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ABSTRACT 

 

This study proposes a sustainable method for improving the performance of 

RAC through the surface treatment of RCA using a DE and BF reinforced 

slurry. RCA was treated with a mix containing 5% DE, ordinary Portland 

cement, and banana fiber ranging from 0–7% to improve its physical and 

mechanical properties. The optimal mix, containing 5% fiber (5/5-RAC), 

significantly enhanced aggregate quality by increasing specific gravity and 

reducing crushing, impact, and abrasion values. 

Concrete made with treated RCA showed notable mechanical 

improvements, with compressive strength increased by 25.14%, tensile 

strength increased by 36.58%, and flexural strength increased by 72% 

compared to untreated RAC. Durability was also enhanced, evidenced by 

reduced water absorption, lower porosity, and less mass loss after exposure 

to elevated temperatures (200°C–800°C). Microstructural analysis (SEM 

and XRD) confirmed better bonding, fiber bridging, and C–S–H formation, 

contributing to long-term stability. 

From a structural application, the 5/5-RAC mix exhibited significant 

improvements in shear performance. Beams without stirrups showed a 

16.12% strength increase at 1.6% reinforcement and 22.22% at 2.5%, while 

a 13.33% improvement was also noted in beams with stirrups. These 

findings highlight the method’s effectiveness for practical structural use. 

Overall, this treatment method offers a cost-effective, eco-friendly, and 

practical applicable to enhance the quality and durability of RAC, 

supporting sustainable construction practices. 
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CHAPTER – 1 
INTRODUCTION 

 

 

1.1 Background: 

The construction sector plays a vital role in driving urban growth and 

industrial development [1]. In India, it is expanding rapidly, fueled by 

population increase and the demand for improved living standards [2]. 

However, the production of C&D waste [3] and natural resource depletion  

[4] provide global concerns for industry. India’s construction industry 

generates substantial waste during the construction, demolition, and 

destruction of concrete structures, exacerbated by inefficient practices and 

disasters [5]. Although this waste is less than that of developed nations, it 

presents significant disposal and environmental challenges [6]. The 

widespread use of cement-based materials in the construction industry has 

significantly increased aggregate demand and aggravated resource 

depletion. Concurrently, the upgrading of old buildings and the construction 

of new infrastructure projects lead to an increase in the production of C&D 

waste. 

 

 

 

 

 

 

 According to Hassan et al. (2023), the global composition of C&D waste, 

as shown in Figure 1 [7], primarily consists of recycled concrete aggregates 

Figure 1 Global C&D waste composition 
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(35%), followed by recycled brick aggregates (20%), asphalt (15%), 

recycled glass aggregates (10%), ceramic (8%), limestone/marble (7%), and 

coal/wood/plastic (5%). Similarly, Trivedi and Snehal et al. (2023) [8] 

reported the C&D waste composition for India, as shown in Figure 2, where 

limestone/marble accounts for the largest share (34%), followed by recycled 

glass aggregates (24%), recycled concrete aggregates (14%), recycled brick 

aggregates (12%), asphalt (6%), ceramic (5%), and coal/wood/plastic (5%). 

Based on these previous studies, recycled concrete aggregate (RCA) forms 

a significant portion of C&D waste composition, highlighting its potential 

for sustainable reuse in construction applications. 

 

 

 

 

 

 

The growing demand for aggregates and the increasing production of C&D 

waste worldwide have been highlighted by several studies, as summarized 

below: 

➢ Yehia et al. (2015) reported that the Asia Pacific region accounts for the 

largest share (67%) of global aggregate consumption, followed by 

Others (19%), North America (8%), and Western Europe (6%), as 

shown in Figure 3 [9] . 

➢ Global demand for aggregates has grown steadily, from 30 billion metric 

tons in 2010 to 43 billion in 2019, reaching 62.9 billion today and 

projected at 74 billion metric tons by 2030 (United Nations 

Environment Programme. 2019) [10] as shown in Figure 4. 

Figure 2 India C&D waste composition 
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➢ The UK C&D industry generates approximately 60 million tons of 

waste annually, accounting for 62% of the nation’s total waste (Market 

Research Future, 2021) [11]. 

➢ In comparison, almost 35% of the global C&D waste is produced in 

India [12], which generates 150 million tons annually (Jain, 2021; 

Kolaventi et al., 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

Additionally, the excessive consumption of natural aggregates for concrete 

production is expected to raise serious concerns about resource depletion by 

2030 [13]. In response to these issues, recycling C&D waste to produce RA 

has gained interest [14]. RA can be used in concrete production for 

structural applications, offering environmental and economic benefits [15]. 

Traditional disposal of these wastes not only takes up significant space in 

landfills but also poses serious environmental issues. These situations have 

highlighted the need for sustainable practices, such as the use of RCA, 

Figure 3 Global aggregate consumption 

Figure 4 Global aggregate demand 
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comes from  C&D waste, as an alternative to NA for the production of 

concrete. RCA utilization addresses resource depletion, reduces waste, and 

promotes circular economy in construction. The deriving forces for RCA 

utilization include environmental sustainability goals, regulatory pressures, 

and the increasing costs associated with natural resource extraction and 

waste disposal. Environmentally, it reduces the need for natural resource 

quarrying and minimizes the corresponding environmental impact [16]. It 

also lowers CO2 emissions since recycling consumes less energy than 

producing new aggregates [17] and addresses landfill overuse [18]. 

Economically, using RCA can reduce transport and energy costs due to local 

sourcing [19]. 

1.2 Objective: 
The important goal of this study is enhancement of the RCA quality for 

structural concrete applications by treating the adhered mortar, as illustrated 

in Figure 5. This is accomplished either by mechanically or chemically 

removing the adhered mortar (such as thermal and ultrasonic treatments) or 

by strengthening it using polymer impregnation, bio-deposition, 

carbonation treatment, or pozzolanic slurry immersion. These treatment 

approaches aim to improve the mechanical performance and durability of 

RCA, promoting its effective use as a sustainable replacement for natural 

aggregates. 

Enhancing RAC’s mechanical and durability properties depends 

significantly on improving RCA quality [20]. Strategies include improving 

the ITZ and strengthening or removal of attached mortar on the surface of 

RCA. Methods for enhancing RCA quality include mechanical, thermal, 

chemical, and ultrasonic treatments for removing attached mortar in RCA; 

and polymer impregnation, mixing approaches, bio-deposition, pozzolanic 

slurry immersion and carbonation treatment for strengthening the adhered 

mortar [21]. 
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To address the limitations of current techniques, a novel approach is 

introduced that uses BF reinforced DE slurry for treating RCA. This method 

aims to enhance RCA quality by addressing ITZ and improving the adhered 

mortar. DE is a silica-rich material recognized for its significant pozzolanic 

activity, capable of filling voids and enhancing RCA surface texture. 

