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Abstract 

Concrete is among the most widely used construction materials globally, 

and its demand is growing due to rapid infrastructure development with increase 

in an urban population that has led to a significant increase in cement production. 

As the primary binder in concrete, cement contributes substantially to strength 

development, but its production process is highly energy-intensive and a major 

source of CO₂ emissions—accounting for approximately 7% of global emissions. 

The process involves the combustion of fossil fuels and the calcination of raw 

materials, both of which contribute to environmental degradation. In addition, 

conventional concrete suffers from limitations such as porosity, chloride 

penetration, reduced workability, and low tensile strength. These challenges 

highlight the need for sustainable alternatives that reduce environmental impact 

while enhancing concrete performance. 

India is currently second largest producer of crude steel after China with 

a market share of almost 6%. The Government of India is taking the initiative to 

promotes steel manufacturing by setting a target of 300 million tons crude steel 

in National steel policy 2017. This growth has led to the generation of large 

quantities of iron waste, which is often disposed of in landfills, contributing to 

soil pollution and environmental degradation this underscores the need for 

sustainable waste management solutions. 

The present study addresses these two critical environmental challenges: 

the rising levels of atmospheric CO₂ because of increasing usage of cement and 

the increasing iron oxide waste generated from the steel industry. The production 

of cement significantly contributes to global CO₂ emissions, while finer iron 

waste often ends up in landfills, adversely affecting soil morphology. The 

incorporation of reduced graphene oxide (rGO) and ferrock into concrete aims to 

improve strength along with a reduction in cement usage.  

Ferrock is a material that hardened through the carbonation of waste iron 

powder collected from steel industries to form strong composite with other 

pozzolanic materials. Ferrock contains iron oxide, fly ash, metakaolin, limestone 

and oxalic acid as raw materials. It utilizes iron oxide as the primary binder in 
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ferrock which reacts with CO₂ in the presence of oxalic acid to form complex iron 

carbonates which are responsible for its hardening. This hardening reaction uses 

CO₂ to form products that make ferrock works as a carbon-negative material. 

Recently the use of nano materials is increasing in construction due to their 

exceptional properties of large surface area and good tensile strength. rGO is a 

carbon-based nanomaterial derived from graphene oxide, exhibits a high surface 

area and tensile strength, making it highly suitable for enhancing cementitious 

composites. Its hydrophilic nature and water dispersibility support uniform 

dispersion in the concrete matrix. Its incorporation improves binding within the 

matrix, contributing to improved mechanical behavior. 

The objective of this study is to investigate the individual and combined 

effects of rGO and ferrock as partial substitutes for cement. The aim is to reduce 

cement consumption, manage industrial waste effectively, and enhance the 

strength and durability of concrete, thereby contributing to sustainable 

construction practices. 

Initially, the study focuses on the preparation of ferrock and investigates 

the optimal ratio of raw materials along with suitable CO₂ curing duration. This 

optimized composition and curing period are then used consistently throughout 

the research. The research explored the reactivity of iron oxide with CO₂ in the 

presence of oxalic acid, leading to iron carbonate formation, which enhanced 

binding properties and provides strength. Sixteen mixes were prepared with 

varying proportions of iron oxide, fly ash, metakaolin, limestone and carbon 

curing durations of 2,3,4,5 and 6 days followed by 3 days of air curing. The 

unconfined compressive strength test was performed to identify the optimal mix 

and carbon curing duration against the mix that gained highest strength among all 

the mixes. The results identified 62%, 20%, 10%, 6% and 2% as the optimum 

ratios of iron oxide, fly ash, metakaolin, limestone and oxalic acid respectively 

which achieved highest strength of 41.46 N/mm2 at 4 days of CO₂ curing. 

Energy Dispersive X-Ray Spectroscopy (EDS) confirmed a significant 

reduction in iron oxide content after four days of CO₂ curing compared to one 

day, indicating its reaction with CO₂ to form carbonation products. X- Ray 

Diffraction (XRD) analysis identified the mineral phases of iron, while Scanning 



v 
 

Electron Microscopy (SEM) revealed the particle morphology contributing to 

microstructural development. 

The concrete mixes were prepared with rGO and ferrock as partial 

replacement of cement in ratio 0.1%, 0.2%, 0.4%, 0.6%, 0.8% and 5%, 10%, 15%, 

20% respectively. Concrete mixes were prepared using a combination of rGO at 

0.2% and ferrock at varying replacement levels of 5%, 10%, 15%, and 20%. 

During testing, the mix containing 0.2% rGO achieved the highest strength 

among all rGO-modified mixes; therefore, this proportion was consistently used 

in further combinations with ferrock. 

All these mixes were tested for the fresh properties by slump cone test and 

compaction factor test to check the workability and compaction degree of fresh 

mix. The hardened properties of all mixes were determined by compressive, split 

tensile and flexural strength tests at 3 days, 7 days, 28 days, 56 days and 90 days. 

The samples with ferrock were initially cured in CO₂ environment for 4 days and 

then transferred to water tank for curing. Further durability of all concrete mixes 

was determined by total absorption test, water permeability test, initial surface 

absorption test and rapid chloride penetration test at 28, 56 and 90 days of curing. 

Microstructural analysis was conducted by SEM, EDS and XRD to study surface 

morphology, elemental composition and minerals peaks respectively. 

Carbonation tests were done on mixes which contain ferrock by using 

phenolphthalein as an indicator to provide visual interpretation for carbonated 

and non-carbonated areas of concrete and results reported.  

The findings of the study concluded that 0.2% rGO showed highest 

improvement in compressive, split tensile, and flexural strength of 37.38%, 

49.77% 29.06% respectively at 28 days of curing in all mixes of rGO. The mixes 

with ferrock showed 10% replacement showed the highest improvement of 

36.51%, 37.55%, 19.38% for compressive, split tensile and flexural strength 

respectively at 28 days of curing among all mixes of ferrock. The mixes with rGO 

and ferrock combined showed optimum results with  rGO 0.2% and ferrock 10%. 

This mix showed optimum improvement as 82.74%, 40.31%, and 54.75% for 

compressive, split tensile, and flexural strength respectively.  
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The durability tests were performed at 28 days, 56 days and 90 days of 

curing on all mixes and findings concluded that durability was improved with the 

inclusion of rGO and ferrock individually also together. Mixes with rGO 

exhibited less water and chloride penetration, with 0.8% rGO achieving the 

lowest absorption and penetration across all curing days. For chloride resistance, 

0.6% showed the lowest permeability, classified as very low at 90 days. 

Increasing ferrock content in concrete enhances durability by reducing absorption 

(3.5% in FC5 to 2.33% in FC20) and penetration depth (27.2 mm to 17.6 mm). 

Initial Surface Absorption Test values dropped from 0.53 to 0.43 ml/m²/sec, and 

Rapid Chloride Penetration Test showed lesser chloride permeability, with FC10 

decreasing from 1972 to 941 coulombs lie in low penetration zone. These results 

confirm the effectiveness of ferrock in improving concrete durability. The 

concrete matrix was found to be dense, compacted to enhance bonding between 

aggregates and other materials and reduce porosity. Increasing the ferrock ratio 

with constant 0.2% rGO enhanced durability by reducing water and chloride 

penetration in concrete. At 90 days, GC0.2F20 improved water penetration, 

absorption, and ISAT by 35.29%, 61.9% and 35.71%, respectively. The chloride 

penetration test showed GC0.2F10 had the highest chloride reduction of 72.47%, 

classified as low chloride penetration. 

Microstructural and mineralogical analyses supported the performance 

enhancements observed in the modified concrete mixes. SEM revealed denser 

and more compact structures in samples with rGO, although excessive dosages 

led to visible agglomeration. Mixes containing ferrock exhibited reduced 

porosity, while the combination of rGO and ferrock showed complex hydrated 

crystal formations. EDS confirmed the presence of key elements such as silicon, 

Ca, and oxygen, which contribute to strength development. XRD analysis 

identified quartz as a common phase in all mixes, along with additional peaks 

such as SiO₂, CSH, and calcium carbonate. Notably, the combined mixes also 

showed the formation of iron carbonate, indicating beneficial mineralogical 

transformations that support both mechanical performance and durability. 

The carbonation test was performed on mixes containing ferrock as CO₂ 

curing provided to samples contained ferrock only and results revealed that 



vii 
 

concrete with ferrock absorbs CO₂. Phenolphthalein was used as an indicator, 

turning pink in non-carbonated areas and remaining colorless in carbonated areas. 

Concrete cubes were subjected to CO₂ curing for 4 days, followed by 28 days of 

water curing. The cubes with ferrock showed there was maximum carbonated part 

shows CO₂ was absorbed in ferrock. A sample with ferrock showed no pink 

coloration, suggesting complete CO₂ absorption due to the conversion of iron 

oxide into iron carbonates. Mixes FC5, FC10, FC15, and FC20 displayed varying 

degrees of carbonation, with FC5 showing the most pink area (least carbonation) 

and FC20 the least pink (highest carbonation). The results confirm the role of 

ferrock as a CO₂-absorbing material, with higher ferrock content enhancing CO₂ 

absorption. 

Results found that strength and durability improved at all replacement 

ratios as compared to control sample. This research promotes sustainability by 

recycling iron oxide, which is waste generated from steel industries that would 

otherwise landfill or dumped, polluting soil morphology. The use of nano 

materials in concrete can improve properties of concrete in terms of durability 

and promote strength development. The incorporation of ferrock can improve 

strength with carbon absorbing concrete which can practically be used in various 

structures to form carbon negative structures. Their incorporation not only 

enhances mechanical strength and microstructural integrity but also contributes 

to sustainable construction and recycling industrial waste. Findings support the 

development of rGO ferrock concrete to form sustainable alternatives, promotes 

recycling of steel industrial waste dust, prevents landfilling, reduces CO₂ 

emissions as compared to conventional concrete by reducing the cement usage. 

 

The objectives of this study are mentioned below.  

Objectives: 

1. To test the physical and chemical properties of graphene and ferrock to study their 

feasibility as an additive to cement concrete to improve its compressive strength. 
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2. To study the pore structure of concrete composite for mixing efficiency, compaction 

degree and strength development. 

3. To prepare concrete having different proportions of graphene and ferrock as 

replacement of cement and testing the hardened composites samples for pore structure, 

tensile and compressive strength, and durability. 

4. To carry out cost analysis of graphene- ferrock concrete developed. 
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Figure 4.35 XRD peaks of mix (a) GC0.2 and (b) GC0.1 
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Figure 4.36 XRD peaks of mix (a) FC5, (b) FC10, (c) FC15 and (d) FC20 
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Figure 4.38 Carbonation test results of mix (a) FC5, (b) FC10, (c) FC15 and (d) FC20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxii 
 

Appendix 

American Society for Testing and Materials ASTM 

Angle between the incident beam and a scattered beam of X - ray 2θ 

Bureau of Indian Standards BIS 

By weight of cement bwoc 

Calcium aluminate hydrate CAH 

Calcium aluminate silicate hydrate CASH 

Calcium Hydroxide Ca(OH)2  

Calcium Silicate Hydrate CSH 

Carbon C 

Carbon Dioxide CO2 

Carbon Nano Tube CNT 

Compression Testing Machine CTM 

Compressive Strength CS 

Di calcium silicate C2S 

Energy Dispersive X- ray Spectroscopy EDS 

Flexural Strength FS 

Fly Ash FA 

Functionalized Graphene Nanosheets FGN 

Gram gm 

Graphene Nanoplatelets GNP 

Graphene Oxide GO 

Green House Gases GHG 

Indian Standard IS 

Initial Surface Absorption Test ISAT 

Interfacial Transition Zone ITZ 

Iron Ore Tailings IOT 

Iron Oxide IO 

Kilogram Kg 

Limestone LS 

Mega Pascal MPa 



xxiii 
 

Metakaolin MK 

Metric Ton Mt 

Meter cube m3 

Mili liter ml 

Mili meter mm 

Nano Silica NS 

Ordinary Portland Cement  OPC 

Oxalic Acid OA 

Percentage % 

Rapid Chloride Penetration Test RCPT 

Reduced Graphene Oxide rGO 

Scanning Electron Microscopy SEM 

Self-Compacting Concrete SCC 

Silicon Dioxide SiO2 

Sodium chloride NaCl 

Sodium hydroxide NaOH 

Split Tensile Strength TS 

Supplementary Cementitious Materials SCM 

Sustainable development goals SDG 

Tri calcium silicate C3S 

Unconfined Compressive Strength UCS 

X-ray Diffraction XRD 

 

 

 

 

 

 

 



1 
 

Chapter 1 Introduction 

1.1 Background 

Concrete is one of the most widely used construction materials valued for its 

versatility and efficiency. The construction industry significantly contributes to global 

Carbon Dioxide (CO₂) emissions, with cement production accounting for about 7% of 

total emissions. However, increasing demand for performance and durability in 

construction have led to a rise in concrete production [1]. Driven by an urbanization 

and increasing demand for modern infrastructure, the construction industry has become 

a major source of CO₂ emissions [2]. The construction sector is responsible for 

approximately 50% of total Green House Gas (GHG) emissions and 40% of global 

material consumption, positioning it as a major contributor to resource depletion and a 

critical challenge for achieving sustainability [3]. The building sector, which is 

accountable for more than 30% of the world's natural resource extraction and 25% of 

the creation of solid waste, plays a crucial role in global sustainability efforts [4]. United 

Nations assessment claims that the building sector is responsible for 38% of CO₂  

emissions, which fuel climate change [5]. The environmental impact of cement 

production, an important component of concrete, is significant due to the emission of 

CO₂ [6] [7]. The production of cement produces approximately 1 ton of cement 

generating nearly 0.8 tons of CO₂ [8]. This raises serious concerns about the material’s 

contribution to climate change and the global environmental crisis. These activities 

result in generate problems like excessive energy use, environmental damage, mostly 

from burning fossil fuels and the realization that cities account for almost 70% of 

worldwide CO₂  emissions [2]. Figure 1.1 presents the CO₂ emission by different 

sectors. These findings demonstrate the need for more scientific research to create a 

sustainable way of preparing concrete that is cost-effective and eco-friendly without 

compromising its strength and longevity. 
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1.2 Need for sustainable materials in concrete 

Over the years, there has been a consistent increase in cement production 

worldwide. "Mineral Commodity Summaries 2019" states that output increased from 

0.94 billion tons to 2.284 billion tons between 1970 and 2005 [9]. Following that, there 

was a notable rise, reaching 4.05 billion tons in 2017, followed by a slight increase to 

4.1 billion tons in 2018 [9]. Cement manufacturing is the third-largest industrial emitter 

of CO₂, accounting for around 7% of global CO₂ emissions annually [2] [10] [11] [12]. 

However, the environmental degradation resulting in this expansion in cement 

production is high, and it plays a major role in the problems that our world is now 

confronting. One of the most widely used materials of the construction industry is 

concrete. Concrete production requires large quantities of raw materials, primarily 

aggregates, cement and water. Cement, a fine grey powder, acts as a binding agent in 

concrete mixes. Alumina, lime, gypsum, and iron are the main basic elements used in 

the manufacturing of cement. The production process of cement involves the steps of 

Figure 1.1 CO₂ emission by different sector 
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burning raw materials at high temperatures which impacts the environment by emitting 

large quantity of carbon emissions. One ton of CO₂ is released for every ton of Ordinary 

Portland Cement (OPC) produced, making this production process associated with 

substantial CO₂ emissions [1] [4]. Figure 1.2 presents CO₂ emissions by different 

countries illustrating the rise in emissions in recent years due to the construction 

industry. Given how extensively concrete is used in the building industry worldwide, 

this is a major contributor to environmental issues [13] [14] [15]. India is the third-

largest emitter of CO₂  in the construction sector, with 559.2 metric tons in 2021 [16]. 

Among the major contributors to these environmental challenges, the cement industry 

stands out due to its significant carbon footprint and energy consumption. Reducing 

cement production is crucial and can be addressed by identifying sustainable 

alternatives to conventional cement that help in achieving the required strength and 

improving quality. 

 

 

Figure 1.2 CO₂ emission by different countries 
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The necessity for environmentally friendly solutions to satisfy material needs 

without causing additional environmental deterioration is becoming more important. 

According to the Cement Sustainability Initiative (2006), cement production typically 

generates approximately 866 kg of CO₂ per ton of clinker. The primary source of carbon 

emissions in this process is clinker production. Therefore, substituting clinker with 

Supplementary Cementitious Material (SCM) presents an effective strategy for 

reducing CO₂ emissions [17]. Ongoing research focuses on incorporating various waste 

materials, including concrete composites, to enhance recycling and conserve raw 

resources. This approach significantly reduces the environmental impact commonly 

associated with cement production [18] [19] [20]. Previous studies incorporated 

agricultural waste [21] [22] [23], industrial waste [24] [25] and construction demolition 

waste [26] [27] [28] [29] primarily to reduce use of cement and promote waste 

recycling. In addition, researchers are exploring the potential of nano materials to 

enhance performance of concrete. These nanomaterials, when used in small quantities, 

can significantly improve the mechanical strength and durability of concrete, further 

contributing to sustainable construction practices. 

Nano materials such as Graphene Oxide (GO) [30] [31] [32], Graphene 

Nanoplatelets (GNP) [33] [34] [35], reduced graphene oxide (rGO) [36] [37] [38] 

[39] [40], Carbon Nano Tube (CNT) [41] [42] [43] and Nano Silica (NS) [44] 

[45] [46] have been studied to enhance concrete’s mechanical strength and 

durability. The effectiveness of several materials as partial cement replacement 

and the optimization of the replacement ratios are subjects of extensive study, 

analyzing important aspects such as strength development, durability and the 

overall sustainability of the resultant concrete [47] [48] [49]. The nanomaterials 

make the concrete structure denser and more compact due to the filler effect. 

Among the various alternative approaches, the utilization of industrial and 

agricultural waste materials offers a dual advantage of waste management and 

carbon reduction. 

The issue of waste disposal is becoming more challenging due to 

increasingly stringent regulations and limited environmentally sustainable 

options present significant challenges. Consequently, recycling waste has become 
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essential for minimizing environmental impact and promoting sustainability. It is 

suggested that cement be partially replaced with environmentally friendly 

materials that nonetheless have a high bonding strength. Because of the beneficial 

results they have yielded, pozzolanic materials have been carefully examined in 

several research initiatives and studies. The incorporation of pozzolanic materials 

has been shown to improve concrete's workability, mechanical strength, and 

aggregate bonding. This environmental burden has prompted researchers and 

industry professionals to explore more sustainable alternatives to traditional 

cement. Alongside the use of waste materials, recent advancements in 

nanotechnology have paved the way for enhancing the performance of 

cementitious composites. 

In concrete, different kinds of nanomaterials have been used, such as CNT, 

NS, GO, graphene nanosheets, and GNP. Graphene, a carbon-based nanomaterial, 

is widely recognized for its exceptional physical properties. In terms of thickness, 

it is a one-atom, two-dimensional carbon plane arranged in a hexagonal grid that 

is very good at conducting electricity, heat, and force [50]. Its length ranges from 

hundreds to thousands of nanometers (1000–100,000 nm) and its thickness is a 

few nanometers (1–7 nm). Study suggests that incorporating nanoparticles can 

significantly enhance the properties of concrete and mortar [51]. Nanomaterials 

exhibit high reactivity, altering chemical processes and the behavior of cement 

mixes. The incorporation of nanofillers significantly alters the properties of 

cement composites in both fresh and hardened states because of structure become 

more compact and denser [52]. Conventional concrete has significant 

Compressive Strength (CS), but it often lacks the requisite Flexural Strength (FS), 

Split Tensile Strength (TS) and durability for contemporary infrastructure due to 

its propensity to fracture and inadequate cohesion. Recent research indicates that 

incorporating nanoparticles into cementitious materials helps prevent the 

formation of fissures. Nanomaterials such as GO, nano-TiO₂, and nano-SiO₂ are 

increasingly used in construction due to their ultra-fine particle size, which 

enhances the strength and rheological behavior of cement paste [53] [54] [55]. 

The addition of nanoparticles added to cement pastes improves their properties 
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by filling pores and speeding up the pozzolanic reaction, which improves the total 

performance of the material [25]. The reduction process introduces some defects 

that enhance the bonding of rGO with the cement matrix. Graphene has a tensile 

strength of 50 GPa and an elastic stiffness of around 1 TPa. This indicates that it 

renders cement-based products less susceptible to fracture [56]. New construction 

materials are being made, which is a good sign for a future with lower cement 

production and environmental costs. Due to its unique properties—including a 

specific surface area of 2630 m²/g, tensile strength of 130 GPa, and high thermal 

conductivity of 5300 W·m⁻¹·K⁻¹ GO is considered a promising material for 

reinforcing cement composites [52]. The presence of functional groups such as 

hydroxyl, epoxide, carboxyl, and carbonyl on the surface of GO enhances its 

mobility in water and promotes its integration with cement materials [57]. These 

oxygen functional groups not only enable GO to disperse effectively in water and 

other aqueous solutions characteristics not observed in pristine graphene—but 

also provide GO with superior dispersion compared to other carbon-based 

nanomaterials [58]. However, similar to other carbon-based nanomaterials, 

achieving uniform dispersion of GO within the concrete matrix remains a 

significant challenge [59]. Beyond graphene-based materials, research is also 

being conducted on various other nanomaterials to enhance the properties of 

concrete. Previous studies have shown that adding nano-silica to concrete in 

proportions of 1%, 1.5%, and 2% increased its CS by 2.2%, 29%, and 34%, 

respectively [60] [61] [62]. When NS was used in amounts of 4% and 3%, the 

compression strength went up by 31% and 21%, respectively [63] [64]. Studies 

found that very small amounts of CNT (0.02%, 0.05%, and 0.06%) were used to 

improve compression strength by 35.6%, 70%, and 11% respectively [65] [66] 

[67].  

