1.83 3.78 2.50 0.0% 

8 0.00 0.50 2.52 1.83 0.00 3.78 2.50 2.0% 

9 0.00 0.55 1.50 1.67 0.00 6.45 2.50 0.0% 

10 0.00 0.55 1.50 0.00 1.67 6.45 2.50 0.0% 

11 0.00 0.55 1.50 0.00 1.67 6.45 2.50 2.0% 

12 0.33 0.50 2.52 1.54 0.00 3.30 2.50 0.0% 

13 0.33 0.50 2.52 1.54 0.00 3.30 2.50 2.0% 

14 0.33 0.50 2.52 0.00 1.54 3.30 2.50 0.0% 

15 0.33 0.50 2.52 0.00 1.54 3.30 2.50 2.0% 

16 0.33 0.50 2.52 1.83 0.00 3.78 2.50 0.0% 

17 0.33 0.50 2.52 1.83 0.00 3.78 2.50 2.0% 

18 0.33 0.50 2.52 0.00 1.83 3.78 2.50 0.0% 

19 0.33 0.50 2.52 1.83 0.00 3.78 2.50 2.0% 

20 0.33 0.55 1.50 1.67 0.00 6.45 2.50 0.0% 

21 0.33 0.55 1.50 0.00 1.67 6.45 2.50 0.0% 

22 0.33 0.55 1.50 0.00 1.67 6.45 2.50 2.0% 

23 0.33 0.66 1.50 1.59 0.00 7.94 2.50 0.0% 

24 0.33 0.66 1.50 0.00 1.59 7.94 2.50 0.0% 

25 0.33 0.66 1.50 0.00 1.59 7.94 2.50 2.0% 
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Table A3: Compressive strength development of trial mixes 

Mix # 
Compressive Strength (MPa) Development (%) 
1-day 7-day 28-day 1 to 7 1 to 28 

1 54.9 64.3 60.6 17.0 10.3 

2 56.2 77.5 84.3 38.0 50.0 

3 32.1 38.5 45.7 19.9 42.3 

4 42.3 64.8 61.9 53.3 46.3 

5 42.0 49.9 54.4 19.0 29.5 

6 58.7 75.2 77.2 28.2 31.5 

7 28.4 36.1 41.0 27.0 44.2 

8 36.6 45.3 47.6 24.0 30.3 

9 25.1 27.5 30.8 9.6 22.7 

10 18.4 23.3 24.7 26.6 34.2 

11 21.4 27.3 31.2 27.6 45.8 

12 49.5 66.2 60.5 33.7 22.2 

13 56.0 79.3 80.5 41.6 43.7 

14 29.8 39.1 38.0 31.2 27.4 

15 33.4 49.1 46.6 47.1 39.7 

16 46.5 61.0 61.3 31.2 31.7 

17 49.7 72.7 73.4 46.1 47.5 

18 27.1 35.3 35.7 30.0 31.6 

19 29.4 42.1 43.7 43.4 48.8 

20 30.5 43.1 45.8 41.3 50.3 

21 18.1 24.8 27.2 37.0 50.3 

22 24.1 34.0 40.3 41.1 67.2 

23 17.1 24.3 30.4 42.1 77.8 

24 8.1 13.3 16.1 64.2 98.8 

25 18.5 24.1 30.9 30.3 67.0 
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