Banana fibers have high tensile strength, biodegradable, and renewable 

nature, can strengthen both the aggregate and cement mortar. This 

innovative slurry is applied to RCA to reduce cracks in the ITZ, improve 

bonding with the new cement paste, and provide a sustainable  alternative 

to conventional treatments. The primary goal is to optimize the BF content 

in the DE slurry with  fiber reinforced to achieve maximum RCA and RAC 

performance. 

 

 

 

 

 

 

 

 

This study aims to optimize BF content in DE slurry with fiber reinforced 

to enhance the performance of  RCA and RAC. It starts by using C&D waste 

to produce RCA, which is treated to improve its properties. Banana fibers 

are then added to the slurry to enhance the bond strength and overall 

performance of the RCA. The treated RCA is incorporated into RAC, which 

is tested for strength and durability. Finally, the optimized fiber-enhanced 

RAC is applied in structural beams, focusing on load-bearing capacity and 

Figure 5 Different treatment methods of RCA 
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long-term performance, creating a sustainable and high-performance 

concrete solution. These steps are shown in Figure 6. 

 

 

 

 

1.3 Problem Definition: 
Despite these advantages, RCA’s use in structural concrete faces technical 

challenges as follows, shown in Figure 7 [22].  

 

➢ Adhered mortar 

➢ High water absorption  

➢ High porosity 

➢ Heterogeneous composition  

➢ Reduce specific gravity 

 

In general RCA has worse mechanical properties compared to NA [23] due 

to the presence of attached mortar [24] and a weak  ITZ [25]. This adhered 

mortar increases porosity and reduces RCA density, resulting in higher 

water absorption and lower fragmentation resistance [3]. The ITZ in 

recycled aggregate concrete is more porous and contains microcracks, 

which weaken the bond between cement paste and aggregates, and 

compromise the strength [26]. Consequently, RAC’s characteristics, such as 

workability [27], compressive  strength [28], split  tensile  strength [29], 

flexural  strength [30], and others [31-37] are typically inferior to those of 

NAC. This inferiority extends to structural performance such as bond 

Figure 6 Application of treated RCA 

Figure 7 RCA 
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behavior [38], load-carrying capacity [39], seismic capacity [40], flexural 

capacity [41] and shear capacity [42]. 

But using RCA directly in structural concrete is challenging because it has 

variable quality, less density, and more porosity than NA. This means that 

RAC is inferior to NAC in strength and durability. 

1.4 Methodology: 

➢ Physical and chemical Characterization of ingredients of concrete 

 (cement, DE, sand, NA and RCA) 

To assess the fundamental properties of raw materials. 

• X-ray diffraction (XRD) for mineralogical analysis. 

• Specific gravity for density. 

• Water absorption for porosity evaluation. 

 

➢ Treatment of Banana fiber 

To prepare banana fibers to reinforce the slurry. 

• Treating with alkaline solution to enhance bonding properties. 

• Cleaning and drying the fibers. 

• Cutting into desired length. 

 

➢ Pre-wetting of RCA 

To minimize the water absorption of RA and increase their workability 

in concrete. 

• Soaking RCA in water for a specified time. 

• Surface drying to achieve saturated surface-dry (SSD) conditions. 

 

➢ BF reinforced DE Slurry preparation 

To create a uniform slurry for RCA treatment. 

• Diatomaceous earth as the base material. 

• Banana fibers for reinforcement. 

• Water and any cement for desired consistency 
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➢ Immersion of RCA in slurry 

Coating of RCA with the prepared slurry. 

• Submerging RCA in the slurry for specified duration. 

• Ensuring uniform coating on the aggregate surface. 

 

➢ Drying of treated RCA 

To allow the slurry coating to adhere firmly to the RCA. 

• Air drying at a controlled temperature. 

 

➢ Mechanical properties of Aggregate 

To evaluate the performance of treated RCA. 

• Aggregate crushing, impact, abrasion value tests. 

• Sive size analysis of aggregate. 

 

➢ Concrete mixing  

To prepare concrete mixtures with treated RCA. 

• Batching materials (cement, DE, sand, NA, RCA, and water). 

• Uniform mixing in a concrete mixer. 

 

➢ Fresh properties of concrete 

To assess workability and consistency. 

• Slump test. 

 

➢ Casting and Demolding  

To prepare specimens for mechanical, microstructural, and durability 

testing. 

• Casting concrete into molds of specified dimension. 

• Demolding specimens after setting.  
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➢ Curing  

To ensure proper hydration and development of strength in concrete. 

• Immersion in water for a specific curing period. 

 

➢ Mechanical Testing 

To assess the concrete strength characteristics. 

• Compressive  strength. 

• Split  tensile  strength. 

• Flexural  strength. 

 

➢ Microstructural properties of concrete 

To analyze the internal structure and bonding. 

• Scanning  Electron Microscopy (SEM). 

• X-ray  Diffraction (XRD). 

• Energy  Dispersive X-ray Spectroscopy (EDX). 

 

➢ Durability of concrete 

To analyze long term performance of concrete. 

• Water absorption. 

• Resistance at elevated temperatures. 

 

➢ Structural application 

To demonstrate practical use cases of the developed concrete. 

• Casting structural elements (e.g. Beam). 

• Load testing under simulated conditions. 
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1.5 Limitations: 

This study is done under a controlled lab environment. The high-water 

absorption of banana fiber requires pre-wetting of treated RCA, adding 

complexity to the process. The DE slurry and banana fiber optimization is 

unique to this study. Additionally, higher contents of banana fiber can cause 

balling effects during mixing, which limits its effective use. 

1.6 Chapterisation Scheme: 

➢ Chapter 1 Introduction: 

This chapter introduces the background, objective, problem definition, 

scope of work and the need to study the treatment of recycled concrete 

aggregate (RCA) using banana fiber-reinforced diatomaceous earth 

slurry. It also outlines the methodology, limitations, and Chapterisation 

Scheme. 

 

➢ Chapter 2 Review of Literature: 

This chapter reviews existing research on recycled aggregates, different 

treatment methods of RCA, banana fiber applications in concrete, 

diatomaceous earth as a treatment material, and the mechanical and 

durability properties of treated concrete. 

 

➢ Chapter 3 Materials and Methods: 

This chapter describes the physical and chemical characterization of 

materials, the alkaline treatment process of banana fiber, the treatment 

process for RCA using banana fiber-reinforced DE slurry, and the 

preparation and testing methods for concrete. It includes details on mix 

design, curing, and experimental setups for mechanical, microstructural, 

and durability studies. 
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➢ Chapter 4 Results  and  Discussion: 

The results presented and interpreted in this chapter are mechanical 

property tests, microstructural analysis, and durability assessments. It 

discusses the effects of RCA treatment, banana fiber, and diatomaceous 

earth on concrete performance. Furthermore, this chapter includes the 

performance of RCA at elevated temperatures and its structural 

application particularly the shear performance of RC beam. 