GO is converted into rGO, characterized by a layered architecture with 

nanoscale thickness and micrometer-scale breadth [68]. A lot of researchers are 

interested in GO because it disperses more easily than other derivatives of 

graphene [69] [70]. Recent studies indicate that incorporating rGO into cement 

paste can improve its strength, durability, and resistance to cracking [71]. GO 
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filled in tiny pores and dispersed easily with cement to make mix stronger and 

uniform [71]. The present study prefers rGO over other forms of graphene due to 

its notable advantages of rGO including its cost-effectiveness and excellent 

thermal conductivity. rGO sheets are capable of conducting heat at a rate of 1390 

± 65 W/(m·K) [72]. Research is ongoing into making cement mixtures with rGO 

so that they can be used for sustainable construction. Although rGO is not 

composed entirely of defect-free graphene, its water solubility allows it to 

enhance adhesion between cementitious components. The unique hydrophilic and 

water-dispersible properties of rGO make it easy to mix with cement to make a 

uniform mixture [73]. It has been shown that rGO changes how the pores are 

distributed in the cement composite material. Adding different sizes of rGO (1–

200 mm²) to the composite made the tiny pores (1–45 nm) bigger, but the pore 

volume in both PC and the rGO cement composite stayed the same between 45 

and 80 nm [74]. Most of the gel pores in C-S-H that are smaller than 10 nm are 

gel pores. A greater proportion of gel pores in GO-cement indirectly indicates an 

increased presence of C-S-H (Calcium Silicate Hydrate) in the rGO-cement 

combination. An increase in the quantity of gel pores inside the mixture indirectly 

indicates the influence of graphene materials on the cement hydration process 

[75].  

According to the Ministry of Steel, India recently became the world's 

second-largest producer of steel, with 99.56 million tons produced in 2020–2021 

[76]. The Ministry of Steel has developed standard guidelines and norms for 

handling hazardous landfilled materials and encouraged the use of slag waste 

from the iron and steel industry in building to address the issue of generated 

wastes [77]. Millions of tons of metallic dust are frequently landfilled due to the 

low profitability of iron recovery and its potential adverse effects on soil 

morphology in disposal areas [78]. This waste often contains minerals such as 

wustite (FeO), hematite (Fe₂O₃), and magnetite (Fe₃O₄), which could be more 

effectively utilized. Steel demand has increased across various industries, 

including capital goods, railways, construction, and infrastructure. Per capita steel 

consumption has risen from 57 kg to 74 kg over the past five years [79]. The 
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government has set a target to increase rural per capita steel consumption from 

19.6kg to 38kg by 2030–31. Infrastructure-related steel demand has grown by 6–

7%, primarily driven by national highway construction projects and railway 

investments [80]. Research estimates that steel demand will increase by 40–45% 

in alignment with the ongoing 111-lakh crore infrastructure development plan. 

India's finished steel consumption stood at 119.17 MT in FY23 and increased to 

138.5 MT in FY24 [81]. The Indian Steel Association (ISA) projects that steel 

demand will increase from 119.9 MT in the previous year to 128.9 MT in 2023–

2024. The Ministry of Steel received Rs. 70.15 crore (US$ 8.6 million) from the 

government as part of the Union Budget 2023–2024 [76]. The amount of finished 

steel consumed in FY24 was 135.90 MT. In FY23, 86.7 kg of steel was consumed 

per person. According to ICRA, India's domestic steel demand is expected to 

increase by 9–10% in FY25 [79]. On the strength of expanding steel processes 

with a 29 MT capacity boost, steel producers are planning to resume expansion 

projects [82]. According to the most recent data from Global Energy Monitor, 

India overtook China as the leading developer of coal-based steel capacity in July 

2023 for the first time ever. Indian Railways intends to purchase more than 11 

lakh tons of steel from Steel Authority of India Limited in 2021 in order to install 

new lines and renovate existing tracks around the nation [83]. This increase 

reflects the growing reliance on steel across India, which directly contributes to 

the generation of steel dust in large quantity. To mitigate the environmental 

challenges of steel dust waste, innovative material like ferrock has been 

developed as potential solutions. 

David Stone developed a material called Ferrock [84], which uses iron 

oxide as its main binding material. The composition of ferrock includes Iron 

Oxide (IO), Fly Ash (FA), Metakaolin (MK), and Limestone (LS) [85]. As steel 

production increases, so does the amount of iron oxide waste that would 

otherwise end up in landfills. Metallic dust, a byproduct of steel production, has 

traditionally been disposed of in landfills due to the economic impracticality of 

recycling the iron content [86]. Millions of tons of waste are landfilled worldwide 

at high costs, posing risks to soil morphology in disposal areas [83]. Ferrock 
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hardened as concrete after drying, providing comparable strength and flexibility, 

making it a promising material for sustainable construction. A comprehensive 

understanding of the role of iron oxide and other raw materials in ferrock is 

crucial for evaluating its structural performance and reactivity. 

Iron oxide is the major binding element in ferrock, with the other 

pozzolanic components used to optimize the concrete's functionality [87]. Iron 

oxide comprises solid angular particles that enhance strength by filling voids in 

the composite matrix. When exposed to Oxalic Acid (OA), iron oxide particles 

react with CO₂ to generate a thick coating of iron carbonates [88]. FA is a source 

of silica, which is essential for strength in cement composites. FA slowly interacts 

with iron to generate silicate crystals, which increase both the durability and 

strength of ferrock [89]. Carbonation transforms the silica present in Ferrock, 

along with other pozzolanic materials, into calcium silicate, which plays a crucial 

role in filling voids within the Interfacial Transition Zone (ITZ) of concrete 

composites, thereby enhancing their overall performance [90] [91]. Iron oxide has 

an uneven structure; thus, MT is used to keep cement paste workable because it 

holds water and makes Ferrock paste thicker, stickier, and easier to distribute and 

trowel to a smooth surface [92]. MT has been found to be an effective pozzolanic 

substance derived from the heat and crushing of natural kaolin [93]. The material's 

early strength and compacted microstructure reduce chloride permeability, 

increasing the durability of the concrete [94]. MT and FA are aluminate-rich 

compounds that react with hydrated products, giving additional alumina to add to 

C-S-H [95] [96]. This iron oxide combines with CO₂ to produce rust, which forms 

iron carbonate, a rock-like matrix. In addition to the role of materials, the curing 

process also plays a pivotal role in shaping the microstructure and durability of 

cementitious composites. 

CO₂ curing affects the microstructure of OPC as Ca²⁺ ions from cement 

hydration products—portlandite and C-S-H gel react with bicarbonate and 

carbonate ions produced during CO₂ dissolution, forming CaCO3 [97]. Multiple 

studies have reported microstructural densification in OPC paste due to the rapid 

precipitation of calcite and C-S-H gel [98]. In OPC paste subjected to 3% CO₂ 
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concentration, a C-S-H gel relationship with a lower Ca-to-silica ratio was 

observed [99]. Other work found that as the CO₂ concentration was increased to 

10% and 100%, C-S-H completely disappeared from cement paste samples and 

was transformed into calcite. Thus, it can be said that CO₂ curing, is a significant 

process involving calcite precipitation, cement dissolution, and decalcified C-S-

H, making it more resilient, long-lasting, and environmentally sustainable, 

offering an innovative approach in the construction sector [100] [98]. Among 

various supplementary materials, FA has been widely studied and applied due to 

its advantageous pozzolanic properties. 

FA is a pozzolanic material that significantly reduces the environmental 

impact of concrete, thereby promoting sustainable construction practices [101] 

[102]. Additionally, FA enhances the long-term strength of concrete by facilitating 

continuous pozzolanic reactions over time. FA reacts with Ca(OH)2 (Calcium 

Hydrate) produced during cement hydration to form supplemental C-S-H, which 

increases the strength and durability of concrete [103]. The spherical shape and 

fine particle size of FA enhance the fluidity of concrete mixtures, improving 

workability and ease of shaping during construction. Rice husk ash contains 

approximately 90% silica and exhibits enhanced pozzolanic properties due to its 

high surface area, amorphous nature, and compatibility with cementitious 

materials [104]. The pozzolanic reaction between FA and Ca(OH)₂ occurs at a 

slower rate than cement hydration, leading to a more gradual strength gain in FA 

concrete [105]. However, the formation of denser C-S-H structures contributes to 

greater long-term strength compared to conventional concrete. Amorphous silica, 

in FA, gradually reacts with iron to form specific silicate minerals that enhance 

the strength and durability of ferrock [106]. As the proportion of cement replaced 

with nano FA increases, both CS and TS rise by up to 40%, highlighting the 

significance of pozzolanic materials, particularly nano FA particles. However, 

when the percentage exceeded 40%, there was a slight decrease in strength [107]. 

This reduction could be attributed to excessive filler content and pozzolanic 

material saturation. Teixeira et al. [108] conducted life cycle assessment of using 

FA as cement replacement in production of concrete. Their study concluded that 
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FA minimizes the negative environmental impact of concrete as it acts as 

sustainable alternative to cement and an effective means of improving the 

environmental performance of the concrete industry. LS, an abundant and reactive 

material, the performance of concrete composites when used with FA. 

The material must be natural LS rather than lime, which is derived from 

calcined LS and has a crystalline structure similar to iron carbonate. LS 

accelerates cement hydration, potentially reducing curing time [109]. The 

aluminate phases in cement react with CaCO3 in LS to form additional Calcium 

Aluminate Hydrate (CAH), expediting concrete settings. This process supports 

LS integration by serving as a template for crystal growth. It also dissolves in 

acid, yielding CO₂, which provides additional carbonate for mineralization. Fine 

LS particles enhance the compactness of the cementitious matrix. Results in a 

denser microstructure and a decrease in cavities, which in turn improves strength, 

enhances workability and decreases permeability. LS acts as a reinforcing agent 

in composites, improving their permeability and durability. LS functions in two 

distinct ways in ferrock: Initially, it reacts with water and CO₂ produce calcium 

bicarbonate, which is water-soluble. Secondly, LS releases CO₂ when dissolved 

in OA, thereby increasing the availability of carbonate ions for mineralization. 

Moreover, it functions as a catalyst in the reaction, thereby accelerating the entire 

process [109] [84]. Chemically, LS is CaCO3 and has the same mineral structure 

as iron carbonate. It facilitates the formation of crystals by serving as a template 

for crystal growth. LS fills pores to create dense structures, and when combined 

with FA, it produces calcium mono hemicarboaluminate, which is more durable 

and stronger [110]. The concept involves the use of pozzolanic compounds and 

recycled materials to enhance the bonding of aggregate cement paste and simplify 

the process of working with cement composites [111]. Study have demonstrated 

that the CS is not significantly altered by the substitution of 10% LS at any age 

[112] . The acceleration impact of LS filler in conjunction with the synthesis of 

CASH is the primary cause of this increase in strength, which may provide an 

explanation for the general increase in hydration rate. The LS powder in concrete 

was significantly influenced by the mineral composition of cement, particle size, 
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dosage, dissolution rate, polymorph of LS powder, and additional cementitious 

materials [113]. The effects were primarily characterized by filler, nucleation, 

dilution, and chemical effects. LS primarily exhibits a nucleation effect and a 

diluting impact when its particle size is smaller than that of cement particles. 

Likewise, MK—a thermally treated form of kaolin—has also demonstrated 

significant potential in enhancing the properties of Ferrock and cementitious 

materials. 

Kaolin, also known as kaolinite, is a type of clay and MK is produced by 

heating kaolin to 600°C. This material possesses superior bonding capabilities 

with specific materials, such as the constituents of ferrock, and exhibits increased 

reactivity [114]. It also retains moisture, which results in a denser, stickier ferrock 

material that is easier to disseminate and trowel to a uniform finish. In both the 

early and later stages, MK enhances strength. It produces supplementary C-S-H, 

the primary constituent responsible for the strength of concrete, by interacting 

with Ca(OH)₂, a byproduct of cement hydration [115]. The formation of C-A-S-

H, alumino-silicate gel, and C-A-H is facilitated by the combination of FA and 

MK. As MK is predominantly composed of alumina and silica, which are actively 

involved in these pozzolanic reactions, these phases contribute to early strength 

gain [116]. MK was produced from clay, which resulted in a decrease in Ca(OH)2  

and an increase in CSH levels. The incorporation of MK in the control mix was 

found to reduce the width of microcracks in microlevel experiments. The micro- 

and macro-level characteristics of the ideal substitution of MK were determined 

to be 10wt.% [93]. Pozzolans improve the performance of concrete by interacting 

with Ca(OH)2 to generate secondary C-S-H gel. The overall porosity is reduced, 

and the pore architecture is enhanced by the development of secondary C–S–H 

gel, thereby increasing the strength and impermeability. The atomic Ca to silicon 

ratio of C-S-H is determined by the curing duration, combination proportions, and 

types of pozzolanic materials [117]. The long-term performance of concrete is 

improved using MK as a partial substitute for cement, which reduces permeability 

and increases durability. 
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1.3 Objectives of the study 

This study investigates the partial replacement of cement in concrete using 

innovative combination of materials: rGO and Ferrock. rGO, a carbon-based 

nanomaterial, is synthesized by reducing the functional groups of GO. It has a 

high surface area and fine particle size, enabling it to occupy concrete pores and 

enhance density, thereby improving mechanical strength and durability. Ferrock, 

an iron-based binder, is derived from recycled iron oxide and other pozzolanic 

components. It offers multiple sustainability advantages, including carbon-

negative properties, landfill waste reduction, and improved concrete composites 

through pozzolanic activity. 

The study addresses two critical environmental concerns: rising 

atmospheric CO₂ levels and the increasing generation of iron oxide waste from 

the steel industry. Cement production is a major contributor to global CO₂ 

emissions, while fine iron waste, which is often discarded in landfills, poses 

significant environmental risks by altering soil morphology. With the continuous 

expansion of the steel industry, waste generation is increasing, yet only coarser 

steel particles are recycled, while finer iron oxide is not due to economic 

constraints. Disposing of fine iron oxide in landfills leads to soil contamination; 

therefore, recycling this waste in concrete not only mitigates environmental harm 

but also enhances concrete properties through pozzolanic interactions. 

This research aims to evaluate the fresh, hardened, durability, and 

microstructural properties of concrete incorporating these alternative materials. A 

key focus is determining the optimal replacement ratio to maximize strength and 

durability while reducing cement consumption. The use of ferrock contributes to 

sustainable concrete production by lowering reliance on traditional cement while 

offering superior strength compared to conventional concrete mixtures. Similarly, 

the integration of rGO in minimal quantities significantly improves mechanical 

performance by refining the microstructural matrix. 

By exploring these materials, the study advances sustainable construction 

practices by reducing CO₂ emissions, recycling industrial waste, and improving 
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concrete performance. The findings will contribute to the development of eco-

friendly, high-performance cement alternatives, aligning with global 

sustainability efforts in the construction industry. 

1.4 Scope of the research 

Current research promotes sustainability by reducing carbon emissions, utilizing 

industrial waste, and conserving natural resources. Cement production significantly 

contributes to CO₂ emissions, but incorporating Ferrock—a carbon-negative material—

helps mitigate this impact by absorbing CO₂ during curing. Additionally, recycling fine 

iron oxide from the steel industry minimizes landfill waste and soil contamination. The 

inclusion of rGO enhances concrete durability, extending the lifespan of structures and 

reducing material consumption. By integrating these eco-friendly materials, this study 

supports sustainable construction practices, promotes a circular economy, and 

contributes to the development of high-performance concrete, low-carbon concrete, 

aligning with global environmental goals. 

Research Gap 

 Previous research on rGO has predominantly focused on its incorporation into 

mortar matrices, with limited studies exploring its applicability in concrete. 

Notably, existing investigations on rGO in concrete have been confined to 

dosage levels either below 0.1% or exceeding 1% by weight of cement (bwoc). 

This study aims to address this gap by examining the effects of rGO 

incorporation in M25-grade concrete across a broader dosage range of 0.1% to 

0.8%. 

 While study on ferrock has been limited to Self-Compacting Concrete (SCC) 

only for strength improvement, its application in conventional concrete remains 

unexplored. This research expands its scope to durability, microstructure 

analysis and carbonation test. 

 Additionally, the study expands its scope to investigate the combined impact of 

rGO and ferrock in concrete. This dual incorporation provides valuable insights 

into their synergistic effects on the mechanical properties and microstructural 
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characteristics of concrete, contributing to the advancement of sustainable 

construction materials. 

1.5 Structure of thesis 

The organization of this thesis is designed to systematically present the research 

conducted. Chapter 1 introduces the study by providing background information, 

defining the research problem, outlining the objectives, and highlighting the 

significance of the work. Chapter 2 presents a comprehensive review of existing 

literature, discussing relevant studies, identifying research gaps, and establishing the 

theoretical framework for this study. Chapter 3 details the materials used, and the 

methodologies adopted for experimentation, including the procedures followed for data 

collection, sample preparation, and analysis. Chapter 4 presents the results obtained 

from the experimental investigations, followed by an in-depth discussion interpreting 

these findings in relation to existing research and theoretical concepts. Finally, Chapter 

5 concludes the study by summarizing key findings, discussing their implications, and 

providing recommendations for future research, contributing to the advancement of 

sustainable construction materials. 
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Chapter 2 Literature Review 

Studies have been carried out to investigate the impact of graphene 

derivatives and other cementitious materials as partial replacement of cement. 

The aim is to reduce the usage of cement with improved mechanical and 

durability properties of concrete to promote sustainability in the construction 

industry. Review of literature provides the gap which needs to be considered 

before performing further research. Studies found rGO is desirable nano material 

because of its dispersibility in water due to presence of functional groups. There 

is another material named ferrock which is prepared with waste steel dust as 

primary binding material with FA, LS and MK. There are studies that explored 

nano materials, iron forms, FA, MK and LS to improve properties of concrete. 

Detailed analysis of studies carried out are presented below-      

Srivastava, A.et.al [118] conducted experimental analysis on 

incorporation of nano material i.e., titanium dioxide in a 2.5% ratio with plastic 

fibers as replacement of cement. The experiments were performed to analyze the 

impact of titanium dioxide and plastic fibers together. The tests were performed 

for water absorption, CS, TS and FS. Microstructural analysis performed by SEM 

which visualized surface morphology of concrete surface. Findings revealed that 

CS did not show a significant increase at all curing days. The FS improved by 

~32.7% and TS by 16.88%. The optimum replacement ratio was found to be 2.5% 

nano titanium dioxide and 2% plastic fibers. The SEM images show denser and 

compacted microstructure of concrete matrix. 

Amr E.Ali.et.al [119] studied the impact of NS, nano-aluminum and nano-

glass materials as partial replacement for cement in 1%, 2% and 3% by weight. 

The properties of concrete were investigated as CS, chemical composition and 

microstructure. Findings showed that incorporating nano materials enhanced CS 

and microstructure properties. Optimum results showed by 1% replacement nano 

glass and NS. The SEM analysis found denser and compacted concrete matrix. 

Khan K.et.al [63] studied the impact of NS into cementitious materials on 

mechanical properties. Increasing NS concentration to 2% and 3% enhances the 

mechanical properties and durability of cementitious materials owing to 
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pozzolanic reactivity, pore refinement, or pore filling. Nevertheless, 

concentrations of NS over 3% lead to a reduction in strength. The accumulation 

of NS grains results in porosity, microcracking, and a reduction in mechanical 

strength of the material. The pozzolanic activity of NS far exceeds that of silica 

fumes. NS-infused concrete exhibits superior CS at all ages, while significantly 

enhancing the flexural and TS qualities of the concrete. An increase in 

compressive and TS was seen at the optimal ratio of 3%, achieving 21% and 

16.1%, respectively. 

Gamal HA.et.al [120] investigated the effects of CNT as a partial 

substitute for cement in concrete composites and observed improved 

characteristics in concrete compared to the control mix. Small amounts of CNT 

improved concrete consistency; nevertheless, exceeding the optimal ratio resulted 

in a reduced slump. The use of 0.04% CNT in concrete enhanced CS by 26.4% 

relative to the control mix. The incorporation of 0.01% and 0.02% CNT in 

concrete enhanced flexural and TS by 15% and 40.4%, respectively.  The use of 

0.01% CNT in cement enhanced the maximum bond strength in corrosive settings 

relative to the control concrete. At increased percentages of CNT, the re-

agglomeration process diminished the pozzolanic activity of concrete and the 

hydration reaction of cement at later ages, resulting in lower bond strength. The 

CNT % combinations exhibited slightly increased sorptivity and penetration 

depth compared to the control paste, whereas chloride penetration escalated 

comparably. SEM images indicate that CNT fill, bridge, and serve as nucleation 

sites for C-S-H gel. 

Abd Elrahman M.et.al [64] performed experimental investigations to 

assess the influence of NS on the strength and properties of concrete. Four 

mixtures were formulated using NS at concentrations of 0%, 1%, 2%, and 4%. 