 

➢ Chapter 5 Conclusion,  Limitations and  Recommendations: 

This chapter summarizes the key findings of the study, highlights its 

contributions to the field of sustainable concrete, and makes 

recommendations for further study and practical uses.  

 

➢ Chapter 6 References:                                                                                                                               

This chapter provides a list of all sources and literature cited for this 

study. 

1.7 Scope of Work: 

The goal of this study is to improve the characteristics of RCA through a 

novel treatment using DE slurry reinforced with banana fiber. Evaluation of 

the treated RCA concrete mechanical, microstructural, and durability 

properties, including properties at elevated temperatures, is the focus of the  

study. Additionally, the research explores the application of the treated 

RCA concrete in structural elements and simulates its behavior under 

different types of loading conditions to evaluate its performance for 

practical use. 
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CHAPTER – 2 
REVIEW OF LITERATURE 

 

 

Researchers have explored various treatment methods to address the 

limitations of direct use of the RCA. They commonly use mechanical 

methods, thermal methods, chemical methods, ultrasonic cleaning methods, 

polymer impregnation, mixing approaches, incorporation of additives, bio-

deposition methods, carbonation, and pozzolanic slurry treatment methods 

to mitigate the poor performance of RCA and RAC.  

 

Figure 8 illustrates various treatment approaches that have been developed 

and studied to remove the mortar adhered to the aggregate. Mechanical 

treatment, which involves scrubbing, reduces adhered mortar using a 

rotating drum, ball mill, impact crusher, or similar equipment [43]. This 

technique can remove up to 62% of adhered mortar [44], improving RAC 

workability up to 0.84-8.95% and compressive strength up to 21- 29% [45]. 

However, it consumes significant energy and causes equipment wear [46], 

generating substantial dust and fine particles [47]. Thermal treatment, such 

as heating up to 500oc for 2 hours, removes up to 90% of the adhered mortar, 

increasing specific gravity by 2.4% and reducing water absorption by 17% 

[48]. This method enhances compressive strength up to 25-34% [44] but 

requires considerable energy input and contributes to greenhouse gas 

emissions. Chemical methods using acids like hydrochloric or sulfuric acid 

effectively clean RCA but pose handling and disposal challenges due to 

hazardous chemicals [49,50]. High frequency sound waves are used in 

ultrasonic cleaning to eliminate the adhered mortar and improve bonding, 

but it requires substantial energy and specialized equipment, limiting its 

widespread application [51]. Combining techniques, including heating and 

mechanical treatment, can improve outcomes but increase complexity and 

have an adverse effect on the environment [52,53].  
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Strengthening the attached mortar to the aggregate can also enhance the 

quality of RCA and RAC, as shown in Figure 9. Polymer impregnation uses 

materials such as silane polymers [54], polyvinyl alcohol [55], epoxy resin 

[56], or aerogel and paraffin [57] to fill voids and cracks, enhancing the 

concrete’s mechanical properties. However, it is expensive and might 

potentially weaken the bond between the new cement paste and RCA. 

Optimized mixing approaches involve carefully proportioning the concrete 

mixes, including RCA, and incorporating pozzolanic powders such as silica 

fume or fly ash to improve RAC properties [58-63]. However, 

improvements are often limited, and effectiveness depends heavily on the 

precise control of the mixing process. Bio-deposition uses microorganisms 

to precipitate calcium carbonate, filling pores and cracks to enhance 

strength but involves costs related to microorganism cultivation and 

inconsistent quality [64-66]. Carbonation treatment converts calcium 

hydroxide in RCA to calcium carbonate, enhancing various concrete 

properties while contributing to carbon sequestration, though a stable CO2 

source is needed [67]. Pozzolanic slurry immersion, using materials like 

silica fume, water glass, nano-silica, pozzolanic powder, or zeolite powder, 

Figure 8 Removal of adhered mortar 
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improves workability and strength by forming additional calcium-silicate-

hydrate [68-70] but the high demand for pozzolanic materials in the cement 

industry has increased costs [71].   

 

 

 

 

 

 

 

 

 

The performance of RAC when exposed to high temperatures is affected by 

numerous factors, including the origin and quantity of RCA, the 

characteristics of the mix constituents, the water to cement ratio (w/c), the 

inclusion of supplementary cementitious materials, the use of  mineral 

admixtures and fibers, and the adopted testing methods [72-77]. Studies 

report varying outcomes regarding RAC's behavior compared to NAC. 

Some findings suggest that RAC exhibits performance like NAC, with no 

distinct link to the replacement ratio, whereas others observe a more rapid 

decline in RAC’s properties under thermal loading [72,73]. 

Additionally, research indicates that RAC generally shows reduced residual 

strength at lower RCA replacement levels (up to 30%) but better retains 

mechanical properties when the replacement rate exceeds 50% [74-77]. 

These contrasting results emphasize the need for more standardized 

investigations on the effects of replacement rates from diverse RCA sources. 

Figure 9 Strengthening of adhered mortar 
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Regarding the water-cement ratio, a lower w/c has been found to result in a 

denser, less porous microstructure, thereby improving fire resistance [78]. 

Moreover, the incorporation of supplementary cementitious materials, such 

as silica flour and silica fume, has been shown to enhance the thermal 

resilience of RAC [79,80]. These materials contribute to a denser 

microstructure through pozzolanic reactions, leading to a refinement of 

pores and enhanced strength under temperatures reaching up to 400°C. 

Similarly, the addition of mineral admixtures has been reported to mitigate 

mechanical deterioration at elevated temperatures (500°C and 800°C) more 

effectively in RAC than in NAC [81]. 

The use of fiber has also been widely recognized for improving RAC’s 

behavior under heat. Steel fibers have been found to boost residual 

compressive strength and fracture toughness [82], while combinations of 

steel fibers with materials like crumb rubber and silica fume further 

strengthen thermal resistance and compressive performance. Polypropylene 

fibers help control explosive spalling by generating pathways for pressure 

release. However, they can weaken the mechanical strength when exposed 

to high temperatures. Basalt fibers, on the other hand, improve thermal 

performance by restricting crack propagation [81]. 
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CHAPTER – 3 
MATERIALS AND METHODS 

 

 

3.1 Characterisation of Ingredients: 

This study used a mix of materials, including RCA, BF, DE, cement, and 

both CA and NFA. The RCA was collected from a recycling plant of C&D 

waste in Indore, India. NA, with a nominal size of 20 mm, was used as 

reference material to compare with the recycled aggregate. Based on 

gradation analysis, the sand met the Zone II classification as per IS 383-

2016 [91]. The specific  gravity and water  absorption rates were evaluated 

to be 2.91 and 1.51% for NCA, 2.39 and 5.67% for RCA, and 2.71 and 0.4% 

for sand. Standardized tests  were conducted to evaluate the properties of 

the cement, sand, and aggregates, with the corresponding results shown in 

Tables 1&2. The equipment used for material characterization is illustrated 

in Figure 10. 