FS and CS were evaluated after 90 days of cure. The investigations show that 

even at minimal levels, NS influences the mechanical properties of concrete. The 

advantageous effects of NS were more pronounced when included into mixtures 

above 1 wt.%. NS enhanced solid content and refined the fine pore structure, 

therefore consolidating the concrete matrix and modifying the void system, which 

improved mechanical properties. Nonetheless, NS increased the viscosity of the 
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new combination while diminishing its consistency. A 4% enhancement in 

compressive and FS was noted; however, after a 31% advancement, no more 

increase was detected after 90 days. 

Mohamed, Anwar M.et.al [121] performed an investigation to examine 

the influence of nanoparticles on the mechanical characteristics of concrete over 

time. Research has been conducted on NS, nano-clay, or a combination of both in 

varying proportions. Concrete prisms measuring 40 mm, 40 mm, and 160 mm 

were evaluated at 7, 28, and 90 days to examine the effect of nanoparticles on CS 

and FS. The research indicates that nanoparticles enhance the mechanical 

qualities of concrete, with NS outperforming nano-clay, and wet mix being 

superior to dry mix. The use of binary nanoparticles (NS combined with nano 

clay) enhanced concrete CS more effectively than the application of individual 

nanoparticles. Nano materials interact with Ca(OH)2 crystals at the ITZ between 

hardened cement paste and aggregates, producing C-S-H gel and nanoparticles 

that fill and densify the microstructure. CS and FS reached their maximum at 3% 

NS, 25% nano clay, and 75% combined content. 

Isuri Fonseka [122] investigated the performance of concrete containing 

0.02-0.2% GO and FA at ratios of 10%, 20%, and 30%. The mixtures were 

evaluated for workability, CS, tensile strength, and FS. The results suggest that 

workability is reduced with an increase in GO concentration and improved with 

a higher FA ratio. After 28 days of curing with 0.12% GO and 30% FA substituting 

cement, the CS, tensile strength, and FS improved by 6%, 2%, and 3%, 

respectively.  Microstructural research indicated that GO enhanced the concrete's 

microstructure. 

Yuhang Yan [123] investigated graphene and its derivatives as 

nanomaterials, specifically focusing on graphene as additives in cement-based 

products. rGO could regain the remarkable features of graphene by diminishing 

its oxygen functional groups. Research showed that including 0.022 weight 

percent of modified rGO enhanced the CS of cement paste by 27% and the FS by 

26% after 7 days. The FS of the mix, including 0.06%, increased by 22% after 28 

days in comparison to the control sample. 
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Isuri Fonseka [70] indicated that including 0.12% bwoc and 0.14% bwoc 

in a concrete mixture enhanced CS by 33% after 28 days relative to a control 

mixture. This resulted from the advantageous material characteristics of GO-

enhanced concrete, including reduced particle size, oxygen functional groups, 

superior graphitic structure, and an increased number of GO sheets and defects. 

The optimal mix exhibited a 7% enhancement in CS at 28 days relative to the 

control sample. The research revealed enhancements in indirect tensile strength, 

FS, and elastic modulus of 24%, 25%, and 30%, respectively, in comparison to 

the control combination. 

P.M. Walunjkar and M.N. Bajad [124] illustrates the impact of graphene 

reinforcement enhances the properties of cement concrete. The SEM images of 

GO, rGO, and GNP are analyzed using suitable preparation techniques. The effect 

of carbon-based nanoparticles on the compressive and tensile strength of concrete 

with identical proportions is examined. GO and rGO have shown enhancements 

in the compressive and TS of concrete with equivalent mix ratios. The ideal 

dosage for GO ranges from 0.06% to 0.08%, whereas for rGO it is 0.5%, at which 

both concentrations markedly increase. GNP does not enhance the compressive 

and tensile strength of concrete; instead, it facilitates the improvement of pore 

structure. 

Karthik Chintalapudi and Rama Mohan Rao Pannem [125] investigated 

the enhancement of CS in cement mortar by the incorporation of GO. Following 

28 days of healing, GO dosages of 0.02% and 0.03% exhibited average increases 

in CS by 28.5% and 46.4%, respectively. The combination of GO with OPC 

produces flower-like polyhedron crystals, enhancing CS, toughness, and 

hydration rate via a complex pore structure. The increased hydration rate in 0.03% 

GO + OPC specimens yielded an average CS of 46.4% for Portland cement 

hydration products. The production of active crystals containing GO in the 

cement matrix is seen. 

P.V.R.K Reddy and D.Ravi Prasad [126] conducted study to evaluate the 

influence of GO on the microstructure of concrete and its static mechanical 

characteristics. GO nanomaterial, with its remarkable range of physical 

properties, functions as a reinforcing agent in cement composites. Concrete 
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specimens were produced with varying GO concentrations from 0 to 0.1%, 

increasing by 0.025% relative to cement weight, while maintaining a constant 

water-to-cement ratio of 0.5. The CS, TS, and FS were evaluated after 7 and 28 

days of curing. The results indicate that a little proportion of GO included into 

cement concrete significantly improved the microstructure of the composite and 

boosted its static mechanical characteristics. 

Yahui Wang.et.al [127] performed research to examine the performance 

of GO and rGO in cement-based composites at 0.02, 0.04, and 0.06 wt% of 

cement. XRD and TGA measurements indicate that GO composites possess a 

higher concentration of Ca(OH)₂ and C-S-H compared to rGO composites at 1, 

7, and 28 days. The maximum enhancements in FS were 75.7% for 0.04 wt% GO 

and 33.7% for 0.06 wt% rGO. Electrical resistivity increased with both additions, 

however water sorptivity decreased by 24.8% with GO and 4.7% with rGO in 

comparison to the control mix. GO decreased workability owing to its hydrophilic 

characteristics. Both GO and rGO expedited early-age hydration, with GO 

composites exhibiting enhanced dispersibility and robust chemical bonding, 

resulting in superior mechanical characteristics. 

S.C. Devi.et.al [128] investigated the impact of GO on compressive and 

tensile strength. Results showed that the incorporation of GO into concrete 

reduced workability while enhancing compressive and tensile strengths by 21-

55% and 16-38%, respectively. As the concentration of GO content rises, the 

ISAT and sorptivity diminish throughout a curing period of 28 to 90 days. The 

non-destructive technique indicates that the GO-reinforced concrete composite 

maintains homogeneity as concentration increases. The combination of 0.08% 

GO attained the maximum strength after 90 days of cure. 

Xiangyu Li.et.al [129] conducted experiments on cement mortars with 

GO nanosheets. Findings revealed that they significantly improve the 

compressive, flexural, and tensile strengths of the mixture at all curing days. The 

addition of GO nano sheets at a concentration of 0.03% bwoc led to enhancements 

in compressive, flexural, and tensile strengths of 21.37%, 39.62%, and 53.77% 

respectively. However, the GO nano sheets did not affect the formation of flower-
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like cement hydration crystals. The expanding space dramatically affected the 

morphology of hydrates so it can impact long term strength. 

Cao, Ml.et.al [130] assesses mortar specimens reinforced with different 

types of GNP, subsequently comparing them to control samples. The study 

focused on the strength and durability of graphene-reinforced cementitious 

materials. Nano-scale characterization is performed to elucidate the reinforcing 

mechanisms of graphene, focusing on the microstructure of the cement paste 

around the GNP. The obtained microstructural morphology and modulus profile 

demonstrate that GNP significantly modifies the microstructure of cement paste. 

The findings indicated a 19.9% increase in strength with the addition of 0.1% 

GNP. 

Teng Tong.et.al [131] investigated a 0.1% ratio of graphene and GO 

nanoparticles, which markedly improve the CS of mortar specimens. The 5 

different mixes were prepared and for each group 12 cubes of size 50 mm, 3 

cylinders (101.6 ×202.3 mm) and 3 beams (70×70×350  mm) were cast and cured 

for 28 days. These nanoparticles may mitigate chemical degradation from acidic 

solutions, hence improving the corrosion resistance of cementitious materials. 

Micro-characterization indicates that GNP substantially modifies the 

microstructure of cement paste, resulting in improved interfacial bonding 

between GNP and C-S-H gels during precipitation. Results found improved 

strength for all tests. 

Zhu Pan.et.al [132] conducted on mortar including Functionalized 

Graphene Nanosheets (FGN) cement composites at mass fractions of 0.01% to 

0.05%. The flow properties, mechanical properties, and microstructure of the 

cementitious material were further analyzed. The results indicate that the 

incorporation of FGN significantly improves the mechanical properties of 

cement-based composites, although with a little decrease in their fluidity. At an 

FGN level of 0.02%, the optimal strength was attained, yielding an FS of 12.917 

MPa and a CS of 52.42 MPa after 28 days.  Microstructural investigations indicate 

that FGN accelerates the hydration process to enhance the functioning of the 

composite. 
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A. Mohammed.et.al [133] investigated the durability of cement 

composites including GO. GO was incorporated into cement mortar at weight 

percentages of 0.01%, 0.03%, and 0.06% to manufacture GO cement composite. 

Experimental results indicate that a little quantity of GO (0.01%) effectively 

inhibits chloride ion entry. Furthermore, the incorporation of GO at a minimal 

concentration of 0.03% significantly enhances sorptivity. The mechanical 

strength was indicated to increase by up to 47% after 28 days of curing at 0.06%. 

Gyanendra Kumar Chaturvedy [134] examined the effects of crumb 

rubber concrete with GO. The concrete used crumb rubber at 5%, 10%, and 15% 

as a substitute for sand, while rGO was utilized at 0.05%, 0.1%, and 0.15% to 

replace cement. Thirteen mixtures with varying ratios were created, and their 

workability, CS, tensile strength, and FS were evaluated. The findings indicated 

an increase in compressive, tensile, and FS of up to 18.7%, 3.86%, and 10%, 

respectively. Durability has been enhanced regarding water absorption and acid 

exposure. 

N.Parthasarathi [135] performed study aims to minimize concrete CO₂ 

emissions by using zeolite powder as a partial substitute and rGO as an additive. 

Concrete mixtures were subjected to different quantities of zeolite and rGO. The 

research recommends incorporating zeolite and rGO into concrete at ideal ratios 

of 5% and 0.07%, using mechanical and microstructural studies.  Reinforced 

concrete beams were used to evaluate load and deflection characteristics, 

resulting in enhancements. 

Mohammad Valizadeh Kiamahalleh [136] assessed the influence of rGO 

on the mechanical and durability characteristics of waste-based concrete. Four 

dosages of rGO were incorporated, with the optimum concentration identified at 

0.1%. This enhanced the concrete's CS, splitting tensile strength, and FS, while 

diminishing water absorption. Nonetheless, the properties of the concrete 

diminished with increased dosages. The addition of rGO at 0.3% weight percent 

decreased the workability of the concrete by 37%. The optimal dosage of rGO for 

enhancing the mechanical properties of concrete was 0.1%, resulting in increases 

of about 40%, 44%, and 42% in compressive, splitting tensile, and FSs, 

respectively. 
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Xiaonan Wang [137] investigated rGO as a reinforcing component in 

cement. Earlier studies used thick GNP, limiting their practical usefulness. A 

green chemical reduction and comprehensive washing without drying were used 

to produce high-quality rGO. Although the agglomeration of rGO in the pore 

solution, a mixture containing 0.05 wt% rGO enhanced the compressive and FS 

of the cement paste by 16.5% and 20.9%, respectively, demonstrating reinforcing 

efficiencies of 330% and 418%. Nonetheless, FS declined to 0.01 wt% rGO. 

Shengtian Zhai [138] indicates that incorporating rGO suspension into 

concrete enhances its mechanical and functional properties. The use of rGO 

suspension enhances the compressive and FSs of mortar by 45% and 50% after 

three days, respectively, and also increases hydration heat and pore structure. 

Furthermore, the mortar's resistivity diminishes by 45%, while its thermal 

conductivity escalates by 23%. The coefficient of stress and strain sensitivity in 

mortar escalates with the concentration of rGO. 

Ning Zhang [139] integrates rGO with cement to generate a self-sensing 

cement composite. The nucleation and morphological effects of rGO improve the 

microstructure of cement. The CS and FS of the rGO-paste improve by 23% and 

45%, respectively. This produces a high-strength self-sensing cement 

composition with a FS of up to 49%. 

Karthik Chintalapudi and Rama Mohan Rao Pannem [52] demonstrates 

that reducing the oxygen functional groups of GO into rGO enhances mechanical 

and durability performance. Despite the initial expense, substantial quantities of 

GO are already manufactured at an industrial scale. The uniform distribution of 

GO provides nucleation sites, enhancing the density of the cement matrix's 

microstructure. rGO produced by chemical or thermal reduction has pristine 

properties. Recent studies have investigated the mechanical properties, 

morphological changes, and chemical functional group modifications of 

geopolymer composites including rGO and GO. 

Guojian Jing [140] examined the effects of rGO in cement mortar at 

different percentages of 0.1%, 0.2%, 0.3%, 0.4%, 0.5% and 0.6%. The results 

indicate that mechanical strength increases more after 3 days with up to 0.6 wt.% 

rGO doping, but no significant enhancement is reported after 28 days. The results 
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indicate that doping rGO is a viable method for alleviating stress and reducing 

fracture development. The incorporation of rGO or other graphene derivatives 

markedly enhances the properties of cement composites. The tensile strength and 

CS of mortar using rGO or GNP were enhanced. 

Tanvir S.Qureshi [141] used GO because of its higher dispersibility 

compared to other graphene-based derivatives. Numerous research has presented 

their viewpoints about the influence of GO on the mechanical and durability 

properties of ceramic matrices. Five mixtures were formulated using GO at 

concentrations of 0%, 0.02%, 0.04%, 0.06%, and 0.08% bwoc. The mechanical 

and water permeability properties were examined. The combination with 0.08% 

GO exhibited superior compressive and tensile strength compared to the other 

mixes.  The sorptivity and permeability of nano-reinforced concrete mixtures 

containing GO were seen to decrease with increasing GO content relative to the 

control mixture. 

Jiangshan Zhao [78] investigated Iron Ore Tailings (IOT) as a partial 

substitute for cement in concrete; however, its CS decreased with more Iron Ore 

concentration. Although mechanical grinding improves the pozzolanic activity of 

iron ore, its hydration performance is still inferior to that of cement. Factors 

affecting the strength of iron ore include mixing techniques, concrete slump, and 

strength classification. When 80% of iron ore substituted NS by weight, the 

concrete's CS decreased by 20.25%. A 100% iron ore content led to a 1.31% 

decline. Present iron ore activation methods are costly and impractical for 

widespread use, necessitating continuous refinement. The use of high-volume 

iron ore influences the workability of concrete owing to its reduced particle sizes. 

Alexandra Mallett and Prosanto Pal [142] suggests that India produces 

around 5% of the global steel supply, positioning it as the second-largest producer 

after China. India is projected to produce 227 million tons of steel by 2030, 347 

million tons by 2040, and 489 million tons by 2050.  In 2019–20, India produced 

around 111 million tons of crude steel. 

Gabriel Lopez [86] investigates steel production has notably risen in 

recent decades, with crude steel output escalating from 200 million tons in 1950 

to 1,804 million tons in 2018. Considering a 60% decrease in energy use, the 
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production of one ton of steel still necessitates 5.17 MWhth of raw energy. The 

industry emits 3.4 Gt of CO₂, or 9% of the global total of 36.4 Gt of direct 

anthropogenic CO₂ emissions. The output rate is anticipated to reach 2065 Mt by 

2030, thereafter decelerating to 2336 Mt by 2040. 

Jiangshan Zhao [78] investigated IOT as a partial substitute for cement in 

concrete; however, its CS diminishes with more Iron Ore concentration. Although 

mechanical grinding improves the pozzolanic activity of iron ore, its hydration 

performance is still inferior to that of cement. Factors affecting the strength of 

iron ore include mixing techniques, concrete slump, and strength classification. 

When 80% of iron ore substituted NS by weight, the concrete's CS decreased by 

20.25%.  A 100% iron ore content led to a 1.31% decline. Present iron ore 

activation methods are costly and impractical for widespread use, necessitating 

continuous refinement. The use of high-volume iron ore influences the 

workability of concrete owing to its reduced particle sizes. 

Sumanta Das [85] investigated the iron oxide -based binder together with 

several supplemental cementitious materials as raw ingredients. This binder was 

cured in a CO₂ atmosphere to facilitate all reactions necessary for the hardening 

process and to ensure strength. Binder is designated as ferrock, using FA, LS, 

MK, and OA as raw ingredients. The hardening process absorbs CO₂ from the 

atmosphere, making it a carbon-negative material. Research indicates that ferrock 

has binding capabilities, demonstrating strength gains equivalent to those of 

OPC-based cubes. To facilitate its use in the building sector. Microstructural 

research indicates that prolonged carbonation decreases pore volume and CS, but 

critical pore size stays constant. 

Sumanta Das [84] indicates that industrial waste, including iron powder, 

FA, LS powder, and MK, produces a binding material appropriate for construction 

purposes. CSs of 30-35 MPa were attained after four days of curing, resulting in 

a reduction of CO₂ emissions. The quantity of FA influences CS, but MK 

enhances cohesion, hence improving the mechanical characteristics and 

workability of the mixture. CO₂ exposure and air curing influence mechanical 

properties, with air exposure markedly enhancing CS at elevated levels. 
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Elnaz Khankhaje [143] aims to develop sustainable and eco-friendly 

concrete by substituting cement with ferrock at ratios of 5%, 10%, 15%, 20%, 

and 25%, while maintaining consistent aggregates and superplasticizers. Ferrock 

significantly improved concrete strength during simultaneous curing, elevating 

CSs by 21.9%, 25.9%, and 32.6%. Ferrock-based SCC exhibited superior 

mechanical strength compared to conventional SCC, attributable to enhanced 

compaction and density within the matrix. This indicates that ferrock SCC is 

favored and may be used in future building projects. The author investigated the 

use of FA as a partial substitute for cement, and the findings indicate a reduction 

in the pores seen in Portland cement. This results from the filler properties and 

pozzolanic activity of FA, which diminish overall permeability and void content. 

The optimal level of FA replacement is 10-30%; however, increasing it above 30-

50% may impair hydration methods and hinder strength progression. 

Nonetheless, FA may reduce industrial waste and enhance the environment via 

waste recycling. 

Dheeresh Kumar Nayak [144] studied the quantity of free lime influences 

the substitution of cement with FA in concrete. FA enhances the qualities of 

concrete, such as workability and strength.  It also tackles storage and disposal 

concerns related to industrial waste. FA particles operate similarly to ball 

bearings, facilitating lubrication and decreasing viscosity. The optimal 10% FA 

significantly enhances CS by up to 36%. The use of finer cementitious particles 

expedites the pozzolanic reaction with Ca(OH)2. 

M. Jemimah Carmichael [107] examines the effects of varying 

proportions of nano FA in concrete. The findings indicated that increasing the 

cement replacement level with nano FA enhanced compressive and TS by up to 

40%, underscoring the significance of pozzolanic materials. Nonetheless, if the 

percentage exceeded 40%, a marginal decrease in strength began. An ideal binder 

ratio of 0.33 yielded an 18.87% enhancement in CS and a 11.42% improvement 

in TS. The ratio of tensile to CS decreased as the proportion of nano FA enhanced. 

J. Krithika [145] examines the influence of FA on concrete, with the 

objective of using economical sustainability measures. It was determined that 

substituting FA in cement at minimal percentages does not reduce strength, 
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enhances strength with time, and may ultimately surpass conventional concrete 

in the long run. FA further provide protection against sulfate attacks. 

D.S. Vijayan [146] examined nano MK in cement mortar and discovered 

that it had the highest concentrations of Silicon Dioxide (SiO2) and Al2O3, 

correlating with its significant pozzolanic activity. The appropriate proportion of 

nano MK enhances the CS of cementitious materials. Conversely, nano MK 

reduces its CS when its concentration exceeds the optimal level. As the proportion 

of nano MK replacement increased, the peak value of C–S–H shown an upward 

trend, however the CH content and the intensity of the XRD peak saw a little 

decline. The concentration of CH in the cement mix reduced by 6.7% due to the 

presence of nano MK. Unlike standard cement paste, no significant change in the 

CH content was observed when the replacement amount exceeded 10%. 

Shahida Khan [147] investigated MK concrete as a sustainable and 

environmentally friendly alternative to traditional concrete. The study examined 

the feasibility of using MK as a partial substitute for cement to enhance its 

characteristics and diminish cement use. Cement was substituted with MK at 0%, 

5%, 10%, 15%, 20%, and 25% in M35 concrete. The assessments conducted for 

mechanical strength, durability, and workability. The findings demonstrate that 

the optimal MK substitution was 15%, resulting in a 27.05% increase in CS and 

a 25% increase in TS. Durability was assessed at an optimal ratio of 25%, 

characterized by enhanced water permeability, reduced water absorption, and 

decreased chloride penetration. The workability was seen to diminish with 

increased MK concentration. 

Deveshan L. Pillay [148] conducted research to examine the influence of 

MK on concrete performance. The research indicates that MK is an 

aluminosilicate substance with differing quantities of silica and alumina. The 

findings indicated a minor effect on FS but a substantial effect on long-term CS. 

MK enhances the pore structure of concrete, necessitating lower temperatures and 

producing less CO₂ emissions. Portland cement samples have a significant 

number of capillary voids, which is damaging to the durability of concrete. 