Table 1 Properties of fine aggregate                 

 

 

 

 

Table 2 Properties of coarse aggregate 

 

 

 

The strength of grade 43 Ordinary Portland cement (OPC), which is 

commercially available and complies with Bureau of Indian Standards 

(BIS) requirements, was utilized. Table 3 displays the cement's consistency, 

Properties Fine aggregate 

Classification Natural Sand 

Gradation Zone II 

Specific gravity 2.71 

Water absorption (%) 0.4 

Properties Coarse aggregate 

 NA RCA 

Specific gravity 2.91 2.39 

Water absorption (%) 1.51 5.67 
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specific  gravity, specific  surface area, initial  setting time, and final  setting 

time data. Table 4 displays the compositions of cement and DE  

(chemically) as determined by the XRF study. 

 

 

 

 

 

Table 3 Properties of cement 

Properties Cement 

Consistency 32% 

Initial setting time 56 min 

Final setting time 430 min 

Specific gravity 3.125 

Specific surface area 0.352 m2/g 

 

Table 4 Mineral composition of cement and DE 

 

Commercially available DE powder was used in this study to assess its 

suitability as a treatment material. DE is categorized as Class N natural 

pozzolan according to ASTM C618-19 [83]. The DE exhibited a specific 

gravity of 0.52 g/cm³ and a specific surface area of 68.08 m²/g, as 

determined using the BET method. The high surface area of DE is 

confirmed by BET test results, and its porous microstructure is highlighted 

by SEM analysis. Furthermore, XRF analysis indicated a high silica content 

(Table 4), supporting its effectiveness as a filler in concrete applications. 

Materials SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3 TiO2 MnO 

Cement 17.07 4.95 4.78 0.91 67.6 0.25 1.73 1.67 0.56 0.17 

DE 86.17 7.39 1.69 0.43 0.81 0.78 0.23 0.17 0.4 0.03 

Figure 10 Equipment for testing of cement, sand, and aggregate 
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3.2 Extraction Process of Banana Fiber: 

The extraction of banana fibers is a sustainable process that utilizes 

agricultural waste from banana plants, typically discarded after fruit 

harvesting.  

 

 

 

 

 

 

 

As shown in Figure 11, the process begins with the collection of banana 

stalks from mature plants. These stalks are rich in fibrous material and 

undergo a series of steps to isolate the useful fibers. Initially, the outer layers 

are manually or mechanically separated to expose the fibrous core. The 

fibrous portion is then subjected to mechanical extraction using a 

decorticator machine, which scrapes and isolates the long natural fibers. 

Following extraction, the fibers are thoroughly dried under sunlight to 

eliminate excess moisture and improve storage stability. The resulting 

banana fibers are light, strong, and biodegradable, making them an ideal 

natural reinforcement material for composite applications in construction. 

3.3 Alkaline Treatment of Banana Fiber: 

The “Fiber Region” in Chennai, India, provided the BF used in this study. 

These fibers were mechanically extracted from the banana stem  using fiber 

extraction equipment. The fibers were treated with 6% alkali to eliminate 

hemicellulose, lignin,  wax, and oil coating while also increasing surface  

roughness. For this treatment includes, raw BF is cut into 10mm lengths, 

Figure 11 Mechanical extraction process of banana fiber 
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submerged for three hours in a 6%  NaOH and distilled  water solution, 

washed BF in distilled water until PH reaches to 7, dried in an oven, and 

then separated into single fibers, as shown in Figure 12. The fiber measured 

0.21 mm in diameter, with a density of 900 kg/m3, moisture content of 

12.5%, and a tensile strength of 58.4 MPa, after treatment of BF.  

 

 

 

 

 

 

 

 

 

3.4 Slurry Treatment of RCA: 
The study suggests improving RCA characteristics using DE slurry with BF 

reinforced treatment. The  slurry was made from proposed treated BF, DE, 

and cement. The treatment of surface of RCA with slurries differ depending 

on the DE and BF proportions, with 0%, 1%, 3%, 5%, and 7% fiber dosages. 

Each slurry included 5% DE, as reported in related previous studies. The 

effects of DE with cement as filler materials were compared with control, 

only cement slurry treated RCA. The slurry had a water to binder ratio of 

0.5. Table 5 provides the banana fiber, DE, and OPC dosages for making 

100g of the BF reinforced DE slurry. The slurry type was defined by RCA 

and treated with the slurry as RA-DE/BF, as shown in Table 5. 

 

 

Figure 12 Treatment process of banana fiber 
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Table 5 Slurry composition 

 

To evaluate the effectiveness of surface treatment, NA and RCA were 

utilized as controls for comparison with untreated. Figure 13 shows the 

process described in this study for BF reinforced DE slurry treatment of 

RCA. It involves steps like putting of RCA in a container and adding the 

required water  to obtain to the saturated aggregate. 

 

 

 

 

 

 

 

 

 

 

 

The RCA was left to be in soaked condition for 24  hours to ensure complete 

saturation and absorption. After 24 hours, RA was taken out and dried the 

surface of it for SSD condition. Its purpose is to guarantee that the water-

to-binder ratio is consistent and effective before casting concrete. Similarly, 

BF reinforced DE slurry preparation involves mixing the necessary amount 

of BF, DE, and cement at the dry stage for 2 minutes before pouring it into 

a container containing the required amount of water. After proper mixing of 

ingredients for 2 minutes, the SSD RCA was dipped or immersed and stirred 

in this well-prepared slurry at 0.5-hour intervals to ensure uniform that each 

RCA particle is uniformly coated.  

Slurry type RA-CT RA-5/0 RA-5/1 RA-5/3 RA-5/5 RA-5/7 
 

DE dosage (%) - 5 5 5 5 5 
OPC Cement (%) 100 95 94 92 90 88 
Banana fiber (%) - 0 1 3 5 7 
Water (%) 50 50 50 50 50 50 

Figure 13 Treatment process of RCA 
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Following a predetermined coating duration, the aggregates are removed 

and enabled to cure for 3 days and to dry in a well-ventilated, sunny 

location. Figure 14 depicts RCA phases covered by a BF reinforced DE 

slurry pre-coated layer in treated RCA. 

 

 

 

 

 

3.5 Mix Design and Concrete Preparation: 

The control concrete mixes as a reference were designed to achieve a 30 

MPa targeted strength using a water to cement (w/c) ratio of 0.45, following 

IS 10262 [84] guidelines. The mix included 413.3 kg/m3 of cement and 186 

kg/m3 of water, along with 1246 kg/m3 of natural coarse aggregate and 

683.8 kg/m3 of fine aggregate. The RAC mixes were proportioned by 

substituting the volume of natural CA with corresponding volume of RCA, 

which equals  42.8%.  

Table 6 Mix design of concrete 

Concrete NAC RA-
UT 

RA-
CT 

RA-
5/0 

RA-
5/1 

RA-
5/3 

RA-
5/5 

RA-
5/7 

Cement 413.3 413.3 413.3 413.3 413. 413.3 413.3 413.3 
NA 1246.0 - - - - - - - 
RCA - 1061.9 1023.4 1049.0 1027.6 1023.4 1057.6 1053.3 
FA 683.8 683.8 683.8 683.8 683.8 683.8 683.8 683.8 
Water 186.0 186.0 186.0 186.0 186.0 186.0 186.0 186.0 

 

Table 6 displays the  proportion of mix design for the 8 various types of 

concrete. All coarse  aggregates were in SSD condition. Furthermore, 

because slurry treatment increases in cement  content, the cement utilized 

for RCA treatment was reduced in comparison to the total cement  content 

needed for the mix. 

Figure 14 Treated RCA 
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As illustrated in Figure 15, all specimens were fabricated and cured in 

accordance with the standards of IS 516 (Part 1/Sec 1):2021 [85]. Concrete 

mixes, as detailed in Table 6, were used to cast vibration compacted  

specimens of various sizes for mechanical strength testing. The specimen 

types included 150 mm size cubes for compressive strength tests, 150 mm 

× 300 mm (cylinders) for splitting  tensile  strength tests, and 100 mm × 100 

mm × 500 mm (beams) for flexural  strength tests. For each test, three 

specimens were prepared, resulting in a total of 96 cubes, 72 cylinders, and 

72 beams, bringing the total to 240 specimens. After 24 hours of setting of 

concrete at room temperature, the specimens were demolded and placed in 

water tank for curing  for 7, 14, and 28 days. 

 

 

 

 

 

 

 

 

3.6 Microstructural Characterization: 

The microstructure  of the materials was  characterized by using XRD and 

SEM techniques. Prior to analysis, the concrete specimen was cut into a 10 

mm × 10 mm × 10 mm cube to facilitate handling. The sample surface was 

then polished with progressively finer grits of sandpaper to achieve a 

smooth finish, followed by vacuum drying to eliminate moisture. The dried 

specimen was stored in a desiccator to maintain a moisture-free 

environment before testing. For XRD analysis, a portion of the concrete was 

Figure 15 Methodology 
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ground into a fine powder using a ball mill and sieved to pass through a 75-

micron mesh to ensure homogeneity. The entire equipment and process used 

for microstructure characterization, including sample preparation and 

analytical techniques, are illustrated in Figure 16. This systematic approach 

ensured accurate phase identification via XRD and detailed microstructural 

examination using SEM. 

 

 

 

 

 

 

 

 

 

3.7 Heating and Cooling Methodology: 
To study the effects of high temperatures on treated and untreated RAC, the 

cylinder specimens heated at a controlled temperature increment rate and 

allowing them to cool to room temperatures. The specimens were placed in 

an electric furnace (measuring 47 cm × 47 cm × 43 cm) and heated from 

room temperature (25°C) to targeted temperatures; 200°C,  400°C,  600°C, 

and  800°C—following the rate of heating similar to the ISO 834 [86] 

standard. The temperature-time curve shown in Figure 17 indicates the 

heating rate of specimens. 

Two cylinders were heated at a time, kept at the target temperature for one 

hour to ensure even heat distribution. For confirmation of uniform 

Figure 16 Methodology for microstructure characterization 
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distribution of temperature Testo 868 thermal imager used, shown in 

Figure18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After heating, the furnace was turned off, but the door remained closed for 

an additional hour to allow gradual cooling. Once opened, the specimens 

continued cooling naturally to room temperature before being stored in a 

dry environment for 24 hours prior to testing. This method ensured 

consistent thermal exposure while simulating real-world fire conditions. 

 

 

Figure 17 Temperature vs time curve 

Figure 18 Thermal imaging 
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3.8 Physical and Transport Properties: 

The methodology used to evaluate the physical and transport characteristics  

of concrete after exposure to elevated temperatures is illustrated in Figure 

19. To evaluate the effect of high temperatures on concrete, several physical 

and microstructural properties were assessed. Mass loss was determined by 

calculating the percentage reduction in weight before and after thermal 

exposure. Changes in surface appearance, including color and cracking, 

were monitored through microscopic imaging at identical magnifications 

taken both before and after heating. A crack gauge meter was employed to 

measure the maximum crack widths, providing accurate readings up to 0.01 

mm. Additionally, high-resolution microscopy enabled a detailed visual 

assessment of how cracks initiated and spread across the surface. 

 

 

 

 

 

 

 

 

The capillary water  absorption  test (sorptivity test) was carried  out as per 

EN 480-5 [87]. From each concrete cylinder (150 mm diameter of cylinder 

and 300 mm height of cylinder), a 50 mm thick disc was extracted. These 

discs were oven-dried at 105°C until a constant mass was obtained. To 

ensure controlled testing conditions, all surfaces except the base were sealed 

with epoxy resin, leaving only  the bottom  face exposed to  water. The 

samples were then placed in shallow water, with the level maintained at 5 

Figure 19 Methodology of temperature study 
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mm above the exposed surface. Weights were recorded at time intervals of 

0, 0.25, 0.5, 1, 2, 4, 8, and 24 hours, using a precision scale (±0.1 g). 

For water-accessible porosity, the ASTM C642-97 [88] was followed. 

Concrete samples were oven dried at 105°C–115°C for at least 24 hours 

until reaching a constant dry mass (MA). After cooling, they were immersed 

in water at ~21°C for 48 hours to obtain the saturated mass (MB). 

Subsequently, the specimens were boiled for 5 hours, then allowed to cool 

in water for no less than 14 hours, maintaining a final temperature between 

20°C and 25°C. The mass in air after boiling (MC) and the saturated 

submerged mass (MD) were then measured. These values were used to 

calculate water absorption and porosity, representing the volume of 

permeable pore spaces within the concrete. 

3.9 Casting of RRAC Beam for Shear Performance: 

The step-by-step fabrication process of Reinforced Recycled Aggregate 

Concrete (RRAC) beams. The process begins with the preparation of 

reinforcement cages, as shown in Figure 20, which are placed inside the 

molds.  

 

 

 

 

 

 

 

 

 Figure 20 Reinforcement cage preparation 



27 
 

The entire process of beam casting is shown in Figure 21, starting with 

concrete filling, followed by compaction to ensure proper consolidation. 

After compaction, the beams undergo drying, and then demoulding and 

curing to facilitate strength development. The final RRAC beams are 

shown, ready for structural testing or application. 