Samples containing MK exhibit a more cohesive matrix with C-S-H gels, 

suggesting enhanced concrete performance potential. 
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S. Elavarasan [149] explored MK in various ratios in concrete aims to 

study the impact on strength as compared with control samples. The results reveal 

that concrete with MK substitutions of 20% and 10% granulated blast furnace 

slag shows higher CS at 28 days compared to normal concrete. The CS increases 

up to 10% when granulated blast furnace slag is replaced, then falls. However, 

MK substitutions increase tensile strength by up to 20%. Concrete with 10% 

granulated blast furnace slag and 20% MK substitution has greater FS than 

standard concrete, despite granulated furnace slag having lower tensile strength. 

Ramezan Ali Izadifard [150] examine the use of MK as a partial substitute 

for cement in concrete to enhance its characteristics. The research incorporates 

MK in proportions of 10%, 15%, and 20% of cement weight, and evaluates 

specimens at temperatures between 28 and 800°C. Elevated temperatures may 

compromise the mechanical properties and durability of ordinary concrete. 

Snigdhajit Mukherjee [151] used LS as supplemental cementitious 

material used as an alternative in building materials for the advancement of a 

sustainable construction industry. The research examined LS calcined clay 

cement for lightweight self-compacting concrete with a goal strength of 25 MPa. 

The evaluation conducted for workability and microstructural analysis. The SEM 

study reveals that calcium hydrate, generated by the pozzolanic action, attains 

strength in the presence of LS. The microstructure of cementitious materials 

evolves over time due to cement hydration and the development of secondary C-

S-H. The C-S-H formed at a later curing stage, influenced by the agglomerated 

water inside the pores, positively affected the aggregate-binder matrix.  

Comprehensive study indicates that costs and CO₂ emissions decreased by 12.6% 

and 16%, respectively, in comparison to the control mix. 

Meenakshi Sharma [109] examines LS-based cements regarding density, 

which may be ascribed to the generation of a reduced amount of C-A-S-H, 

resulting in no notable alteration in density.  The fineness of LS influences 

strength development and heat of hydration in the early stages owing to the filler 

effect and sulfate equilibrium. Increased proportion resulting from a greater 

volume proportion of low-density crystalline phases, which decreases 

permeability and enhances concrete durability. This decreased permeability also 



29 
 

decreases capillary sorption, chloride penetration, and enhances concrete 

durability. 

Dehui Wang [152] investigated the use of LS powder as a replacement for 

portland cement in cementitious materials. The efficacy of the powder in cement-

based products is determined by aspects like particle size, dose, dissolving rate, 

polymorph, and the mineral content of the cement.  LS powder may decrease 

concrete shrinkage and serve as an inert filler, with its impact on setting time 

mostly determined by nucleation and dilution. Nonetheless, the influence of 

chemical additives and fillers on setting time is negligible, since their effects 

manifest post-setting of the concrete. 

Abdurrahman A. Elgalhud [153] investigated the influence of LS on 

cement and examined its microstructure. Research indicates that the pore 

structure of Portland LS cement begins to deteriorate with the incorporation of 

LS up to a maximum of 25%. The features linked to pore structure (porosity, 

absorption, and sorptivity) of cementitious mixtures (paste, mortar, and concrete) 

stay unchanged thereafter. Integrating portland cement with LS to produce 

blended cement, commonly known as Portland LS cement. 

Ahmed M. Diab [112] indicates that substituting LS cement diminishes 

concrete's CS owing to the dilutive effect of cement content. However, studies 

indicate that substituting 10% of LS does not dramatically affect CS. LS may 

enhance CS by as much as 10%. This is mainly attributable to the accelerating 

effect of LS fillers, which generate calcium carboaluminates hydrate and enhance 

the hydration rate. Moreover, the reduction in expansion and strength loss 

diminishes with the addition of LS, likely attributable to a decrease in hydration 

products such as gypsum and Ca(OH)2. 
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Chapter 3 Methodology and Materials 

3.1 Materials Used 

          The current investigation employed a range of raw materials, encompassing OPC, 

fine aggregates, coarse aggregates, rGO, ferrock and water. The preparation of ferrock 

involved the utilization of IO, FA, MK, LS and OA. Figure 3.1 provides a schematic 

representation of the materials employed, the characterization techniques implemented, 

and the procedural steps undertaken in preparation of ferrock. Both the aggregates and 

the constituent materials of ferrock were subjected to particle size distribution analysis 

and microstructural evaluation to ascertain surface morphology, elemental composition, 

and mineralogical phases. Subsequently, Unconfined Compressive Strength (UCS) 

testing was conducted to determine the mechanical performance of each mix design, 

with the formulation exhibiting the highest CS being identified as the optimal 

composition for subsequent analysis. This optimized mix was then further characterized 

through detailed microstructural examination and carbonation testing, wherein the 

phenolphthalein indicates carbonated and non-carbonated domains within the ferrock 

matrix. 

Figure 3.1 Raw materials used and ferrock preparation characterization 
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3.1.1 Cement 

           OPC of grade 43 used as the primary binder throughout the study for the 

preparation of specimens across the various experiments presented in figure 3.2. The 

physical properties of the OPC investigated in this study encompassed specific gravity, 

consistency, initial setting time, final setting time, fineness, and soundness. The results 

of these analyses, conducted in accordance with the specifications of BIS 4031 [Part 1 

[154], Part 3 [155], Part 4 [156], and Part 5 [157]] respectively, are presented in table 

3.1. 

 

 

Table 3.1 Physical properties of OPC 

Material Specific 

gravity 

Fineness Standard 

Consistency 

Soundness Initial 

setting 

time 

Final 

setting 

time 

OPC 3.15 97.5% 32% 1 mm 87 min 277 min 

 

Microstructural analysis of OPC was conducted to study its surface morphology, 

texture, elemental composition and phases of minerals, as these properties significantly 

impact physical and chemical properties of concrete. Figure 3.3 illustrates the (a) SEM 

image, (b) XRD patterns indicating minerals phase, (c) EDS elemental peaks and (d) 

Figure 3.2 OPC grade 43 cement 
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elemental mapping of OPC. SEM images provided visual representation of the OPC’s 

surface texture which exhibited an irregular morphology with rough edges and 

compacted structure. XRD analysis identified the primary crystalline phases as 

tricalcium silicate (Ca₃SiO₅), dicalcium silicate (Ca₂SiO₄), and SiO₂. The presence of 

elements such as silicon and Ca in OPC is crucial for strength development and 

durability in concrete composites. The elemental composition of the OPC, as 

determined by EDS and presented in table 3.2, revealed a calcium-to-silicon (Ca/Si) 

ratio of 4.85. 

Table 3.2 Elemental composition of OPC 

Elements (wt%) O Ca Si Al Fe K Na Mg 

OPC 36.32 40.12 8.27 5.24 4.34 0.2 0.24 5.27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.3 Microstructural analysis of OPC by (a) SEM, (b) XRD, (c) EDS peaks and (d) 
elemental mapping 

(a) (b) 

(c) (d) 
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3.1.2 Aggregates  

The natural sand used as fine aggregate conformed to the Zone II grading 

requirement as specified in IS 383: 2016 [158]. The fine and coarse aggregates were 

sourced from Walia cement store Phagwara, Jalandhar India. The physical properties of 

the fine aggregate, including specific gravity, water absorption and fineness modulus of 

fine aggregates found as 2.65, 1% and 2.53 respectively followed BIS: 2386 (Part-3) 

[159]. The maximum nominal size of fine aggregates and coarse aggregates utilized in 

study was 4 mm and 20 mm respectively as depicted in figure 3.4. The specific gravity 

and fine modulus of coarse aggregates were found to be 2.64 and 6.8 respectively. The 

particle size distribution curve of both the fine and coarse aggregates are presented in 

figure 3.5 and 3.6 respectively as specified in BIS: 2386 (Part 1) (2002) [160].  

 

 

 

 

Figure 3.4 (a) Sand (b) Coarse aggregates 

(a) (b) 
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Figure 3.5 Particle size distribution curve of sand 

Figure 3.6 Particle size distribution curve of coarse aggregates 
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3.1.3 Water 

          Potable water, free from deleterious substances, was utilized for both the casting 

and curing of specimens, adhering to the specifications outlined in the IS 456:2000 

[154]. A consistent temperature of 26 ± 2 °C was maintained throughout the duration 

of this study for the preparation of the concrete mix and the subsequent curing of 

samples. 

 

3.1.4 Ferrock 

          Ferrock is an emerging carbon absorbing material that contains waste iron oxide 

as the main binder obtained from steel industries which otherwise landfilled [84] [85]. 

Its carbon-negative properties are attributed to the chemical reaction wherein IO 

interacts with CO₂ in the presence of OA. This reaction results in the formation of 

complex iron carbonate during the curing process, thereby sequestering CO₂ and 

enhancing the environmental sustainability of the material. The raw materials employed 

in the synthesis of ferrock include IO, FA, MK, and LS as illustrated in figure 3.7. These 

materials vary in particle size, with IO exhibiting a relatively coarser texture, while FA, 

MK, and LS consist of finer particles. All raw materials have finer particles as compared 

with IO to maintain workability of mix. When ferrock is mixed in concrete the coarser 

pores filled with IO and finer pores filled with FA, MK and LS to make denser and 

compacted concrete matrix. The concept used for hardening of ferrock as the CO₂ 

curing partially dissolved the tiny particles of steel dust by carbonic acid (H2CO3), 

which is what forms when CO₂ gas dissolves into water. The iron atoms that are released 

into the thin film of water around each particle of steel have a positive charge and are 

known as ferrous iron ions (Fe+2). These positively charged ions are attracted to 

negatively charged carbonate ions (CO3
-2) and combine with them to form iron 

carbonate (FeCO3) with a balanced charge. Layers of iron carbonate form around each 

steel particle and build up into thicker shells. These growing shells of crystalline iron 

carbonate eventually connect and fuse together into what is called a mineral “matrix”, 

and this is how the ferrock cement locks any aggregate like sand and gravel into a solid 

mass. 
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The current research primarily prepared ferrock and conducted experimental 

study with varying ratios of raw materials to conclude optimum ratio and curing days. 

To ensure precision in the further study, due to possible variations in the characteristics 

of the raw materials. The prepared samples were placed in airtight polybags and 

exposed to CO₂-enriched environment to initiate carbonation and facilitate product 

formation. UCS tests were conducted on all mixes to evaluate their mechanical strength. 

The mix exhibiting the highest CS was identified as the optimal formulation, 

establishing both the ideal ratio of raw materials and the required curing duration. This 

optimized mix design and curing period were subsequently used for preparing 

additional ferrock samples, which were later employed in further experiments involving 

concrete composites.  

3.1.4.1 Raw  materials 

3.1.4.1.1 Iron Oxide 

Figure 3.7 (a) IO, (b) FA, (c) LS and (d) MK used as raw materials in ferrock 

(a) 

(c) (d) 

(b) 
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         IO is used as the primary binding material in ferrock characterized by shiny black 

color and angular particles. The IO used in this study was bought from Herena 

instruments & engineers Chennai, India. SEM and EDS analyses were performed to 

study microstructural properties including surface texture, morphology and elemental 

composition of material. The figure 3.8 below presents the results of (a) SEM analysis, 

(b) XRD phases, (c) elemental peaks and (d) elemental mapping. The zoomed image of 

IO particle predominantly consisted of elongated, plate-like forms, hence affecting the 

rheological characteristics of the concrete mix. EDS analysis revealed Fe and O as 

major elements in IO as presented in table 3.3. Elements mapping further revealed 

presence and distribution of elements across IO. XRD analysis illustrated a prominent 

peak of Fe2O3, majorly because of the high concentration of Fe and O in IO. Iron oxide 

comprises solid angular particles which fill the voids to improve strength and denseness 

in composite matrix. Particles of iron oxide react with CO₂ when OA is present to form 

a dense layer of iron carbonates [88]. 

 

Table 3.3 Elemental composition of IO 

Elements (wt%) O Fe Ca Mn K Cu 

IO 27.56 72.13 0.05 0.07 0.04 0.14 
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The particle size distribution curve of IO, presented in figure 3.9, was obtained 

through sieve analysis, as IO is a granular material. The curve exhibits a noticeable 

increase in the range of 0.1 mm to 0.2 mm, indicating a significant proportion of 

particles within this size range. Beyond 0.5 mm, the curve shows minimal variation, 

suggesting a limited presence of particles larger than 0.5 mm. The curve begins at 

approximately 0.05 mm, indicating the presence of finer particles in small quantities, 

which contributes to a more uniform distribution within the mix. 

Figure 3.8 Microstructural analysis of IO by (a) SEM, (b) XRD, (c) EDS peaks and 
(d) elemental mapping 

(a) 

(c) (d) 

(b) 
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3.1.4.1.2 Fly ash 

          Class F FA, as specified in ASTM C618 [161], was utilized as one of the raw 

materials in the preparation of ferrock to increase the silica content, thereby enhancing 

the overall strength of the material. FA forms iron silicate minerals when reacts with IO 

and these silicates can contribute to greater strength and durability to ferrock. The figure 

3.10 presents the results of (a) SEM analysis, (b) XRD phase identification, (c) EDS 

analysis and (d) elemental mapping of FA. The SEM analysis revealed that FA particles 

exhibit smooth surface morphology and visualize the shape of particles which are 

spherical. The results of EDS revealed that the elemental composition of FA contains O 

and Si as major proportion as presented in table 3.4 below. Further the elemental 

mapping provided the visual representation of evenly distributed elements across the 

sample. XRD analysis demonstrated a prominent peak corresponding to SiO₂, 

consistent with the high concentrations of O and Si identified in the EDS analysis. FA 

slowly reacts with iron to form certain types of iron silicate minerals that add greater 

strength and durability to ferrock [89]. Ferrock incorporates various pozzolanic 

materials, each contributing uniquely to its properties. During the carbonation process, 

silica is transformed into calcium silicate, which plays a critical role in filling voids 
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within the ITZ of concrete composites, thereby enhancing their overall performance 

[90] [91].  

 

Table 3.4 Elemental composition of FA 

Elements (wt%) O Ca Si Al Fe K Na Mg 

FA 49.16 1.42 25.15 20.35 1.87 1.27 0.06 0.72 

 

Figure 3.10 Microstructural analysis of FA by (a) SEM, (b) XRD, (c) EDS peaks and 
elemental mapping 

(a) (b) 

(c) (d) 
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The particle size distribution of FA was determined using the hydrograph 

analysis setup illustrated in figure 3.11, with the corresponding results presented in 

figure 3.12. The graph exhibits a pronounced peak around the 1 mm region, indicating 

that the majority of particles are concentrated at this size. Beyond 1 mm, the graph 

shows a gradual increase in particle size, suggesting the presence of coarser particles as 

well. The finer fraction of FA contributes to an increased surface area, thereby offering 

more active sites for pozzolanic reactions. 

 

 

Figure 3.11 Setup of hydrograph analysis of FA 
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3.1.4.1.3 Metakaolin 

          MK is a type of calcined clay used as a raw material in the production of ferrock 

as specified in ASTM C 618 [161]. It is produced by heating kaolin to approximately 

600ௗ°C, a process that enhances its reactivity and enables it to bond more effectively 

with other materials, including the constituents of ferrock. During current study MK 

sourced from Herenba instruments & engineers Chennai, India. Due to the irregular 

shape of IO dust particles, MK is employed to maintain the workability of the 

cementitious paste. Its water-retaining capacity contributes to a thicker and more 

cohesive ferrock paste, facilitating easier application and a smoother surface finish 

[148]. MK is an eco-friendly natural pozzolanic material obtained by heating kaolin to 

temperatures of 650–900 °C, a process that does not generate CO₂ production [162]. 

Figures 3.13 illustrate the results of (a) SEM analysis, (b) XRD phases, (c) EDS 

elemental peaks and (d) elemental distribution mapping. Image obtained from SEM 

revealed the smooth structure of particles in MK. EDS analysis revealed O, Ca and Si 

as major elements reported in table below 3.5. Further the elemental mapping visualizes 

the distribution of elements present in MK sample. Previous studies have confirmed 

MK as an effective pozzolanic material, produced by the thermal treatment and milling 

of natural kaolin [93]. Its incorporation into cementitious systems has been shown to 
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enhance chloride permeability resistance, increase early CS, and improve 

microstructural densification by reducing porosity. These characteristics contribute 

significantly to the durability and longevity of the resulting concrete [94]. Both MK and 

FA are rich in alumina, and their interaction with hydration products supplies additional 

alumina, which integrates into the formation of C-S-H, thereby improving the 

mechanical and durability properties of the composite material [95] [96]. 

Table 3.5 Elemental composition of MK 

Elements (wt%) O Ca Si Al Fe K Na Mg 

MK 49.31 0.22 25.74 24.32 0.22 0.04 0.08 0.06 

 

 

Figure 3.13 Microstructural analysis of MK by (a) SEM, (b) XRD, (c) EDS peaks and 
(d) elemental mapping 

(a) (b) 

(c) (d) 
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The particle size distribution of MK was determined through hydrometer 

analysis, with the experimental setup and resulting graph presented in figures 3.14 and 

3.15, respectively. The distribution curve indicates that MK consists predominantly of 

very fine particles, as evidenced by the pronounced shift of the curve towards the finer 

end of the scale. The graph begins at a particle size of 0.001 mm, where approximately 

5% of the particles are finer than this size. The curve reaches its upper plateau around 

0.1 mm, corresponding to approximately 90% finer particles, suggesting that only 10% 

of the particles are coarser than this size. Overall distribution confirms that MK 

possesses a fine particle size, which is advantageous when blended with ferrock. The 

fine particles contribute to a higher surface area, thereby potentially enhancing the 

workability of the composite material.  

 

 

Figure 3.14 Setup for hydrograph analysis of MK 
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3.1.4.1.4 Limestone 

          LS is utilized due to its composition of calcium carbonate, which facilitates 

crystal formation by serving as a template for nucleation and subsequent crystal growth 

as specified in ASTM C618 [161]. LS used as one of raw material in ferrock preparation 

bought from Hazur Singh & Grandsons Jalandhar, Punjab India. The role of LS involves 

its dissolution in water, during which it releases CO₂, thereby supplying additional 

carbonate ions that contribute to the mineralization process. SEM, XRD and EDS 

analysis including elemental mapping were conducted to study the microstructure of 

LS and results are depicted in figure 3.16. SEM images revealed the texture of the 

surface characterized by crystal boundaries and microfractures present within the LS 

structures. EDS analysis identified the elements present in LS as summarized in table 

3.6 below while elemental mapping as visualize the spatial distribution of elements. 

XRD analysis indicated prominent peaks corresponding to CaCO3 confirming that Ca 

and oxygen are two primary elements present in LS powder. Chemically, LS has the 

same mineral structure as iron carbonate and promotes its formation by providing a 

template for crystal growth. Furthermore, LS contributes to making structure dense by 

filling pores. When FA combine with FA it gives calcium mono hemicarboaluminate 

which enhances both the strength and durability of the composite material [110]. The 
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idea encompasses recycling materials and pozzolanic compounds to strengthen 

aggregate cement paste bonding and make cement composites more workable [163]. 

The use of LS as an ingredient in blended cement has a positive environmental impact, 

as it reduces the need for clinker production for the same quantity of cement. 

Consequently, this leads to lower energy consumption and a significant reduction in 

CO₂ emissions and other GHG associated with cement manufacturing [164]. 

Heterogeneous nucleation takes place since LS particles work as nucleation sites, 

raising the early hydration of cement and, consequently, creating an additional mixed-

up crystallization of CSH [165]. 

Figure 3.16 Microstructural analysis of LS by (a) SEM, (b) XRD, (c) EDS peaks and 
(d) elemental mapping 

(a) (b) 

(c) (d) 
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Table 3.6 Elemental composition of LS 

Elements (wt%) O Ca Si Al Fe K Na Mg 

LS 46.76 51.97 0.27 0.14 0.32 0.08 0.05 0.22 

 

          The particle size distribution of LS was analyzed using hydrometer analysis, with 

the experimental setup and the resulting graph presented in figures 3.17 and 3.18, 

respectively. The distribution curve begins at a particle size of 0.001 mm, where 

approximately 18% of the particles are finer than this size. The curve reaches its peak 

around 1 mm, with 95% to 98% of the particles being finer than this size, indicating 

that only 2% to 5% of the particles are coarser than 1 mm.  

 

 

Figure 3.17 Setup of hydrograph analysis of LS 
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3.1.4.1.5 Oxalic Acid 

          The OA used in this study was bought from Dee Jay Corporation, Jalandhar, 

Punjab. The reaction between iron oxide and CO₂ is chemically slow therefore to 

accelerate the rate of reaction OA was used as a catalyst [90]. Firstly, it facilitates the 

initial dissolution of steel dust by reacting with iron to form iron oxalate, which 

subsequently absorbs CO₂. Secondly, it inhibits the formation of IO, commonly referred 

to as rust, which can negatively impact the strength and durability of ferrock. Lastly, 

OA decomposes into carbonate ions, which further contributes to the formation of iron 

carbonate minerals, enhancing the overall mineralization process. 

 

3.1.4.2 Optimum mixture proportions 

          A total of 16 different mixtures were prepared in the preliminary study, 

incorporating varying proportions of IO, FA, LS, MK, and OA, to identify the optimal 

mix based on UCS test results. The IO content ranged from 58% to 69% by mass, while 

FA, LS, and MK were varied within the ranges of 15–20%, 8–10%, and 6–10% by 

mass, respectively. The CS of each mixture was evaluated after CO₂ curing for durations 

of 2, 3, 4, 5, and 6 days. Table 3.7 below presents the mix proportions, expressed as 
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percentages of the raw materials used in the preparation of ferrock, along with their 

corresponding mix notations.  