 

 

 

 

 

 

 
 

 

3.10 Details of Beam and Test Setup: 

The rectangular beams had a cross section of 150 × 200 mm and a total 

length of 1800 mm, as illustrated in Figure 22. The effective depth was 

maintained at 170 mm, resulting in a shear span to depth ratio  

(𝑎 𝑑)⁄  of 3.3. A uniform 25 mm cover of concrete was provided. To ensure 

under-reinforced behavior, the beams were designed with two different 

longitudinal reinforcement ratios: five beams were reinforced with two 16 

mm bars (ρ = 1.6%), and ten beams with two 20 mm bars (ρ = 2.5%), as 

summarized in Table 7. 

 

 

 

Figure 21 Casting of beam 
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Table 7 Details of beam 

 

 

ID Beam Specimen Beam parameters 

 ρ (%) S @ 1/3 zone (𝒂 𝒅)⁄  

B1 NAC 1.6 w/out stirrups 3.3 

B2 UT-RAC 1.6 w/out stirrups 3.3 

B3 5/3-RAC 1.6 w/out stirrups 3.3 

B4 5/5-RAC 1.6 w/out stirrups 3.3 

B5 5/7-RAC 1.6 w/out stirrups 3.3 

B6 NAC 2.5 w/out stirrups 3.3 

B7 UT-RAC 2.5 w/out stirrups 3.3 

B8 5/3-RAC 2.5 w/out stirrups 3.3 

B9 5/5-RAC 2.5 w/out stirrups 3.3 

B10 5/7-RAC 2.5 w/out stirrups 3.3 

B11 NAC 2.5 Ø8@100 3.3 

B12 UT-RAC 2.5 Ø8@100 3.3 

B13 5/3-RAC 2.5 Ø8@100 3.3 

B14 5/5-RAC 2.5 Ø8@100 3.3 

B15 5/7-RAC 2.5 Ø8@100 3.3 

Figure 22 Cross-section of beam 
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In total, fifteen beams were cast and grouped into two series. The first series 

consisted of ten beams without stirrups—five with 16 mm bars and five 

with 20 mm bars. The second series comprised five beams with stirrups and 

20 mm longitudinal reinforcement. In all beams, two 12 mm steel bars were 

provided as longitudinal reinforcement in top. For the stirrup-reinforced 

beams, 8 mm  diameter round steel bars  were used as shear reinforcement, 

placed along two-thirds of the beam span at 100 mm intervals. 

 

 

 

 

 

 

 

 

To monitor the strain in the longitudinal  reinforcement, strain gauges were 

attached at critical shear zones, as shown in Figure 22. A four point bending 

test setup was employed to evaluate the shear behavior of the RC beams, 

with the complete experimental arrangement illustrated in Figure 23. 

 

 

 

 

Figure 23 Four bending test setup 
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CHAPTER – 4 
RESULTS AND DISCUSSION 

 

 

4.1 Effect on Physical and Mechanical Properties of Aggregate: 
Table 8 presents the result of SG, WA, ACV, AIV, and AAV, of  NA, 

untreated  RCA, and treated  RCA with their standard limit as per IS 2386 

(Part 3&4) [89], [90]. 

Table 8 Physical and mechanical properties of aggregate 

Mix Type SG WA  
(%) 

ACV 
 (%) 

AIV 
 (%) 

ABV  
(%) 

      
NA 2.91 1.51 15.63 6.57 11.54 

RA-UT 2.39 5.67 28.66 23.76 27.45 
RA-CT 2.4 4.21 27.21 25.15 25.03 
RA-5/0 2.48 4.25 26.87 21.05 24.89 
RA-5/1 2.52 5.69 26.3 21.37 23.95 
RA-5/3 2.53 6.59 27.6 21.11 23.83 
RA-5/5 2.6 7.69 23.49 15.9 22.95 
RA-5/7 2.42 10.24 26.07 24.93 29.56 

Standard 
Limit 

2.3–2.9 ≤2 IS 2386 
(P-3) 

≤30 IS 2386 
(P-4) 

≤30 IS 2386 
(P-4) 

≤30 IS 2386 
(P-4) 

 

NA: Natural Aggregate, RA-UT: Untreated RCA, RA-CT: Cement slurry 

Treated RCA, RA-5/0: DE slurry  without BF reinforced treatment of RCA, 

RA-5/1: DE slurry with 1% BF reinforced treatment of RCA, RA-5/3: DE 

slurry with 3% BF reinforced treatment of RCA, RA-5/5: DE slurry with 

5% BF reinforced treatment of RCA, RA-5/7: DE slurry with 7% BF 

reinforced treatment of RCA  

4.2 Effect on Gradation: 

Gradation  analysis showed that all aggregate samples, including NA, 

untreated RCA, cement slurry treated RCA, and RCA treated with DE slurry 

reinforced with varying BF contents (0%, 1%, 3%, 5%, and 7%), fell within 
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the acceptable range of maximum  and  minimum passing limits as specified 

by IS 383: 2016 [91] (Figure 24). This is attributed to the effective crushing 

and manufacturing processes of the local concrete waste recycling plant. 

The gradation curve meets the grading requirements for coarse aggregate so 

that the resulting concrete can be effectively utilized for structural elements. 

The gradation analysis indicates that treated RCA with DE slurry and BF 

reinforcement does not affect significantly to the particle  size  distribution 

of RCA. 

 

 

 

 

 

 

 

 

4.3 Effect on Workability: 

Table 9 summarizes the slump values of various concrete mixes, indicating 

their workability. The NAC has the highest slump of 102 mm, 

demonstrating superior workability. Among RAC mixes, the control treated 

RAC (RAC-CT) and RAC-5/0 showed relatively higher slump values of 72 

mm and 75 mm,  respectively. However, the  addition of fibers from 1% to 

7% (RAC-5/1 to RAC-5/7) led to a gradual reduction in slump, reflecting 

decreased workability due to increased fiber content. 

Table 9 Slump of fresh concrete 

Property NA RA-
UT 

RA-
CT 

RA-
5/0 

RA-
5/1 

RA-
5/3 

RA-
5/5 

RA-
5/7 

         
Slump 101 61 72 75 50 55 54 50 

Figure 24 Gradation of aggregate 
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4.4 Effect on Compressive Strength: 
Figure 25 shows the results of 28  days compressive strength of concrete 

prepared using BF reinforced DE slurry treated RCA. The results suggest 

that treating the RCA surface with BF reinforced DE slurry improves its 

compressive strength significantly. 

 

 

 

 

 

 

 

 

 

 

 

 

At 28 days, the compressive strength showed improvements of 18.12% with 

no fiber addition, 19.15% with 1% fiber, 21.86% with 3% fiber, 25.14% 

with 5% fiber, and 16.55% with 7% fiber, relative to the untreated recycled 

aggregate concrete (RAC-UT). The use of DE slurry alone led to an 18.12% 

increase, while cement slurry on its own resulted in a more improvement of 

3.56%. The optimal performance was observed at 5% banana fiber content, 

where compressive strength nearly matched that of concrete made with NA. 

4.5 Effect on Tensile Strength: 
Figure 26 presents the splitting tensile strength results for concrete made 

with BF reinforced DE slurry treated RCA. The treatment effectively 

enhanced the tensile strength of the RAC. When compared to the untreated 

RAC, which had a tensile strength of 1.91 MPa, the strength increased by 

Figure 25 Compressive strength 
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19.82% with 0% fiber, 21.61% with 1%, 27.14% with 3%, 36.58% with 5%, 

and 20.00% with 7% fiber content. These results highlight the effectiveness 

of the treatment, particularly at 5% fiber levels. 

 
 

 

 

 
 

 

 
 
 
 

 

4.6 Effect on Flexural Strength: 

Figure 27 shows the flexural  strength  test  results of treated RAC, untreated 

RAC, and NAC. The addition of banana fiber to the DE slurry had a notable 

impact on the flexural strength of the concrete. At fiber contents of 0%, 1%, 

3%, 5%, and 7%, the flexural strength increased by 28.22%, 43.73%, 

50.21%, 72%, and 43.76%, respectively, compared to the untreated RAC, 

which had a baseline flexural strength of 3.02 MPa. Among the mixes, the 

5% fiber content delivered the highest improvement, indicating it as the 

optimal dosage for enhancing flexural performance. 

 

 

 

 

Figure 26 Tensile strength 
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4.7 Effect on Microstructural Properties: 
X-ray Diffraction analysis is conducted to evaluate the mineralogical 

composition and to identify the crystalline phases present in a material. The 

XRD patterns of all ingredients—cement, sand, aggregates, and treated 

banana fiber—are presented in Figure 28. These patterns provide valuable 

insights into the internal structure. Notably, the sharp peaks found in the 

alkali treated BF show high crystallinity, which is caused by the efficient 

removal of contaminants such as hemicellulose, lignin surface oil, and wax 

during the alkali treatment process. Furthermore, the presence of 

amorphous silica (SiO₂), especially in supplementary materials is crucial in 

pozzolanic reaction. Within 7 days, it reacts with  Ca(OH)₂ to generate 

additional  C-S-H  gels (given in Equation 1), which significantly improve 

the strength and durability in the composite material. 

SiO2 (from DE) + Ca(OH)2 + H2O → C − S − H                          ……. (1) 

 

Figure 27 Flexural strength 
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The schematic presentation of RCA in recycled aggregate concrete is shown 

in Figure 29. It illustrates the presence of all three Interfacial Transition 

Zones (ITZs): between new  mortar and old  mortar, old mortar and natural 

aggregate (NA), and NA and new mortar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The diagram also highlights the presence of microcracks on the surface of 

the adhered  mortar, which are characteristic of RCA due to the previous 

loading history and mechanical processing. These weak ITZs and surface 

flaws significantly influence the overall performance and durability  of 

recycled  aggregate  concrete. 

 

Figure 28 XRD of cement, DE, banana fiber, and aggregate 
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Scanning Electron Microscopy (SEM) analysis is used to investigate the 

surface of RCA has microstructural changes after different types of 

treatments. The SEM  images in Figure 30 demonstrate a clear distinction 

between untreated and treated RCA. 

 
 
 
 
 
 
 
 

 

 
 

 

 

 

 

 

 

In the untreated RCA, the surface appears rough, porous, and loosely bound, 

with visible microcracks and attached old mortar, indicating weak 

interfacial zones. In contrast, the treated RCA, especially when modified 

with DE slurry as a filler, shows improved surface densification and crack 

filling, resulting in a more compact and homogeneous texture. Furthermore, 

the incorporation of natural fibers, such as treated banana fibers, was 

Figure 29 Schematic diagram of RCA 

Figure 30 SEM of RA+DE+BF and 5/5-RAC 
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analyzed to evaluate their positive and negative effects on the matrix. The 

SEM images demonstrate better fiber dispersion and bonding in treated 

mixes, contributing to enhanced interfacial transition zones (ITZ). Overall, 

the treatment leads to improved microstructure, reduced porosity, and 

enhanced bond characteristics, which are crucial for the  mechanical 

performance and durability  of recycled aggregate concrete. 

4.8 Effect on Mass Loss After Subjected to Elevated Temperatures: 

The  concrete behavior at  elevated  temperatures reveals a series of physical 

and chemical changes shown in Figure 31&32.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At room temperature (≈ 25°C), the surface remains gray, indicating 

chemical stability. At 200°C, there is no significant color change, but minor 

microstructural changes occur due to water evaporation. At 400°C, the 

concrete turns pink/reddish because of the oxidation of iron compounds, 

Figure 31 Color change  

Figure 32 Mass loss 
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typically from riverbed sand and siliceous aggregate. At 600°C, the color 

changes to yellow/buff, reflecting the decomposition of  calcium  hydroxide 

(Ca(OH)₂). At 800°C, the concrete becomes whitish gray because of C-S-H 

dehydration and the breakdown of calcareous materials. In the case of 

banana fiber incorporation, black discoloration appears due to carbon 

release from fiber combustion, indicating thermal degradation of organic 

fibers. 

4.9 Effect on Transport Properties at Elevated Temperatures: 
Transport properties, including water-accessible porosity and capillary 

water absorption (sorptivity), are essential for assessing the durability of 

concrete. Sorptivity is a function  of  the  square  root  of  time, representing 

the rate at which water is absorbed by capillary action. In treated Recycled 

Aggregate Concrete (RAC), both porosity and sorptivity values are 

significantly lower compared to untreated RAC, indicating better resistance 

to water ingress. Sorptivity typically increases steadily up to 8 hours, after 

which it becomes nearly constant across all temperature ranges. However, 

under elevated temperatures, factors such as thermal expansion, moisture 

loss, and microcrack formation degrade the cement matrix and increase void 

interconnectivity, negatively impacting transport properties. 

4.10 Effect on Shear Performance of RRAC Beam: 

The Shear  Force   Diagram (SFD) and Bending  Moment Diagram  (BMD) 

for the four point bending test are shown in Figure 33. The ratio of 

experimental to predicted shear force is consistently higher than one, 

indicating that the IS 456 [92] design code underestimates the actual shear 

capacity of treated RRAC beams. This suggests a higher inherent factor of 

safety in IS 456 [92] based calculations when applied to these types of 

modified concrete. The empirical equation used for calculating the 

predicted shear force as per IS 456 [92] is presented in Equation 2. 