 

Table 3.7 Mix proportions of raw materials of ferrock with mix notation 

Mix notation IO (%) FA (%) LS (%) MK (%) OA (%) 

I58-OA2 58 20 10 10 2 

I58-OA4 58 20 10 10 4 

I60-OA2 60 20 8 10 2 

I60-OA4 60 20 8 10 4 

I62-OA2 62 20 10 6 2 

I62-OA4 62 20 10 6 4 

I63-OA2 63 15 10 10 2 

I63-OA4 63 15 10 10 4 

I64-OA2 64 20 8 6 2 

I64-OA4 64 20 8 6 4 

I65-OA2 65 15 8 6 2 

I65-OA4 65 15 8 6 4 

I67-OA2 67 15 10 6 2 

I67-OA4 67 15 10 6 4 

I69-OA2 69 15 8 6 2 

I69-OA4 69 15 8 6 4 
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3.1.4.3 Sample preparation 

          The mixing procedure involves the dry mixing of all materials i.e., IO, FA, LS, 

MK at the initial phase and then mix with water, leave it for some time to complete the 

reaction and with time mix thickened resulting in a consistent texture presented in figure 

3.19. The stepwise procedure for preparing ferrock is given below, this method allows 

the different reactions to begin immediately. The sequence followed for the best results 

are mentioned below: 

1. Weigh the raw materials in the ratio of mix design as ratios are mentioned in table 

3.7.  

2. First add FA in a tray, if FA contains hard lumps need to soften and break down to 

make fine powder.  

3. Add IO and MK to the mix, then add LS powder and mix them properly to make 

uniform and dry mix.  

4. Add OA and mix uniformly, then add water to make soft paste not slurry kind not 

hard, this should be like sample can be formed and stick to each other. Leave the mixture 

for 15 to 30 min to absorb water. The mix thickens over time. 

5. As water mixed, bubbles started intensely as acid reacted with LS. The gas emitted 

CO₂ as acid dissolves some calcium carbonate and produces (Ca(OH)2).  

6. When mix was ready sample were prepared in cylindrical shape of dimension, 

diameter of 3.6 cm and a length of 7.6 cm for testing. After the respective durations of 

CO₂ exposure, the samples were placed in air at room temperature to allow the moisture 

to evaporate for 3 days. Now samples that were ready for UCS test and performed in 

accordance with IS 2720.10.2006 [166]. 
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3.1.4.4 Curing Procedure 

          Ferrock requires an additional carbonation reaction to fully cure and develop a 

solid matrix within a CO₂-rich environment. In this study, the specimens were placed 

in clear plastic bags filled with approximately 100% CO₂ at room temperature. To 

maintain CO₂ saturation, the bags were refilled after 12 hours, as illustrated in the 

corresponding figure 3.20. For the preliminary study, the specimens were exposed to a 

~100% CO₂ atmosphere for 2, 3, 4, 5 and 6 days immediately after casting and 

demolding. Following this carbonation period, the specimens were cured in open air at 

room temperature for an additional 3 days to reduce moisture content and ensure proper 

hardening prior to UCS testing. 

Figure 3.19 (a) Ferrock preparation process and (b) prepared sample of ferrock 

Figure 3.20 CO₂ curing of ferrock samples in airtight polybags 

(a) (b) 

(a) (b) 
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3.1.4.5 UCS test 

          A UCS test was performed in accordance with IS 2720.10.2006 [166] on every 

specimen of 16 mixes at different CO₂ curing of 2, 3, 4, 5 and 6 days followed by 3 

days of air curing. The UCS test was conducted to determine the optimum proportions 

of raw materials for further investigation of ferrock as a potential substitute for 

conventional cement. Once the mix was prepared, the samples were molded into 

cylindrical specimens with a diameter of 3.6 cm and a length of 7.6 cm. The mixture 

was placed into the molds in three layers, with each layer compacted by tamping 25 

times to ensure uniform density. The specimens were then immediately demolded using 

a specimen ejector. Following their respective durations of CO₂ exposure, the samples 

were kept at room temperature for an additional 3 days to allow moisture evaporation 

and to ensure proper hardening prior to testing.  

          The samples were subjected to CO₂ curing for 2, 3, 4, 5, and 6 days, followed by 

an additional 3 days of air curing at room temperature to allow excess moisture to 

evaporate and ensure proper drying. The CS of the various mixes was then evaluated 

and compared. The results are illustrated in figure 3.21, which presents UCS data for 

the following mix combinations: (a) I58-OA2 and I58-OA4, (b) I60-OA2 and I60-OA4, 

(c) I62-OA2 and I62-OA4, (d) I63-OA2 and I63-OA4, (e) I64-OA2 and I64-OA4, (f) 

I65-OA2 and I65-OA4, (g) I67-OA2 and I67-OA4, and (h) I69-OA2 and I69-OA4. 
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(a) (b) 

(c) (d) 

(e) (f) 
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          The results indicated that the mix I62-OA2 achieved the highest CS, followed by 

I64-OA2 and I69-OA4. The I62-OA2 mix achieved a peak CS of 46.15 MPa on the 

fourth day of CO₂ curing, followed by a sharp decline on the sixth day. This indicates 

that most of the reactions were likely completed within the initial four days. The I60-

OA2 mix exhibited high early strength during the initial stages of CO₂ curing. However, 

a gradual decline in strength after the third day highlights the variability in the 

performance of FA and other supplementary materials under carbonation conditions. 

The overall results indicate a notable reduction in strength by the sixth day for all mixes, 

which attributed to the near completion of chemical reactions or increased porosity 

within the matrix. Both the highest strength mixes contain 20% FA concludes samples 

with 20% FA were stronger than others with same ratio of MK. With a constant high 

ratio of FA in mix I62-OA2 and I64-OA2 higher ratio of LS shows better results in 

strength. With constant low ratio of FA and constant MK in mix I69-OA2 and I67-OA2 

with variable LS shows that mix with lower LS shows higher CS than higher LS value. 

The cohesive nature of MK and the synergistic action of silicates are likely to provide 

a denser matrix. The samples containing 20% FA exhibited similar strength, indicating 

that the variations in MK content influenced the overall strength. An increase in MK 

Figure 3.21 UCS results for mixes (a) I58-OA2 and I58-OA4, (b) I60-OA2 and I60-OA4, 

(c) I62-OA2 and I62-OA4, (d) I63-OA2 and I63-OA4, (e) I64-OA2 and I64-OA4 (f) I65-

OA2 and I65-OA4 (g) I67-OA2 and I67-OA4 (h) I69-OA2 and I69-OA4 

(g) (h) 
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content is linked to a notable but modest drop in CS values at lower FA content. In these 

systems, MK primarily serves as a rheology modifier, whereas the fine LS is anticipated 

to serve as a reaction product nucleation site [167]. The strength increased with the 

duration of CO₂ curing due to carbonation and product formation reactions. This 

enhancement in strength was attributed to the carbonation process and the formation of 

iron carbonates during the reaction. This implies that pores size decreases with 

increasing CO₂ curing. Higher carbonation leads to more reaction and more density as 

product fills the pores. 

 

3.1.4.5.1 Stress strain behavior 

          Stress–strain analysis was performed on the mixes that exhibited the highest, 

second highest, and third-highest CS, with the results presented in figures 22(a), 22(b) 

and 22(c), respectively. The specimen I62-OA2C4 demonstrated a higher proportional 

limit compared to the others, indicating greater stiffness and lower deformation under 

applied stress. This suggests that the material is less ductile and more rigid. In contrast, 

the other two specimens showed lower stiffness and greater deformation, indicating 

more ductile behavior. The I62-OA2C4 mix exhibited enhanced elastic performance, 

making it more suitable for construction applications. After reaching the proportional 

limit, all mixes showed a drop in stress, marking the transition from elastic to plastic 

behavior. Notably, only I62-OA2C4 exhibited strain hardening, with the material 

reaching its ultimate tensile strength before failure. The other mixes showed minimal 

stress increase before failure, without significant hardening. Overall, I62-OA2C4 not 

only achieved the highest strength but also showed superior load-bearing behavior with 

reduced strain. The gradual stress drop before failure indicates a ductile failure mode, 

making it a more reliable option for structural use. 
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3.1.4.5.2 Compressive strength test for OPC based binder 

          The CS of cubes prepared using ferrock was compared with that of cubes made 

using OPC and other binders to assess the binding capability of ferrock. For each mix, 

50 mm cubes were cast, cured, and tested after 28 days of curing and results are 

presented in figure 3.23. Notably, the cube containing ferrock underwent CO₂ curing 

Figure 3.22 Stress strain graph for mix (a) I62-OA2C4 (b) I64-OA2C6 and (c) I69-
OA4C3 

(a) (b) 

(c) 
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for 4 days, followed by water curing for 28 days. The mix proportions and 

corresponding notations are detailed in table 3.8. 

Table 3.8 Mix proportions of binder for CS comparison 

Mix notations C FA MK Ferrock 

100C 100 0 0 0 

80C20FA 80 20 0 0 

60C40FA 60 40 0 0 

75C25MK 75 0 25 0 

50C50MK 50 0 50 0 

I62-OA2 0 0 0 100 

 

While it is widely recognized that OPC-based composites continue to gain 

strength over time and may exhibit significantly higher long-term CS, the iron 

carbonate-based binder system in mix I62-OA2 already achieves strengths suitable for 

many construction applications. The values reported for the iron carbonate-based binder 

system in mix I62-OA2 fall within the range required for many construction 

applications. Mix 100C exhibited the highest strength, followed closely by mix I62-

OA2, which showed only a 5.88% reduction—demonstrating a comparable 

performance. In the case of mix 80C20FA, which includes 20% FA replacement, a slight 

decrease in strength was noted. However, when FA content was increased to 40% in 

mix 60C40FA, a substantial strength reduction of 44.11% occurred. This suggests that 

excessive FA content negatively affects strength, likely due to slower formation of 

strength-contributing products, such as C-S-H gel, compared to pure cement hydration. 

For MK-based mixes, with 25% and 50% cement replacement in mixes 75C25MK and 

50C50MK respectively, strength reductions of 20.5% and 49.21% were observed 

compared to the 100% cement mix. The lowest CS was recorded in the mix with 50% 

MK replacement. Excessive MK content may lead to binder matrix dilution, resulting 

in poor bonding and hydration processes, while increased porosity could further reduce 
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CS. High MK content may also increase porosity in the concrete matrix, introducing 

voids that weaken the internal structure.  

The results indicate that the CS of the cube from mix I62-OA2 was comparable 

to that of the cube containing 100% cement. This similarity in strength can be related 

to the reaction of IO with CO₂, forming complex iron carbonates that contribute to the 

material's strength. These findings highlight the potential of ferrock as a sustainable 

alternative binder capable of partial cement replacement due to its resistance to 

compressive stress. Given its favorable mechanical performance and environmental 

advantages, Ferrock demonstrates promise as a viable component in green construction 

materials. Further investigations were undertaken to determine the optimal percentage 

of cement replacement with ferrock in concrete mixtures. 
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3.1.4.6 Microstructural analysis 

3.1.4.6.1 SEM 

          The analysis was conducted to examine the microstructure of ferrock through 

high-magnification imaging. SEM was performed on the ferrock sample to investigate 

the pore structure of the iron carbonate binder, as it plays a critical role in influencing 

the material’s mechanical properties. The analysis was performed using a SEM from 

JEOL, equipped with an Electron Detector for detailed mapping. For the SEM, the 

samples were crushed, and tiny bits of the core were adhered to the stub using epoxy 

resin. The SEM combines a semi-in-lens objective lens and an in-lens Schottky FEG to 

Figure 3.23 CS values of plain OPC and modified OPC mixtures for comparison 
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provide ultrahigh resolution. The Gentle Beam mode improves resolution at low 

voltages, allowing observation of nonconductive samples. Mix I62-OA2 exhibited the 

highest CS, followed by mix I64-OA2, after 4 and 6 days of CO₂ curing, respectively. 

Based on these results, both mixes were selected for further microstructural analysis. 

Specifically, specimens labeled I62-OA2C2, I62-OA2C3, and I62-OA2C4, as detailed 

in table 3.7, correspond to CO₂ curing durations of 2, 3, and 4 days, respectively, with 

the 4-day curing period yielding the highest strength. SEM images, presented in figure 

3.24, revealed that the microstructure was dense and well-compacted. The presence of 

rounded FA particles was also observed, indicating their role in the overall morphology. 

The formed products are iron oxalate carbonates complex which has less pores than 

control mix. The microstructure is heterogeneous, comprising angular iron particles, 

spherical FA particles, and porous reaction products. A thin film of reaction products is 

observed on the surfaces of the iron particles, indicating ongoing chemical interactions. 

Additionally, partial formation of reaction products is also noted on the surfaces of the 

FA particles. 
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3.1.4.6.2 EDS 

          The analysis aimed to determine the elemental composition of mixes which 

showed the highest and second highest strength among all mixes. The specimens 

labeled I62-OA2C2, I62-OA2C3 and I62- OA2C4 corresponds to CO₂ curing durations 

of 2 days, 3 days and 4 days, respectively. The specimen labeled I64-OA2C6 achieved 

the second highest strength among the tested samples corresponds to a CO₂ curing 

duration of 6 days. The elemental composition of mixes as determined by EDS analysis 

are presented in table 3.9 below. This analysis suggests that the iron content in the I62-

OA2 specimen is higher after 2 days of CO₂ curing compared to 3 and 4 days. This 

decrease in iron content with extended curing duration may be attributed to the 

progressive dissolution of IO, which facilitates carbonation and subsequent product 

formation. Also, only Fe, C and Si are present in EDS spectra confirms that no binding 

product formation occurs in the absence of dissolved CO₂. The microstructure exhibits 

Figure 3.24 SEM images of mix (a) I62-OA2C2, (b) I62-OA2C3, (c) I62- OA2C4 and 

(d) I64-OA6 

(c)
67

(d)

(a) (b)
67
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heterogeneity, consisting of angular iron particles, spherical FA particles, and porous 

reaction products. The product of reactions contains silica which enhances the concrete 

matrix and increases formation of product. The figure 3.25 showed results of EDS 

analysis in the form of peaks of elements present in composites. Although Al and Si are 

the dominant elements across all specimens, the Al/Si ratio varies among them. 

Specimens I62-OA2C2, I62-OA2C3, and I62-OA2C4 exhibit relatively similar Al and 

Si peak intensities, indicating a consistent Al/Si ratio. In contrast, specimen I64-OA2C6 

shows a markedly stronger Al peak relative to Si, suggesting a higher aluminum content 

in this region. This variation in the Al/Si ratio may have implications for the material's 

properties, particularly its mechanical strength. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25 EDS peaks of mix (a) I62-OA2C2, (b) I62-OA2C3, (c) I62- OA2C4 and 

(d) I64-OA6 

(a) (b)

(c) (d)
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Table 3.9 Elemental composition of mix (a) I62-OA2C2, (b) I62-OA2C3, (c) I62- 

OA2C4 and (d) I64-OA6 

Mix C Al Si Ca Fe 

I62-OA2C2 14.81 13.76 17.46 1.77 52.21 

I62-OA2C3 37.73 25.54 31.48 3.74 1.5 

I62- OA2C4 62.83 12.24 14.27 9.67 0.99 

I64-OA2C6 43.13 24.51 28.8 2.92 0.63 

 

Elemental mapping 

          Analysis provides visual representation of elemental distribution in samples and 

results are illustrated in figure 3.26. The specimens labeled I62-OA2C2, I62-OA2C3 

and I62- OA2C4 represent CO₂ curing durations of 2 days, 3 days and 4 days, 

respectively. Distribution maps were acquired of iron, silicon, aluminum, Ca, and 

carbon. The brighter the color, the higher the concentration of the element shown for 

each map. Iron is observed at locations away from the particles also, aided by the 

organic dissolution agent. The distribution of carbon is uniform, except in regions 

occupied by the unreacted iron particles and the FA particles where it shows a higher 

concentration. It indicates that the reaction products which are formed away from the 

iron particles are also complex iron carbonates, although the stoichiometry could be 

locally different, this is not discounting the presence of carbon from the Ca. The 

specimen labeled I64-OA2C6 showed second highest strength with a CO₂ curing 

duration of 6 days. Sample I62-OA2C2 shows uneven distribution of IO because at 2 

days of CO₂ curing few elements of IO already react and formed product. The two-day 

CO₂ curing period was insufficient for the completion of all reactions. However, after 

four days of curing, only a minimal presence of IO elements was observed, indicating 

that the reactions had largely concluded, ultimately contributing to strength 

development. The results indicate that as the number of curing days increases, IO 

continues to form products until all reactions are complete. Additionally, the 
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distribution of Ca is predominantly uniform, likely due to the small particle size (0.7 

μm) of the calcium carbonate (LS) used in the matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.4.6.3 XRD 

          XRD is a flexible analytical technique used to examine mineralogical attributes 

such as phase identification, crystal structure, and orientation samples. The LYNXEYE 

XE-T detector is equipped with a Motorized Anti-Scatter Screen and a Variable Active 

Detector Window. These features enable rapid data acquisition and effective filtering, 

ensuring precise low-angle measurements with minimal background interference. XRD 

analysis was conducted using Profex software to identify peaks and phases. The 

resulting data were then plotted using Origin Pro 2024 for graphical representation and 

reported in figure 3.27. The analysis revealed distinct mineralogical peaks in specimens 

I62-OA2C2, I62-OA2C3, I62-OA2C4, and I64-OA2C6, corresponding to 2, 3, and 4 

Figure 3.26 Elemental mapping of mix (a) I62-OA2C2, (b) I62-OA2C3, (c) I62- 
OA2C4 and (d) I64-OA6 

(a) (b)
67

(c) (d) 
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days of CO₂ curing for mix I62-OA2, and 6 days of CO₂ curing for mix I64-OA2, 

respectively. The formation of hydrated and carbonated by-products with their peak 

composition are analyzed and compared. Since materials are composed of microscopic 

crystallites the effectiveness of the curing hours may influence the conversion of these 

metastable byproducts to a stable calcite form. Quartz was observed commonly in all 

specimens as major peaks. For the I62-OA2C2 sample, the XRD patterns revealed 

predominant peaks associated with Quartz, Kaolinite, Calcium Sulfate Anhydrate, 

Anhydrite, Manganosite, Dolomite, Fe₃Si₂O₅(OH)₄, Ferrihydrite, and various forms of 

Al₂O₃. These findings indicate a complex mixture of silicates, sulfates, and oxides, 

which are critical in understanding the sample's material properties. In the I62-OA2C3 

sample, the analysis identified significant peaks corresponding to Metathenardite, AlF₃, 

Biotite, Beta-MgSO₄, Anhydrite, Illite, Calcium Sulfate Anhydrate, AlFeO₃, Epsomite, 

Ganophyllite, Albite, and Ferrihydrite. The variety of phases detected points to a rich 

mineralogical composition, which may contribute to the unique properties observed in 

this sample. The mineralogical phases of iron were found dominant under all reactions 

because of the inert nature of other materials (FA, MK and LS) in the mix. Further, C-

S-H and C-A-S-H phases were abundant in all the samples due to the excess silicates 

and aluminates, which impart additional strength to the samples. 
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3.1.4.7 Carbonation Test 

The carbonation test performed to get visual representation of carbonated 

and non-carbonated parts of concrete by using phenolphthalein as an indicator. A 

total of three types of specimens were cast: a cylindrical sample from UCS test, 

cube of size 50 mm with 100% ferrock and other cubes of size 50 mm with ferrock 

as a partial replacement of cement bwoc in ratio of 5%, 10%, 15% and 20%. 

Samples were kept in an airtight poly bag filled with a maximum CO₂, refilled 

after required time to maintain concentration. After cleaning the surface, 

phenolphthalein was sprayed over the recently split surface. A pink tint was 

obtained in the noncarbonated part of the sample, where the alkalinity of concrete 

was high. There was no coloring in the carbonated portion of the specimen, where 

Figure 3.27 XRD peaks of mix (a) I62-OA2C2, (b) I62-OA2C3, (c) I62- OA2C4 
and (d) I64-OA6 

(a) (b)
67

(c) (d)
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the alkalinity of concrete was lower. Calcite is created when Ca from Ca(OH)2  

and CSH combines with carbonation, which is caused by the dissolving of CO₂ 

in the concrete pore fluid. Further, the extent of carbonation was accessed 

visually, highlighting the vital role of CO₂ absorption during the carbonation 

process of hardened cement paste samples. This phenomenon occurs as CO₂ 

interacts with Ca(OH)2, forming CaCO3 in the presence of water. CO₂ infiltration 

initiates carbonation, lowering the alkalinity, and the pore water pH drops from 

13.5 to about 9.0. After the complete carbonation of Ca(OH)2, the pH drops 

further to around 8.0, showing a fading pink or no color. 

In the case of the 100% ferrock specimens like cylinder and cubes, no 

pink coloration was observed on any of the samples. This indicates that 

carbonation had occurred throughout the entirety of the ferrock specimens, 

resulting in significant reduction in alkalinity. The complete absence of pink 

coloration suggests that the pH of the ferrock specimens dropped below the 

threshold (around pH 8.3) at which phenolphthalein changes color, confirming 

the full carbonation of the material. 

The specimens of ferrock were cast 100% ferrock cubes of size 50mm in 

figure 3.28 (b), and cubes of different ferrock ratios as replacement of cement in 

figure 3.28 (c). Test showed that CO₂ was captured as there was no pink color 

found on specimens. Results showed that there is pink color partially on the 

surface of cube as there were some ratios of ferrock in concrete.   

The results from the carbonation testing of the ferrock and concrete 

specimens provide clear insights into the carbonation process and the material's 

behavior under CO₂ exposure. After exposure to 100% CO₂, the freshly split 

surfaces of the specimens were treated with phenolphthalein pH indicator to 

assess the extent of carbonation. 

In contrast, the concrete specimens exhibited partial pink coloration upon 

testing. The presence of pink color in some areas indicates that these parts of the 

concrete remained uncarbonated, retaining their high alkalinity. The areas without 

pink coloration reflect zones where carbonation had occurred, reducing the pH 
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and thus preventing the phenolphthalein from turning pink. This partial 

carbonation suggests that while the concrete's surface was affected by CO₂ 

exposure, the carbonation process had not fully penetrated through the material. 

Previous studies also used phenolphthalein for visualizing carbonated and non-

carbonated parts of concrete [168] [169] [170]. 

These observations highlight the difference in carbonation resistance 

between ferrock and conventional concrete. The complete carbonation of ferrock 

suggests that it has a higher reactivity with CO₂ compared to traditional concrete, 

which exhibited only partial carbonation. This result is consistent with the 

chemical composition and behavior of ferrock, which, due to its different binder 

chemistry, may offer unique advantages or limitations in environments with high 

CO₂ exposure. 

 

 

 

 

 

 

 

Figure 3.28 Carbonation test results of (a) Ferrock UCS sample, (b) Ferrock cube 

sample and (c) cubes with different ratios of ferrock 

(a) (b) (c)



69 
 

3.1.5 rGO 

          The rGO used in present study with an average particle size of 40 – 45 µm, 

density of 1.9 g/cm3 and mean molecular weight of 12.01g/mol as depicted in figure 

3.29 below. The rGO was purchased from the Sood Chemicals, Kurukshetra Haryana, 

India, is used solely for research purposes only. Microstructural analysis was performed 

at 28 days of curing using a resolution of 1 µm to visual representation of microstructure 

of rGO.  

 

 

          Results of SEM, XRD, EDS peaks and elemental mapping are reported in the 

figure 3.30 (a), (b), (c) and (d) respectively. The SEM image revealed a wrinkled, 

irregular, plate-like structure of rGO, which contributed to enhanced binding within the 

concrete matrix. The surface appeared rough due to defects generated during the 

reduction of GO and the presence of residual functional groups. Densified hydrated 

cements with low density C–S–H in association with C–H is visible. Table 3.10 presents 

the elemental composition of rGO. The analysis confirmed that carbon is the 

predominant element, with a minor presence of oxygen, which aligns with its 

classification as a carbon-based nanomaterial. XRD analysis further revealed a 

prominent peak corresponding to carbon, indicating its dominance among the mineral 

phases present in rGO. The overall analysis suggests that rGO consists of ultra-fine 

particles with a large surface area, which enhances its ability to absorb water molecules. 

Figure 3.29 rGO used in study 
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Additionally, the material exhibits a bulky lateral size and a high-water retention 

capacity due to the formation of rGO clusters. Microstructural analysis provided 

insights into the surface morphology, elemental composition, and mineral phases, 

offering a comprehensive understanding of rGO at the microscopic level. 

 

 

 

 

Figure 3.30 Microstructural analysis of rGO by (a) SEM, (b) XRD, (c) EDS peaks and 

(d) elemental mapping 

(a)
67

(b)

(c) (d)
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Table 3.10 Elemental composition of rGO 

Elements (wt%) C N O S H 

rGO 90.87 0 9.13 0 0 

 

3.2 Mix Proportions 

          To investigate the effects of rGO and ferrock on concrete performance, a total of 

14 different mix designs were prepared, incorporating varying proportions of rGO and 

ferrock both individually and in combination. Control samples without replacement of 

cement were prepared to test and compare the results of experiments. The experimental 

program included tests to assess fresh properties, hardened properties, durability, and 

microstructural characteristics using SEM, EDS, and XRD analyses. The control mix 

exhibited a slump value of 92 mm and a compacting factor of 0.91. A constant water-

to-binder ratio of 0.5 was maintained throughout the study, with no additional 

plasticizer used, which may influence the strength characteristics of the mixes. The 

study focuses on investigating concrete mixes with the replacement of cement so that 

the amount of sand and coarse aggregate was consistently same as 707.6 kg and 1066.75 

kg respectively. Table 3.11 contains the details of the quantities of OPC, rGO and 

ferrock used in each mix along with corresponding mix notations and replacement ratios 

of materials. 

 

Table 3.11 Mix proportions of concrete 

Mix 

Notations 

Description Cement 

(kg) 

rGO 

(kg) 

Ferrock 

(kg) 

CSF0G0 OPC + Sand + Coarse 

aggregates 

383.2 0 0 

GC0.1 99.9% OPC + 0.1% rGO + 

Sand + Coarse aggregates 

382.82 0.3831 0 
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GC0.2 99.8% OPC + 0.2% rGO + 

Sand+  Coarse aggregates 

382.43 0.7664 0 

GC0.4 99.6% OPC + 0.4% rGO + 

Sand+ Coarse aggregates 

381.67 1.5324 0 

GC0.6 99.4% OPC + 0.6% rGO + 

Sand + Coarse aggregates 

380.90 2.2986 0 

GC0.8 99.2% OPC + 0.8% rGO + 

Sand + Coarse aggregates 

380.13 3.0648 0 

FC5 95% OPC + 5% Ferrock+ Sand 

+ Coarse aggregates 

364.04 0 19.16 

FC10 90% OPC + 10% Ferrock+ 

Sand + Coarse aggregates 

344.88 0 38.32 

FC15 85% OPC + 15% Ferrock+ 

Sand + Coarse aggregates 

325.72 0 57.48 

FC20 80% OPC + 20% Ferrock +  

Sand + Coarse aggregates 

306.56 0 76.64 

G0.2FC5 94.8% OPC + 0.2% rGO + 5% 

Ferrock + Sand + Coarse 

aggregates 

363.28 0.7664 19.16 

G0.2FC10 89.8% OPC + 0.2% rGO + 

10% Ferrock + Sand + Coarse 

aggregates 

343.73 0.7664 38.32 

G0.2FC15 84.8% OPC + 0.2% rGO + 

15% Ferrock + Sand + Coarse 

aggregates 

324.95 0.7664 57.48 
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G0.2FC20 79.8% OPC + 0.2% rGO + 

20% Ferrock + Sand + Coarse 

aggregates 

305.79 0.7664 76.64 

 

 

3.3 Methodology 

          The present study follows a systematic approach to investigate the properties of 

concrete with and without the partial replacement of cement by rGO and ferrock. The 

methodology illustrated in figure 3.31 through a flowchart encompasses the 

characterization of raw materials used, mix design, fresh and hardened properties, 

durability testing and microstructural analysis. Initially, the study involves the 

characterization of OPC, fine aggregates, coarse aggregates, and ferrock, including its 

raw materials. The concrete mixes were designed for partial replacement of cement 

using rGO, ferrock, and a combination of both materials. A control mix was prepared 

without any replacement of cement to compare results. Fresh properties of concrete 

mixes assessed by slump cone and compaction factor test. After curing the hardened 

mechanical properties were tested by CS, TS and FS at 3, 7, 28, 56 and 90 curing days. 

Further durability of concrete samples tested by total absorption, water penetration, 

initial surface absorption, RCPT and results were compared with control sample. 

Microstructural analysis of concrete analyzed the influence of rGO and ferrock in 

concrete mix by SEM analysis to study surface morphology and texture, EDS analysis 

to determine elemental composition and XRD to analyze mineralogical phases. All 

findings were systematically analyzed and compared with control mix and reported. In 

conclusion, the optimum replacement ratio was determined to achieve maximum 

strength and improved durability. 
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The research methodology employed to accomplish the objectives of the present 

research work is explained in table 3.12 below. The analysis performed with apparatus 

used listed to study the properties of concrete. 

Table 3.12 Research Methodology 

Objective Analysis to be done Apparatus/ Software 

to be used 

To test the physical and chemical 

properties of graphene and 

ferrock to study their feasibility 

as an additive to cement concrete 

to improve its compressive 

strength. 

Sieve Analysis 

Hydrograph analysis 

XRD of raw materials 

SEM of raw materials 

EDS of raw materials 

Sieve 

Hydrograph 

XRD 

SEM 

EDS 

Figure 3.31 Methodology followed in study 
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To study the pore structure of 

concrete composite for mixing 

efficiency, compaction degree 

and strength development 

XRD of concrete mixes 

SEM of concrete mixes 

EDS of concrete mixes 

Slump test 

Compaction factor test 

XRD 

SEM 

EDS 

Slump cone apparatus 

Compaction factor 

apparatus 

To prepare concrete having 

different proportions of 

graphene and ferrock as 

replacement of cement and 

testing the hardened composites 

samples for pore structure, 

tensile and CS, and durability. 

CS test 

TS test 

FS test 

Total absorption test 

Water penetration test 

Initial surface absorption 

test 

Rapid chloride 

penetration test 

Compression Testing 

Machine (CTM) 

Absorption apparatus 

Water penetration 

apparatus 

Surface absorption 

apparatus 

Chloride penetration 

apparatus 

To carry out cost analysis of 

graphene- ferrock concrete 

developed 

Cost analysis of 1 Kg of 

ferrock 

Cost analysis for 1m3 of 

all concrete mixes 

Cost compared as per 

purchased rate. 

The Economic Index 

used to compare 

mixes as cost and 

strength achieved. 
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3.3.1 General 

The experimental test procedure includes tests for fresh properties, hardened 

properties and durability of concrete. Further microstructural analysis has been carried 

out to analyze the change in concrete microstructure due to rGO and ferrock.   

3.3.2 Fresh Properties of concrete 

3.3.2.1 Slump Test 

          The slump test is used to assess workability, which is defined as the ability to be 

mixed, transported, and placed with minimal loss of homogeneity according to IS: 

1199- (2018) [171]. The slump value was measured using the slump cone test after 

filling the cone of dimension 200 mm, 100mm and 300mm in height in accordance with 

IS 7320: 1974 [172]. The cone filled with fresh concrete mix in four layers, each tamped 

25 times, followed by lifting, and the height of the coned concrete was recorded. 

Findings for various mixtures were recorded, reported, and analyzed. 

3.3.2.2 Compaction Factor Test 

          The compaction factor test used to assess the workability of concrete by 

determining the amount of compaction achievable under its own weight. The apparatus 

for testing has two conical hoppers positioned one above the other, with a cylindrical 

mold located underneath them. Freshly mixed concrete is dropped into the top hopper, 

let to descend into the lower hopper, and ultimately into the cylindrical mold in 

accordance with IS: 5515 (2004) [173]. The volume of concrete filling the mold was 

measured, and the weight of the partly compacted concrete was recorded. The same 

concrete is then compressed precisely and weighed again. The compaction factor is 

calculated as the weight of partly compacted concrete divided by the weight of 

completely compacted concrete. 

3.3.3 Hardened properties of concrete 

3.3.3.1 Compressive strength 

          Concrete cubes of size 150 mm evaluated for CS mentioned in IS: 10086 – 2021 

[174] using a Compression Testing Machine (CTM). Fresh concrete was prepared 

according to the mix proportions mentioned in table 3.11 and poured into well-greased 
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cubical molds. Following a 24-hour curing period, the cubes were unmolded and placed 

in a tank for water curing. The figure 3.32 presents the setup and prepared samples for 

testing. The water temperature was maintained at 26o C ± 2 during curing. The CS was 

evaluated at 3, 7, 28, 56 and 90 days of curing as per IS: 516 – 2021 [175]. The concrete 

cubes containing ferrock were initially cured in a CO₂ atmosphere for four days in 

airtight container, since preliminary study on ferrock preparation on curing days and 

results of UCS testing found 4 days CO₂ as optimum. After that, the samples were 

transferred to a water tank for curing. The strength data were documented, analyzed, 

and presented. 

 

 

3.3.3.2 Split tensile strength 

          TS tests conducted on cylindrical concrete specimens with a diameter of 150 mm 

and a height of 300 mm, as specified in IS: 10086 – 2021 [174]. Fresh concrete mix 

was prepared according to the mix proportions mentioned in table 3.11 and poured into 

well-oiled cylindrical molds. After 24 hours, the specimens were unmolded and then 

kept in a tank for water curing. The figure 3.33 presented the setup of samples. The 

concrete specimens containing ferrock underwent CO₂ curing for the first four days, 

Figure 3.32 (a) CS test setup and (b) Cubes of 150 mm for testing 

(a) (b)
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since preliminary research on ferrock preparation and results of UCS testing found 4 

days as optimum days. After the CO₂ curing step, the samples were immersed in a water 

tank for further curing at temperature of 26o C ± 2. The strength of the specimens was 

evaluated at 3, 7, 28, 56 and 90 days by applying a diametral compressive load until 

failure as mentioned in IS 5816 – 1999 [176]. The findings were systematically 

recorded, analyzed, and presented.  

 

 

3.3.3.3 Flexural strength 

          Concrete beam specimens of size 100 mm × 100 mm × 500 mm were tested for 

FS using IS – 10086 – 2021 [174]. Fresh concrete was prepared as per proportions 

mentioned in table 3.11 and poured into thoroughly greased beam molds. After 24 

hours, the specimens were carefully unmolded and placed in a tank filled with water 

maintaining temperature of 26o C ± 2. The figure 3.34 illustrates the test setup and 

specimens after testing. The concrete samples incorporating ferrock were initially cured 

in a CO₂ environment for four days, as this duration was determined to be optimal based 

on prior investigations into ferrock preparation and UCS testing results. Subsequently, 

the samples were transferred to a water tank for continued curing. The FS of specimens 

Figure 3.33 TS test setup with samples 

(a) (b)
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was tested at intervals of 3 days, 7 days, 28 days, 56 days and 90 days using a three-

point load system until failure occurred in accordance with ASTM C78/C78M-2016 

[177]. The resulting data was processed, compared and reported. 

 

 

3.3.4 Durability 

3.3.4.1 Total absorption  

           The total absorption test performed according to ASTM-C642-13 [178] as setup 

presented in figure 3.35. Cubes of dimension 150 mm were cast and kept for CO₂ curing 

for 4 days and then kept for water curing in the tank for 28 days, 56 days and 90 days. 

The samples containing ferrock were initially cured in a CO₂ environment for four days 

before being transferred to a water tank for further curing. To determine absorption % 

in concrete specimens, by measuring the increase in the mass of specimens were oven 

dried for 24 hours at 100 to 110 C, designate this value as A. Dry weight was noted after 

removal from the oven. After drying kept in water for 48 hours and noted weight of 

cubes, designate this value as B. Specimens were kept in boiling water for 5 hours in 

tank with adjustable curing temperature and leave for cooling by natural loss of heat for 

Figure 3.34 (a) FS test setup and (b) tested beam samples 

(a) (b)
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not less than 14 hours and weight was noted, designate this value as C. Each time before 

taking weight remove excess water using cloth. By using eq (1) and eq (2) total 

absorption was calculated. 

Total absorption after immersion, (%) = [(B - A)/A]*100                                                (1) 

Total absorption after immersion and boiling, (%) = [(C - A)/A]*100                             (2) 

 

 

3.3.4.2 Water Permeability  

          The water permeability test was performed as per BS EN 12390-8:2000 [179], 

using concrete cubes of 150 mm on each side as apparatus presented in the figure 3.36. 

These cubes were cast and tested after curing days of 28, 56 and 90 days. The ferrock-

containing samples were first subjected to CO₂ curing for four days, after which they 

were placed in a water tank for continued curing at maintained temperature of 26o C ± 

2. Cubes were subjected to a water pressure of 500 ± 50 kPa for a duration of 72 ± 2 

hours to penetrate water. At the end of this period, the cubes were removed from the 

apparatus and split in half by using rod on top of cube and applying load perpendicular 

to the face on which the water pressure was applied by CTM. Excess water was wiped 

Figure 3.35 Total absorption test (a) sample and (b) test setup 

(a) (b)
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so that penetration of water was clearly seen. The maximum penetration depth within 

the test area was measured and recorded to the nearest mm. 

 

 

3.3.4.3 Initial Surface Absorption  

          ISAT gives the rate of flow of water into concrete per unit area at constant applied 

load. Estimation of the volume flow was obtained by measurement of the length of flow 

along a capillary of known dimension. Cubes of 150 mm side each were casted and 

tested at the curing age of 28 days, 56 days and 90 days according to BS 1881 – 208 

[180] as illustrates in figure 3.37. The samples incorporating ferrock were initially cured 

in a CO₂ environment for four days before being moved to a water tank for further 

curing. The cubes were oven dried till the constant weight (difference was not more 

than 0.1%) was reached and allowed cubes to cool till room temperature. A plastic seal 

was used to prevent leakage. Water was introduced into the cell through inlet and outlet 

points with constant head of 200 mm by a funnel of diameter 78 mm. Water was 

introduced into the cell via a connecting point and maintained at a head of 180 mm to 

200 mm using a filter funnel. A second connection point to the cap leads to a horizontal 

capillary tube. The connection to the reservoir was closed and the absorption was 

Figure 3.36 Water penetration test setup and measured depth 

(a)
67

(b) 



82 
 

measured by observing the movement of the end of the water line in the capillary tube 

with an affixed scale at 10 min. The rate of flow of water was noted in ml/m2s. 

 

 

3.3.4.4 Rapid Chloride Penetration  

          The RCPT determines penetration of chloride ion in concrete by electrical 

conductivity as described in ASTM-C1202 [181]. Cylindrical specimens with 

dimensions of 150 mm in length and 100 mm in diameter were cast to evaluate the 

effects of curing at 28, 56, and 90 days. The samples containing ferrock were first 

subjected to CO₂ curing for a duration of four days, after which they were transferred 

to a water tank for subsequent curing. After curing, each cylinder was cut into disc slices 

with a thickness of 50 mm and a diameter of 100 mm for further testing. These discs 

were then placed into RCPT molds with one side exposed to Sodium Chloride (NaCl)  

solution, the other in a Sodium Hydroxide (NaOH) solution , sides were sealed with 

epoxy compound to prevent leakage of chemicals. The NaCl solution was prepared by 

dissolving 3% (w/v) of distilled water and NaOH solution was prepared by dissolving 

0.3N (normality) in distilled water. The NaOH side of mold was connected to positive 

terminal of power supply and NaCl side should connect negative terminal of power 

Figure 3.37 ISAT (a) sample and (b) test setup 

(a) (b) 
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supply  A potential difference of 60 V was maintained across the specimen, the total 

amount of charge passed measured in coulombs, was used to determine the resistance 

of the specimen to chloride ion penetration. Figure 3.38 showed used apparatus and 

specimens in form of disc and disc after test showed brown coating due to chemical 

used. The test was conducted over a period of six hours, with readings recorded every 

30 minutes.  

 

 

 

 

 

Figure 3.38 RCPT test setup (a) vacuum, (b) disc preparation, (c) apparatus and (d) 
after chemical penetration 

(a) (b)
678 

(c) (d)
67
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3.3.5 Microstructural Analysis 

3.3.5.1 SEM 

          The SEM analysis of concrete samples provided valuable insights into the 

microstructure properties of materials by providing zoomed images of microstructure. 

Analysis studied the morphology, surface texture of the samples and the distribution of 

pores, cracks, and voids within the concrete matrix. The morphology of concrete 

samples is studied using JEOL field emission scanning electron microscopes. The 

samples were finely ground and examined under microscope to show the surface 

texture, roundness, and smoothness of the respective particles. A few nanometers thick 

Gold-coating was done on samples to get high resolution images. Secondary Electron, 

Back Scattered Electron were used as detectors. The sample of all mixes at 28 days of 

curing were analyzed, compared and reported. 

3.3.5.2 EDS 

          Analysis helps in understand the change in elemental composition of concrete 

mixes with rGO and ferrock incorporation in concrete as compared to control sample. 

JEOL Field Emission electron microscopes have high power optics which produce fine 

electron probe used during analysis. The aperture angle control lens maintains a small 

probe diameter even at a larger probe current. Using these techniques elemental 

composition be detected by presence of elements down to boron through EDS by 

electron Back Scattered Detection attached with microscope. EDS analysis provided 

elemental composition (%) with distribution in the form of mapping of elements. The 

analysis was done at 28 days of curing for samples of all mixes. 

3.3.5.3 XRD 

          The properties of concrete composites are directly affected by crystalline size, 

texture and mineralogical composition. The samples were finely grounded and analyzed 

using XRD. Data was processed by Profex (version 5.4.1) software for phase 

identification. The high-speed energy-dispersive LYNXEYE XE-T detector uniquely 

combines fast data collection with unprecedented filtering of fluorescence and Kβ 

radiation. Its proprietary variable active detector window and the Motorized Anti-

Scatter Screen enable data collection from lowest 2θ angles without parasitic low-angle 
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background scattering, in particular air scattering. The identification of the phases 

formed during the curing process is pivotal in assessing and optimizing the performance 

of concrete mixes.    

3.3.6 Carbonation test 

          The carbonation test on concrete was conducted to distinguish between 

carbonated and non-carbonated regions. Phenolphthalein was employed as a pH 

indicator to detect carbonation, consistent with methodologies reported in previous 

studies [168] [169] [182] [183]. After casting 100 mm concrete cubes kept them in CO₂ 

environment for 4 days and then 28 days of water curing for all mixes, the surface was 

broken to expose a fresh cross-section and sprayed with 0.1% phenolphthalein solution. 