𝑣𝑐 = 0.85√𝑓𝑐 (√1+5𝛽−1)
6𝛽

  where  𝛽 = 0.8𝑓𝑐
6.89𝜌𝑠

> 1                                ……. (2) 
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The  shear performance of treated  Recycled  Aggregate  Concrete (RRAC) 

beams shows a clear improvement over untreated RAC (UT-RAC), 

validating the effectiveness of the treatment strategy.  

 

 

 

 

 

 

 

Table 10 presents the experimentally tested shear force, predicted shear 

force using IS 456 [92], and the ratio of experimental to predicted shear 

force for all fifteen beams. 

In beams without stirrups, the 5/5-RAC mix exhibited a 16.12% increase in 

shear strength at a 1.6% reinforcement ratio and a 22.22% increase at a 2.5% 

reinforcement ratio compared to UT-RAC. Even with stirrups, the 5/5-RAC 

mix achieved a 13.33% enhancement. These improvements are due to the 

combined action of DE, which improves the ITZ, and banana fibers, which 

help in crack bridging and shear failure resistance. In contrast, higher fiber 

content (e.g., 7%) led to fiber agglomeration and increased void formation, 

ultimately reducing strength. 

 

 

 

Figure 33 SFD and BMD 
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Table 10 Shear performance of RRAC beam 

ID Mix Fc 
MPa 

ρ 
(%) 

Pu 
(kN) 

Vtest 
(kN) 

Vpred. 
(kN) 

Vtest/Vpred. 

        
B1 NAC 29.18 1.6 165 82.5 26.1 3.2 
B2 UT-RAC 24.72 1.6 155 77.5 25.4 3 
B3 5/3-RAC 29.05 1.6 170 85 26 3.3 
B4 5/5-RAC 30.89 1.6 180 90 26.3 3.4 
B5 5/7-RAC 28.18 1.6 160 80 25.9 3.1 
B6 NAC 29.18 2.5 215 107.5 30.3 3.5 
B7 UT-RAC 24.72 2.5 180 90 29.4 3.1 
B8 5/3-RAC 29.05 2.5 205 102.5 30.3 3.4 
B9 5/5-RAC 30.89 2.5 220 110 30.6 3.6 

B10 5/7-RAC 28.18 2.5 190 95 30.1 3.2 
B11 NAC 29.18 2.5 265 132.5 30.3 4.4 
B12 UT-RAC 24.72 2.5 225 112.5 29.4 3.8 
B13 5/3-RAC 29.05 2.5 235 117.5 30.3 3.9 
B14 5/5-RAC 30.89 2.5 255 127.5 30.6 4.2 
B15 5/7-RAC 28.18 2.5 240 120 30.1 4 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34 Shear strength of RRAC beam 
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Figure 34 shows the shear behavior of all tested beams, highlighting the 

performance trends. Therefore, 5% fiber content is identified as the 

optimum dosage, offering the best balance between mechanical 

performance, structural reliability, and workability in treated RRAC for 

structural applications. 

4.11 Effect on Failure Pattern of Shear Behaviour of RRAC Beam:  
The failure pattern of RRAC beams under shear, as illustrated in Figure 35, 

predominantly exhibited diagonal shear cracking originating near the 

support and propagating toward the loading point. This is characteristic of 

typical shear failure, where inclined cracks develop due to high shear stress 

in the web region.  

 

 

 

 

 

 

 

 

 

 

 

 

In beams without stirrups, cracking occurred more abruptly and extended 

rapidly, indicating brittle failure. Conversely, beams with fiber 

reinforcement showed improved crack distribution and reduced crack 

widths, highlighting the role of fibers in bridging microcracks and 

Figure 35 Failure patterns of RRAC beam 
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enhancing post-cracking behavior. The presence of banana fibers 

contributed to better energy absorption and delayed crack propagation, 

particularly at the optimum 5% fiber dosage. 
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CHAPTER – 5 
CONCLUSION 

 

 

➢ BF reinforced DE slurry treatment  improves  aggregate  characteristics 

by increasing specific gravity through dense coating, reducing porosity. 

It lowers crushing, impact, and abrasion values, indicating improved 

strength. However, water absorption rises due to the fibrous nature of 

the fibers. Particle size distribution remains consistent. A 5% fiber 

content provides optimal performance. 

 

➢ The treatment of RCA using BF reinforced DE slurry significantly  

enhances the compressive strength of concrete at the optimal 5% fiber 

content. Compared to untreated recycled aggregate concrete, 

compressive strength increases by 25.14%, tensile strength by 36.58%, 

and flexural strength by 72% at 28 days. These enhancements are 

attributed to improved bonding, reduced porosity, and the fiber’s 

bridging action. However, excessive fiber content beyond the optimal 

level reduces the strength. 

 
➢ This approach offers a sustainable, economical, and practical solution. 

By utilizing waste banana fibers and naturally occurring diatomaceous 

earth, it reduces reliance on natural aggregates and promotes sustainable 

construction. The treatment process is relatively simple and can be 

easily integrated into existing recycling workflows, making it a viable 

solution for enhancing the quality of recycled aggregates. 

 
➢ Concrete made with BF reinforced DE slurry treated RCA shows 

reduced water absorption and porosity compared to untreated RAC. The 

concrete remains effective up to 400 °C, due to the filler effect of DE 
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and  the  reinforcing role of  BF, which together enhance their durability 

under high temperatures. 

 

➢ From an application perspective, the optimal mix (5/5-RAC) 

demonstrated notable improvements in shear strength. In beams without 

stirrups, it achieved a 16.12% increase at a 1.6% reinforcement ratio and 

a 22.22% increase at 2.5% compared to untreated RAC. Even in the 

presence of stirrups, the 5/5-RAC mix showed a 13.33% enhancement, 

highlighting its effectiveness in structural applications. 
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CHAPTER – 6 
FUTURE SCOPE 

 

 

➢ Long-Term Durability Studies: 

Future research should concentrate on evaluating the long-term 

durability of treated RAC under actual circumstances, such as 

freeze-thaw cycles, chloride ingress, carbonation, and sulfate attack. 

 

➢ Optimization of DE Treatment: 

Optimization of DE slurry to maximize pozzolanic reactivity and 

bond enhancing properties, especially in the ITZ, more investigation 

is required to refine its composition, concentration, and application 

technique. 

 

➢ Life cycle assessment (LCA) and sustainability: 

A thorough LCA should be carried out to determine the suggested 

approach's environmental benefits. In comparison to traditional 

concrete, this would measure decreases in waste production, 

resource consumption, and carbon footprint. 

 

➢ Structural Applicability: 

Examining how treated RAC behaves in full-scale structural 

components like slabs, columns will help determine whether it is 

feasible for use in more extensive structural applications. To support 

practical implementation, field-level research on workability, mix 

design adjustment, and construction techniques are also required. 
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