Phenolphthalein turns pink in non-carbonated areas with a pH greater than 9, but it 

remains colorless in carbonated areas with a pH less than 9. This test provides a clear 

visual indication of the carbonated part in the concrete. 
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Chapter 4 Results and Discussion 

4.1 Fresh Properties of concrete 

4.1.1 Slump Test  

4.1.1.1 Slump test for concrete with rGO 

          The Slump cone test was conducted on fresh concrete mixes containing rGO to 

determine their workability. The results for slump cone test for all mixes are presented 

in the figure 4.1 below along with their mix notations. The slump value for the control 

sample was measured 92 mm. The results indicated that as the ratio of rGO increased 

to 0.8%, the slump value decreased to 80 mm, representing the lowest value among all 

the mixes. This corresponds to a reduction of 13.04% compared to the control sample. 

The workability decreases with an increasing ratio of rGO due to the formation of 

agglomerations when rGO is present in excessive quantities. The reduction in slump 

value indicates a decrease in fluidity and viscosity; however, it remains within the 

practical application limits. Findings be concluded that mixes with higher rGO have 

lower concrete workability. Previous studies found that excessive quantity of rGO 

causes agglomeration and flocculation between cement particles and rGO [139] [184]. 

Due to the high surface area and strong van der waals force of rGO the water 

requirement is higher in mix the reason for decreasing slump values. As rGO acts as a 

filler in concrete mix which tends to bind water molecules reduce the available free 

water for flowability [124]. As denser mix has higher viscosity makes the concrete 

stiffer. The study revealed a 20% reduction in workability with the incorporation of GO 

into concrete [185]. GO caused the acceleration in hydration of Portland cement due to 

its plating profile [186]. Shang et al. studied the influence of GO on the cement mortar 

properties such as workability, segregation and bleeding and concluded that GO 

resulted in the betterment of properties [187]. 
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4.1.1.2 Slump test for concrete with ferrock 

          Slump cone test conducted on fresh mixes of concrete for every mix containing 

ferrock to analyze its impact on workability. The results of slump test are reported in 

figure 4.2 which illustrate that workability was decreasing with the increasing ratio of 

cement replacement with ferrock. The samples with higher amount of ferrock showed 

lower workability. The slump value for control sample found 92 mm which reduced to 

64 mm with cement replacement of 20% in mix FC20 which is the lowest among all 

mixes. The slump value decreased 4.34% and 30.43% for mix FC5 and FC20 

respectively. The lower value of slump because rod like particle size of IO and water 

retention capacity of MK in ferrock [188]. This phenomenon is attributed to the 

presence of minerals, which enhance compaction and contribute to a denser matrix, 

Figure 4.1 Results of slump test of concrete mix with rGO 
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thereby reducing the flowability of the mix. Fine particles filling the voids in 

composites reduce pores and  make mix workable by balancing the water content which 

is absorbed by the iron powder [90]. The reduction in slump value because of heavy IO 

particles which settle down at a place. The reaction of ferrock starts at an early age 

makes denser and stiffer mix reduces flow lowering slump values. Findings conclude 

that ferrock reduces the workability of concrete as higher amount of ferrock shows less 

workability. Previous study shows that nano MK in concrete reduced value of slump 

because nano MK has large specific surface area easy to form a flocculent network 

structure, shows poor dispersibility [189] and absorb more free water during wetting 

[190].  

 

 

 

Figure 4.2 Result of slump test of concrete mix with ferrock 
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4.1.1.3 Slump test for concrete with rGO and ferrock together 

          Slump cone tests were conducted on fresh mix of concrete for every mix 

containing ferrock and rGO together to determine workability. rGO used as cement 

replacement in ratio of 0.2% constant throughout the study and ferrock used in ratio 

5%, 10%, 15% and 20%.  The results of slump test are presented in the figure 4.3 below 

along with mix notation. The workability decreased with the increase in cement 

replacement with ferrock and rGO. This decrease in workability was due to ferrock 

majorly. The mix G0.2FC5 and G0.2FC20 showed minimum and maximum reduction 

of 5.43% and 32.6% respectively as it remained within acceptable limits for practical 

construction applications. The observed reduction in slump with higher ferrock content 

is attributed to the increased surface area of the particles, which requires more water to 

maintain adequate flowability. The mix of two rGO and ferrock increases water 

retention because MK holds water and agglomerations created by rGO to make the mix 

stiffer. Decrease in workability is attributed to the adsorption of free water on the 

surface of nanomaterial. The increased surface area of rGO which is more than OPC 

makes it filler at nanoscale, refining the pore structure and increasing viscosity of 

concrete mix [36]. To minimize the decrease in fluidity caused by the addition of GO 

0.2 wt% PC was added to all specimens to improve workability [191] [192]. Gong et 

al. [193] found that the inclusion of the GO sheets enhances the degree of hydration of 

the cement paste. The agglomeration of nanomaterials adversely affects their ability to 

improve the properties of concrete. Because GO can easily disperse in water, it is more 

likely than other nanomaterials to efficiently distribute throughout concrete [194]. As 

MK and LS contain fine particles to hold water also MK has the property of water 

holding to make paste stickier and viscous [195]. Findings report that the reduction in 

workability due to the combined effect of agglomeration of rGO and due to heavy 

weight of ferrock as workability was lesser with increasing content of ferrock. Recent 

study [196] has confirmed that the incorporation of GO as an additive in the mix can 

cause workability problems due to the agglomeration of the GO nanoparticles by the 

marked alkaline character of the cement mixture and the possible occurrence of 

undesired chemical reactions. Study suggests that incorporation of LS in concrete mix 

makes it decrease in slump because of friction between the solid particles [197].  
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4.1.2 Compaction Factor Test  

4.1.2.1 Compaction factor for concrete with rGO 

          Compaction factor test conducted on fresh mix of concrete for every mix 

containing rGO to determine workability. The results of the compaction factor test are 

presented in figure 4.4 below along with mix notation reported that with increase in 

ferrock there was slight decrease in compaction factor value. The mix GC0.1 and GC0.8 

shows maximum and minimum compaction factor value of 2.19% and 9.89% 

respectively. With the increasing rGO content the workability decreasing show low 

fluidity in mix. The decreasing compacting factor indicates the mix becomes stiffer with 

the increasing rGO quantity. As the surface area of rGO is quite higher than OPC so the 

Figure 4.3 Result of slump test of concrete mix with rGO and ferrock together 
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requirement of water is more but with higher amount rGO as it create agglomeration 

[136]. Findings showed that rGO does not impact workability as much. The use of rGO 

beyond optimum ratio causes agglomeration and reduces flowability. Previous studies 

suggest that incorporation of GO in concrete significantly increases viscosity and 

decreases workability of concrete [198]. GO not only acts as refined templates to aid 

the growth of reaction products in cement paste, but it also produces new nucleation 

sites within the pore space of fresh binder and promotes the formation of more hydration 

products [199]. Research has demonstrated that the inclusion of GO in concrete can 

enhance its strength while reducing workability [200]. This suggests that GO should be 

incorporated in an optimal ratio to achieve the desired balance of workability and 

strength. Furthermore, the addition of GO has been shown to enhance the structural 

integrity of concrete. A study reported a reduction in workability at all GO ratios, 

including the optimal ratio of 0.03% with a water content of 0.5. However, at this 

optimal ratio, the CS increased by 46%, indicating an enhancement in the degree of 

hydration of the cement paste [201]. The oxygen functionalities in GO decrease the 

Vander Waals forces between GO layers, increasing the electronic repulsion between 

them, thus allowing dispersion and reactivity of GO in the cement matrix [202]. 
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4.1.2.2 Compaction factor for concrete with ferrock 

          Compaction factor test conducted on fresh mix of concrete for every mix 

containing ferrock to determine workability. The results of the compaction factor test 

are illustrated in figure 4.5 along with mix notation found that workability was 

decreasing with the increase in cement replacement with ferrock. The mix FC5 and 

FC20 showed minimum and maximum reduction of 4.0% and 18.0% respectively. The 

samples with higher amount of ferrock showed lower compaction value because of the 

thick and heavy paste formed by raw materials of IO, FA, MK and LS. Workability was 

decreasing due to the increasing ratio of ferrock while a lesser value provides a harder 

mix that may require higher energy for proper consolidation. The integration of FA, MT 

and LS, along with IO, forms a blend that enhances workability and minimizes water 

demand, and this combination balances the mix [195]. The filler effect of LS refined 

Figure 4.4 Result of compacting factor test values of concrete mix with rGO 
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and improves the porosity of the mix and in general terms results in lowering the water 

demand for a given workability [203]. Incorporating LS reduced the flowability of 

concrete. It was also reported that there was an optimum content of LS for the 

workability of concrete [22]. Effects of LS on the workability of concrete could be 

mainly attributed to the morphological effect, filler effect and dilution effect. Since its 

nucleation and chemical effects occur at several hours of hydration, they seem to have 

little effect on the workability of concrete [204]. 

 

 

4.1.2.3 Compaction factor for concrete with rGO and ferrock together 

          Compaction factor test was performed on fresh mix of concrete for every mix 

containing ferrock and rGO together to determine workability. rGO was used as cement 

replacement in ratio of 0.2% constant throughout the study and ferrock was used in ratio 

5%, 10%, 15% and 20%.  The results of the compaction factor test are reported in figure 

Figure 4.5 Result of compacting factor test values of concrete mix with ferrock 
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4.6 below along with mix notation. The mix G0.2FC5 and G0.2FC20 showed minimum 

and maximum reduction of 2% and 16% respectively. Findings suggest that due to 

combined effect of rGO and ferrock workability decreases because agglomeration of 

rGO and thick paste of ferrock. Workability decreases linearly with an increasing rGO 

content, with the most significant reduction of 0.8%, while 0.2% remains within an 

acceptable range. rGO should be used at an optimum ratio to avoid reduced workability, 

increased costs, and decreased strength at higher dosages. Previous studies indicate that 

the inclusion of GO in concrete mixtures reduces workability, as GO enhances the 

degree of hydration of the cement paste. However, despite this reduction in workability, 

the incorporation of 0.03% GO has been found to be beneficial. The improved 

performance is attributed to the refinement of the pore structure in the cement paste, 

which occurs due to the filler effect of GO agglomerates [201]. The reduction in 

workability is associated with water being trapped within the GO agglomerates. 

Furthermore, the incorporation of GO at ratios below 0.03% (w/c) has shown no 

significant positive effect on CS [205]. The inclusion of 0.05% GO in concrete mixtures 

has been found to reduce workability by 41.7%, while improving CS by 15–33% and 

FS by 41–59% [206]. Recent study [207] has confirmed that the incorporation of GO 

as an additive in the mix can cause workability problems due to the agglomeration of 

the GO nanoparticles by the marked alkaline character of the cement mixture and the 

possible occurrence of undesired chemical reactions that could involve the 

destabilization of the GO suspension. 
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4.2 Hardened Properties of concrete 

4.2.1 Compressive strength test  

4.2.1.1 CS of concrete with rGO 

          The CS test performed on hardened concrete with rGO as a partial replacement 

of cement in ratio of 0.1%, 0.2%, 0.4%, 0.6% and 0.8%. The figure 4.7 (a) presents the 

results of CS and 4.7 (b) % change in strength along with mix notations and curing 

days. The strength of all mixes of rGO concrete found improved as compared to control 

sample. The mix GC0.1 showed the lowest strength gain with a peak of 38.28MPa 

which improved by 25.09% as compared to CSF0G0 at 28 days of curing. The mix 

GC0.2 gained the highest strength with a peak of 42.04MPa with improvement of 

37.38% as compared to CSF0G0 at 28 days of curing. Mix GC0.4 reported peak of 

Figure 4.6 Result of compacting factor test values of concrete mix with rGO and 
ferrock together 
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strength 41.34MPa which is 35.098% higher than CSF0G0. On increasing the ratio of 

rGO to 0.6% in mix GC0.6 the improvement in strength was 32.58% at 28 days of 

curing. On further increasing the ratio of rGO to 0.8% in mix GC0.8 the improvement 

in strength achieved was 28.98% than CSF0G0. Results found 0.2% of rGO to be 

optimum. With increasing amount of rGO strength started decreasing because of 

excessive addition of rGO cause the agglomeration of graphene layers in the concrete 

matrix to clump together [136]. Weak zones are likely to be formed in the concrete 

matrix by aggregating rGO particles. The gain in strength is attributed to its high surface 

area, which provides sites for hydration products, and to its nano-filling effect on 

reducing the pores in concrete [138]. rGO enhances the microstructure not only because 

of the nanofiller effect but also through pozzolanic reactivity, which in turn promotes 

cement hydration, formatting a higher amount of C-S-H gel [208]. The strength 

increased to the ratio 0.2% rGO because of the improvement in density of concrete 

matrix due to filling effect of rGO and then start decreasing because rGO agglomerates 

in pores when it presents in excess amount. Previous studies mentioned that with the 

inclusion of derivatives of graphene like GO [36] [72], graphene nanosheets [209] [55], 

GNP [33] [210] and pristine graphene [211] [212] the property of cement mortar and 

concrete improvement. Studies have reported that the incorporation of 1.5% NS in 

concrete enhances CS by 29% [60], while the addition of 3% NS results in an increase 

of 21% in CS and 16.1% in TS [44]. Lv et al. [191] investigated the incorporation of 

GO nanosheets into cement composites to improve their hardness, as they showed that 

the nanosheets were able to control the formation of cement hydration crystals and this 

resulted in a significant increase in cement hardness.  
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4.2.1.2 CS of concrete with ferrock 

          The CS of concrete tested on 150 mm cubes prepared with ferrock as a partial 

replacement of cement in ratio of 5%, 10%, 15% and 20% and results compared and 

presented. Results are illustrated in figures 4.8 (a) show CS for all mixes and the 4.8 

(b) percentage change in strength due to ferrock respectively. Findings suggest that 

strength of all mixes with ferrock in concrete has been improved as compared to control 

sample. The mix FC10 showed the highest strength gain with a peak of 41.77MPa 

improved by 36.51% as compared to CSF0G0 at 28 days of curing. The mix FC5 

achieve the lowest strength gain with a peak of 33.71MPa which is 10.16% higher than 

CSF0G0 at 28 days of curing. The raw materials such as FA, MK, and LS in ferrock 

thus improved the mechanical strength of the concrete by increasing the pozzolanic 

action with the cement hydrating materials [213]. Further, the presence of iron oxide in 

ferrock enhances the crushing value by making concrete dense and compact [214] 

[215]. The strength started increasing because when iron reacts with CO₂ it formed 

complex iron carbonates, so it fills in microstructure of concrete matrix and formed iron 

Figure 4.7 (a) CS and (b) % change in CS of mixes with rGO 

 (a)                                                                                (b) 
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carbonates and other pozzolanic materials helps in workability and early strength 

development of concrete [216]. When the ratio of ferrock increases more than 10% 

there is a slight decrease in strength, because of poor binding among ferrock and 

concrete composites. It was found that the curing of CO₂ at an early age improves the 

crystalline form of carbonates, thereby acquiring 40% of its strength at an early age. 

The reactions of calcium silicates such as Tri calcium silicate and Tri calcium silicate 

(C3S and C2S) when they get in contact with CO₂, contribute to earlier strength in CO₂-

cured samples [85]. The LS cement replacement improves the CS to 10%. This 

improvement of strength is essentially due to the acceleration effect of LS filler related 

to the formation of calcium carboaluminates hydrate, which may be contributed to the 

overall increase in the rate of hydration [217] [218]. LS in combination with FA can 

improve the pore structure related properties such as porosity, absorption, and 

sorptivity, of cement paste, mortar and concrete. However, this improvement is limited 

to a certain level of addition beyond which the opposite happens [153]. The inclusion 

of nano MK enhances CS up to an optimum ratio. However, exceeding this ratio reduces 

strength, as excess nano MK tends to agglomerate and absorb onto cement particles, 

delaying the hydration reaction and decreasing the C3S and β-C2S phases in the matrix 

[219] [220]. CO₂ curing transforms Ca(OH)2 into stable calcium carbonates, enhancing 

CS during CO₂ curing, as the carbonation reaction proceeds from the hydration process. 
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4.2.1.3 CS of concrete with rGO and ferrock together 

          The CS of hardened concrete cubes prepared with rGO and ferrock together as a 

partial replacement of cement in ratio 0.2% rGO and 5%, 10%, 15%, 20% ferrock and 

results are presented. Results are illustrated in figure 4.9 (a) CS and the 4.9 (b) 

percentage change in CS due to rGO and ferrock together with mix notations. Findings 

suggest that strength of concrete with rGO and ferrock have been improved as 

compared to control sample at all curing days. The mix G0.2FC5 showed the lowest 

strength gain with a peak of 42.92MPa with improvement of 40.26% as compared to 

CSF0G0 at 28 days of curing. The mix G0.2FC10 achieve the highest strength gain 

with a peak of 55.92MPa showed improvement of 82.74% as compared to CSF0G0 at 

28 days of curing. By increasing the ratio of ferrock to 15% in mix G0.2FC15 gained 

strength 64.26% higher than control mix CSF0G0. However, on further increasing the 

ratio of ferrock in mix G0.2FC20 with improvement of 46.96% strength than CSF0G0. 

The combination of rGO and ferrock showed significant improvement in strength. This 

is due to the filler effect of rGO in concrete matrix and in ferrock has other pozzolanic 

Figure 4.8 (a) CS and (b) % change in CS of mixes with ferrock 

 (a)                                                                                (b) 
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materials also to improve hydration in concrete along with iron as a binder [36]. It is 

indicated that the application of CO₂ at an early age improves the crystalline form of 

carbonates, by transforming Ca(OH)2 into stable calcium carbonates thereby acquiring 

40% of its strength at an early age [90]. The reactions of calcium silicates (C3S and 

C2S) when they get in contact with CO₂, contribute to earlier strength in CO₂-cured 

samples. This is the primary reason for enhancing the density and durability of 

carbonated samples. Upon addition of ferrock, the absorption and reaction get 

ameliorated, developing an additional stable ferrous compound (FeCO3) which forms 

rust, acting like reinforcement for the concrete matrix [221]. This profound behavior of 

concrete under CO₂ curing was rapidly studied in recent times, with an outcome that 

increased time of exposure to CO₂ accelerates the carbonation reaction. Previous studies 

have confirmed that the inclusion of a small amount (0.02%) of graphene nanosheets 

results in a significant improvement in mechanical strength, with increases of 34.1% 

[209], 22% [222] and 23% [223] respectively. 

 

 

 

Figure 4.9 (a) CS and (b) % change in CS of mixes with rGO and ferrock together 

 (a)                                                                                (b) 
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4.2.2 Split tensile strength test  

4.2.2.1 TS of concrete with rGO 

          The TS of hardened concrete tested on cylinders prepared with rGO as a partial 

replacement of cement in ratio of 0.1%, 0.2%, 0.4%, 0.6% and 0.8%. Results are 

illustrated in figures 4.10 (a) show CS and 4.10 (b) the percentage change in CS due to 

rGO respectively along with mix notations. Findings suggest that strength has been 

improved with inclusion of rGO in concrete as compared to control sample. Samples 

with the 0.1% of rGO in mix GC0.1 gained 40.27% improvement in strength at 28 days 

of curing. On increasing content of rGO in mix GC0.2 gain highest strength with a peak 

of 3.31MPa improvement of 49.77% as compared to CSF0G0 at 28 days of curing. In 

mix GC0.4 the strength gain was 48.42% which is similar with mix GC0.2 at 28 days 

of curing. On further increasing the ratio of rGO to 0.6% in mix GC0.6 concrete 

achieved strength 47.51% higher than control mix. The mix GC0.8 has the lowest 

strength gain with a peak of 2.99 MPa with the improvement of 35.29% as compared 

to CSF0G0 at 28 days of curing. The gain in strength because of accelerated hydration, 

refining the mechanical interlocking at the rGO reinforced cement matrix interface. 

Agglomerated rGO particles create a thick network that interferes with water flow and 

slows down hydration reactions [224]. Densification of microstructure caused due to 

the high aspect ratio and filler effect of rGO at nanoscale resulting in improved 

mechanical strength [37]. It is attributed to the strong interfacial bonding between the 

matrices arising from the two-dimensional crumpled structure with high specific 

surface area of rGO. Findings suggest 0.2% is the optimum ratio beyond then strength 

started decreasing because an excessive amount of rGO forms cluster results in 

inefficient rGO dispersion which hinders the binder's hydration process. Studies have 

concluded that the use of graphene derivatives improve tensile strength by 15% [129], 

33% [193] and 15.19% [225] while carbon nanofibers improve 56% [226]. 
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4.2.2.2 TS of concrete with ferrock 

          The TS test of concrete tested with ferrock as a partial replacement of cement in 

ratio of 5%, 10%, 15% and 20%. Figure 4.11 (a) illustrates the results of TS and 4.11 

(b) % change in strength at all curing days along with mix notations. Findings suggest 

that strength of ferrock concrete for all replacement ratios has been improved as 

compared to control sample. The mix FC5 showed the lowest strength gain with a peak 

of 2.75MPa improved by 24.43% as compared to CSF0G0 at 28 days of curing. The 

mix FC10 achieved the highest strength gain with a peak of 3.04MPa with improvement 

of 37.55% as compared to CSF0G0 at 28 days of curing. On increasing content of 

ferrock to 15% in mix FC15 the strength gain was 33.71% which is lower than mix 

FC10 but still higher than CSF0G0. However, on further increasing the ratio of ferrock 

to 20% in mix FC20 strength achieved was 28.05% more than CSF0G0. The early days 

improvement in strength because of CO₂ curing at initial days due to dilution and 

nucleation effect of particles. The quality of concrete is enhanced by the onsite reaction 

of iron particles with CO₂, producing a compound of ferric carbonate (FeCO3), 

accelerating the disintegration of iron particles which further happens to fill the voids 

and pores neglecting strength loss. Another reason for strength improvement is the 

Figure 4.10 (a) TS and (b) % change in TS of mixes with rGO 

 (a)                                                                                (b) 
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shape of IO particles which are angular to enhance the bonding between the particles 

inside concrete matrix [90]. The iron particles having a rough surface texture form a 

sturdy ITZ, creating a solid bond between the cement matrix and aggregates thereby 

improving strength. Nevertheless, the fine particles in ferrock with its micro filling 

capacity and pozzolanic activity augment the formation of Ca and aluminum silicates 

in the silicate and amorphous phases and readily form hydrates empowering concrete 

[215]. Although, when FA and MK were combined in concrete, it may hinder the 

performance due to the lack of sufficient generation of Ca(OH)2  necessary for the 

formation of C-S-H in the concrete matrix, because of which silica particles are left 

unreacted probably ending in strength reduction [90]. The observed reduction in 

strength attributed to the excessive silica content present in ferrock, which appears to 

have resulted in the dilution of the C₂S and C₃S phases, subsequently inhibiting the 

pozzolanic reaction [227]. Monshi and Asgarani [228] produced a kind of cement from 

steel slag (with 8%), iron slag and LS, which satisfied the requirement on CS for type I 

Portland cement. When steel slag is used in cement production, its adding amount is 

usually very small in order to insure the essential strength requirement of cement. 

 

 

Figure 4.11 (a) TS and (b) % change in TS of mixes with ferrock 

 (a)                                                                                (b) 
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4.2.2.3 TS of concrete with rGO and ferrock together 

          The TS of concrete tested on cylinders prepared with rGO and ferrock together 

as a partial replacement of cement with constant ratio of 0.2% rGO and variable ratio 

of ferrock as 5%, 10%, 15% and 20%. Results are presented in figure 4.12 (a) and (b) 

for TS for all mixes and the % changes in strength respectively. Findings suggest that 

the strength of ferrock concrete for all mixes has been improved as compared to control 

sample. The mix G0.2FC5 gained the lowest strength improvement of 3.12MPa with 

improvement of 41.17% as compared to CSF0G0 at 28 days of curing. The mix FC10 

achieved the highest strength gain with a peak of  3.42MPa with improvement of 

54.75% as compared to CSF0G0 at 28 days of curing. On increasing the ratio of ferrock 

to 15% in mix FC15 of improvement of 52.94% which starts decreasing after 10% 

ferrock in mix FC10 at 28 days of curing. However, on further increasing the ratio of 

ferrock to 20% in mix FC20 gained 48.41% strength as compared with CSF0G0. The 

ferrock imparts additional strength to the concrete by the angular morphology of its iron 

particles. The iron particles having a rough surface texture form a sturdy ITZ, creating 

a solid bond between the cement matrix and aggregates thereby improving strength 

[90]. Additionally, the pozzolanic materials in ferrock concrete like FA, MK and micro 

sized LS powder enhanced the filling effect in the concrete and built a better bond 

between the aggregate and the cement paste [85]. Previous studies found that with the 

inclusion of small amount of GO like 0.03% [193], 0.12% [70], improve 33%, 24% of 

TS. Tsakiridis et al. [229] investigated the utilization of steel slag for Portland cement 

clinker production and revealed that the addition of steel slag did not negatively affect 

the quality of the produced cement with 10.5% addition of steel slag. 
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4.2.3 Flexural strength Test  

4.2.3.1 FS of concrete with rGO 

          FS of concrete performed on beams with rGO ratios of 0.1%, 0.2%, 0.4%, 0.6% 

and 0.8% after using rGO as a partial replacement of cement at 3days, 7days, 28 days, 

56 days and 90 days of curing. Findings suggest that all ratios with rGO achieved better 

strength than control sample. The figures 4.13 (a) and (b) below illustrate the FS 

achieved for all mixes and percentage change in FS at all curing days. The mix GC0.1 

exhibited improvement of 18.13% at 28 days curing. The mix GC0.2 has highest 

improved strength with a peak of 4.23MPa with 29.06% improvement in strength at 28 

days of curing. On further increasing the ratio of rGO to 0.4% in mix GC0.4 the strength 

gain was 24.69 which is lower than mix GC0.2. In mix GC0.6 the achieved strength 

was 19.38% higher than control mix at 28 days of curing. The mix GC0.8 showed the 

lowest improved strength with 3.6MPa with 12.5% improvement in 

strength.  According to the literature, rGO enhances the formation of C-S-H gel with a 

compact structure by filling its nanopores. Owing to the high efficiency of 

nanomaterials in improving the mechanical properties of cementitious materials. rGO 

also facilitates C-S-H hydration by providing nucleation sites because of their higher 

Figure 4.12 (a) TS and (b) % change in TS of mixes with rGO and ferrock together 

 (a)                                                                                (b) 
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surface area [230]. Microstructure observation confirmed that the functional group 

(carboxyl) of rGO interact with CH, generating an additional amount of gel hydrates 

[231]. On the other hand, it was reported that higher amounts of rGO limited the 

hydration of C-S-H gel because they reduced the amount of free water, which is crucial 

for hydration to proceed. The functional group present in rGO acts as an active site that 

attracts cement particles [232]. The high surface area to mass ratio of rGO assists the 

nucleation for formation of cement hydrates and develops strong covalent bonds at the 

interface of cement matrix and dispersed phase. Previous studies concluded that FS 

improved with incorporation of 0.01% of GNP by 7% [233] and with nanosheets of 

0.022% 30.37% [209]. 0.03% of GO improve 8% of CS at 28 days of curing [225]. Pan 

et al. [32] also investigated the incorporation of GO in the cement paste, achieving an 

increase in concrete strength of 15–30% in compression tests and 40–60% in flexural 

tests. Li et al. [234] found that GO could efficiently accelerate cement hydration by 

accelerating the hydration of C3S in cement. It is also noticed that excessive GO (exceed 

the optimal amounts) results in a decline in improvements in FS due to particle 

agglomeration 

 

Figure 4.13 (a) FS and (b) % change in FS of mixes with rGO 

 (a)                                                                                (b) 
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4.2.3.2 FS of concrete with ferrock 

          FS of concrete beams with ferrock replacement ratios of 5%, 10%, 15% and 20% 

were tested at 3days, 7days, 28 days, 56 days and 90 days of curing. Findings suggest 

that all mixes with ferrock showed better strength than control sample. The figure 4.14 

(a) below presents the FS achieved for all mixes and 4.14 (b) percentage change in FS 

with mix notations. The mix FC5 shows 13.75% improvement in strength at 28 days of 

curing. The mix FC10 illustrates the highest improved strength with a peak of 3.82MPa 

with 19.38% improvement in strength at 28 days of curing. On increasing the ratio of 

ferrock to 15% in mix FC15 has improved 15.94% at 28 days of curing. However, on 

further increasing the ratio of ferrock to 20% in the mix FC20 gained the lowest 

improved strength with 3.6MPa with 14.38% improvement in strength at 28 days of 

curing. When iron oxide in Ferrock is exposed to CO₂, it transforms into a solid material 

that is five times stronger than regular concrete and has a higher CO₂ absorption 

capacity. It is because of the contribution of nucleation sites by LS powder, improved 

silica content from FA and cohesive nature of MK imparted in the ferrock [195]. The 

reduction in strength is because of the reduction in the amount of Ca(OH)2 crystallites 

due to accelerating hydration effect of iron fines in concrete [235]. It is worth noting 

that Ca(OH)2 resulting from the hydration process is known to boost up the pozzolanic 

reactions at later ages. Ultimately, the reduction in Ca(OH)2 during carbonation cannot 

activate the siliceous materials thereby reducing the C-S-H phases in the concrete 

matrix in later days, impeding the performance of SCC [236]. It was found that up to 

15% of LS fines do not affect the strength performance of LS concrete manufacture 

[237]. Instead, due to the higher water absorption of FA, adding FA decreases the water 

necessary for the hydration of cement. Therefore, unfinished cement hydration reduced 

the connection between coarse aggregates and reduced the strength of PC [238]. Liu et 

al. (2019) studied the properties of PC containing 3%, 6%, 9%, and 12% FA. It was 

found that the addition of FA reduced the flexural and CS at the early time of the curing 

period (28 days). It is reported that by increasing the quantity of FA up to 12%, the CS 

34% reduced. However, the result showed that with increasing curing period (up to 150 

days) the strength of the FA-modified PC increased. As the curing time increased, the 
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rate of hydration enhanced progressively which resulted in the strong bonding between 

coarse aggregates [239]. 

 

 

4.2.3.3 FS of concrete with rGO and ferrock together 

          FS performed on concrete beams with rGO and ferrock together as partial 

replacement of cement with constant ratio of 0.2% rGO and 5%, 10%, 15% and 20% 

of ferrock at 3days, 7days, 28 days, 56 days and 90 days of curing. Findings suggest 

that all mixes with rGO and ferrock showed better strength than control sample. The 

figures 4.15 (a) below illustrate the FS achieved for all mixes and 4.15 (b) percentage 

change in FS. The mix G0.2FC5 with the ferrock ratio 5% exhibited the lowest 

improvement with a peak of 4.19MPa of 30.94% as compared with CSF0G0 at 28 days 

of curing. The mix G0.2FC10 has the highest improved strength with a peak of 

4.49MPa with 40.31% improvement in strength at 28 days of curing. On increasing the 

ratio of ferrock to 15% in mix FC15 with improvement of 36.88% as compared to 

control sample. However, on further increasing the ratio to 20% in mix FC20 which 

gained strength 35.44% higher than control mix at 28 days of curing. This improvement 

Figure 4.14 (a) FS and (b) % change in FS of mixes with ferrock 

 (a)                                                                                (b) 
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is attributed to enhancements in the ITZ and the cementitious matrix within the 

concrete, facilitated by the pozzolanic reactions of silica with Ca(OH)2, which leads to 

the formation of additional C-S-H [36]. This reaction refines the microstructure, 

resulting in a denser, more homogeneous concrete matrix and improved FS. 

Additionally, carbon curing enhances FS by accelerating the carbonation of Ca(OH)2, 

leading to a denser microstructure and better resistance to bending forces [90]. rGO 

works as a filler in concrete matrix to make it dense and compacted. Results conclude 

that the combination of rGO and ferrock performed well and leads to higher strength as 

compared to control sample [68]. Previous studies also mentioned that small inclusion 

of nano material in cement composites improves strength, the inclusion of 0.01% of 

GNP improves 7% of FS [233]. It was observed that 0.06% of GNP improved by 20% 

[240] and 27.8% [241] of FS. Authors observed that with small inclusion of 0.04% GO 

improves 75.7% FS and microstructure of concrete composite [141]. Thus, the 

combined effect of rGO and ferrock enhanced the strength of concrete mixes at all 

curing days. It was found that the rate of increasing strength was lower initially and 

increased as the age increased when compared to conventional PC. This can be due to 

the development of cement hydration and the pozzolanic activity of the FA with free 

lime liberated from cement hydration. The gradual rate of pozzolanic properties results 

in a slower strength improvement in FA PC but noticeable strength achievement is 

typically detected from 28 to 90 day [242] [243] [244]. 
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4.3 Durability  

4.3.1 Total absorption Test  

4.3.1.1 Total absorption for concrete with rGO 

          Total absorption test conducted on hardened concrete cubes with rGO as a partial 

replacement of cement in ratios of 0.1%, 0.2%, 0.4%, 0.6% and 0.8% and tested at 

28days, 56 days and 90 days of curing. Results of total absorption test are presented in 

figure 4.16 below along with mix notation and curing days. Mix GC0.1 showed less 

improvement with 12.9% and 12.36 % on 28 days and 90 days of curing. This is because 

there are pores left to be filled due to the small amount of rGO. The mix GC0.8 

exhibited decrease of 48.27% and 43.6% at 28 days and 90 days of curing respectively 

which is lowest absorption of water among all mixes. Results found that with the 

increase in ratio of rGO the absorption rate is decreasing due to the surface area of rGO 

is much higher due to which it fills in pores easily and works as a filler in concrete 

matrix [245]. rGO makes composites denser and compacted due to which less water 

absorbed with higher amount of rGO [246]. Improved homogeneity and quality of 

Figure 4.15 (a) FS and (b) % change in FS of mixes with rGO and ferrock together 

 (a)                                                                 (b) 
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concrete hinders enhanced durability and mechanical performance of concrete. It is 

observed that with increase in rGO the concentration level of the porosity of the rGO 

reinforced concrete mixes have been reduced, i.e. the nucleation for formation of 

cement hydrates was indeed accelerated with rGO incorporation in the cement matrix 

[247]. rGO optimize the porosity of cement-based materials, greatly improve pore 

structure, and have the filling effect of micropores [36]. Increased durability and 

mechanical performance of concrete are restricted by improved homogeneity and 

quality of concrete. Increased mechanical performance and longevity of concrete are 

hampered by improved homogeneity and quality [37]. It is evident that the porosity of 

the rGO reinforced concrete mixes decreases as the concentration level of rGO 

increases; in other words, the integration of rGO into the cement matrix accelerated the 

nucleation to produce cement hydrates. With a further increase in the amount of GO 

beyond 0.075%, the water absorption was found to increase due to the agglomeration 

of GO, resulting in a non-uniform dispersion and thereby, leaving the pores vacant. The 

addition of GO and rice husk ash significantly reduced water absorption in concrete. 

The lowest absorption was achieved with 0.075% GO, resulting in a 25.4% decrease at 

28 days without RHA, due to pore filling and densification. When 10% cement was 

replaced with RHA, absorption decreased by 14.5%, attributed to the filler effect and 

pozzolanic reaction. The optimal mix showed a 41.7% reduction at 28 days, as the 

combined effect of GO and RHA enhanced the formation of C–S–H gel, further 

reducing permeability [248]. The optimum mix of 0.3% GO showed a 23.3% decrease 

in water absorption due to the combined filler effect of RHA and GO [133]. 
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4.3.1.2 Total absorption for concrete with ferrock 

          Total absorption test was conducted on concrete cubes of size 150 mm with 

ferrock as a partial replacement of cement in ratios of 5%, 10%, 15% and 20% and 

tested at 28days, 56 days and 90 days of curing. Figure 4.17 presents the results of total 

absorption for concrete containing ferrock. The mix FC5 showed no improvement in 

90 days in absorption of water in comparison with control sample. Further substitution 

ratio increased to 10% in mix FC10 resulted in reduction of water by 27.78%, 17.84% 

and 13.71% as compared with mix CSF0G0 at curing of 28, 56 and 90 days respectively. 

On increasing the replacement of cement to 15% in mix FC15 found 29.34%, 22.7% 

and 18.45% less absorption in comparison with mix CSF0G0 at 28, 56 and 90 days of 

curing respectively. On further increasing the replacement of cement to 20% in mix 

FC20 have 38.23%, 30.25% and 28.37% less absorption as compared to mix CSF0G0 

at 28, 56 and 90 days of curing respectively. Results found that with an increase in ratio 

Figure 4.16 Results of total absorption for all concrete mixes with rGO 
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of ferrock, the absorption rate is decreasing due to iron present in ferrock reacting with 

CO₂ and forming complex iron carbonates inside the concrete matrix to form denser 

and compacted composites [85]. With the increase in ratio of ferrock absorption rate 

started decreasing maybe because other pozzolanic materials were also present in 

ferrock to improve microstructure of concrete matrix [90]. The product of IO reaction 

with CO₂ in presence of OA forms complex iron carbonate which is dense and brittle 

structure which forms in concrete matrix [84]. Results suggest that ferrock makes 

structure more compacted and improved microstructure of composites. FA is a by-

product of the combustion of pulverized coal and is a pozzolanic material. When it is 

mixed with Portland cement and water, it generates a product similar to that formed by 

cement hydration but has a denser microstructure that is less permeable [249]. The 

results indicated that the permeability and void ratio of PC decreased with increased 

percentages of FA due to the filler effect from FA and its pozzolanic activity, which 

created secondary C–S–H gels that resulted in cohesive activity, therefore decreasing 

voids and permeability [143]. 
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4.3.1.3 Total absorption for concrete with rGO and ferrock together 

          The total absorption test conducted on 150 mm concrete cubes with rGO and 

ferrock as a partial replacement of cement as ferrock in ratio of 5%, 10%, 15% and 20% 

and rGO with constant ratio of 0.2% tested at 28days, 56 days and 90 days of curing. 

Findings, as reported in the figure 4.18 below, suggest that mix G0.2FC20 reduced 

absorption by 66.04% and 21.45% at 28 days and 90 days of curing respectively, which 

is the lowest absorption of water among all mixes. Mix G0.2FC5 exhibited less 

improvement with 30.23% and 21.45% at 28 days and 90 days of curing. With 

increasing the ratios of ferrock to 10% in mix G0.2FC10 reduced absorption by 2.53%, 

2.21%, and 2.12% at 28, 56 and 90 days of curing respectively. With increasing the 

ratio of ferrock to 15% in mix G0.2FC15, absorbs 1.844%, 1.55% and 1.24% at 28, 56 

and 90 days of curing respectively. With the replacement ratio of 20% in mix G0.2FC20 

reduced water absorption 1.28%, 1.12% and 1.04% at 28, 56 and 90 days of curing, 

Figure 4.17 Results of total absorption for all concrete mixes with ferrock 
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respectively. The complex wrinkled architecture of the molecule indicates the presence 

of aggregated rGO, like the aggregated GO noted in the research [90]. Results indicate 

that with the increase in ratio of rGO the absorption rate is decreasing due to the filler 

effect of rGO and strong iron carbonate formation of ferrock with contains FA to 

improve microstructure of concrete [36]. The combining effect of rGO and ferrock to 

make composite denser and more compacted as surface area of rGO is large so it works 

as filler and fill in pores and product of ferrock make is dense as it contains pozzolanic 

material to improve its microstructure. rGO concentration leads to the rapid formation 

of cohesion and adhesion forces among adjacent rGO particles due to intermolecular 

forces such as van der Waals interactions, electric dipole interactions, and chemical 

bonding (hydrogen bonding), resulting in the aggregation of rGO particles [245]. As 

the amount of ferrock increases, the concrete matrix's ability to absorb water decreases, 

indicating a solid and compact concrete structure. Ferrock contains LS which acts as 

filler due to acceleration effect which forms calcium carboaluminates hydrate which 

enhance rate of hydration [153]. The maximum water absorption occurs within the first 

28 days due to FGN, after which the rate decreases but continues. FGN also increases 

concrete shrinkage, though within permissible limits, both effects being linked to 

graphene's hydrophilic nature [250]. 
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4.3.2 Water Penetration Test  

4.3.2.1 Water penetration for concrete with rGO 

          Water penetration test was conducted on concrete cubes of dimension 150 mm 

with rGO as a partial replacement of cement in ratios of 0.1%, 0.2%, 0.4%, 0.6% and 

0.8% and tested at 28days, 56 days and 90 days of curing. Findings presented in the 

figure 4.19 below suggest that mix GC0.8 showed decrease in 47.81% and 56.33% at 

28 days and 90 days of curing respectively which is lowest absorption of water among 

all mixes. Mix GC0.1 less improved with 9.7% and 7.84% at 28 days and 90 days of 

curing. Results indicate that with an increase in ratio of rGO water penetration rate is 

decreasing. This occurs as rGO enhances the microstructure by filling voids, improving 

Figure 4.18 Results of total absorption for all concrete mixes with rGO and ferrock 
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bonding between particles, and restricting water ingress. rGO reduces the capillary zone 

within the concrete composite to reduce the depth of water permeability [247]. This 

occurs as rGO enhances the microstructure by filling voids, improving bonding 

between particles, and restricting water ingress [137]. Study reported a considerable 

increase of compressive and  FS, decrease in water permeability and at the same time 

enhanced electrical and thermal performance with the incorporation of graphene [250]. 

Thus, the mixes with rGO show less water penetration at all curing days in comparison 

to control mix leads to improved durability of concrete. The incorporation of 2.5% GNP 

bwoc in mortar significantly reduces the water penetration depth by 64%, the chloride 

diffusion coefficient by 70%, and the chloride migration coefficient by 31% [250]. 

 

 

 

Figure 4.19 Results of water penetration for all concrete mixes with rGO 
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4.3.2.2 Water penetration for concrete with ferrock 

          Water penetration test was conducted on cubes of 150 mm with ferrock as a 

partial replacement of cement in ratios of 5%, 10%, 15% and 20% and tested at 28days, 

56 days and 90 days of curing. Figure 4.20 presented the results of water penetration 

for concrete containing ferrock as partial replacement of cement. Findings interpret that 

5% replacement of cement in mix FC5 has 3.88%, 9.38% and 10.78% decreased water 

penetration depth in comparison with the mix CSF0G0 at curing of 28, 56 and 90 days 

respectively. As the ratio increased to 10% in mix FC10 decreased water penetration by 

18.37%, 23.67% and 16.17% as compared with mix CSF0G0 at 28, 56 and 90 curing 

days respectively. On increasing the ratio of ferrock in cement to 15% in mix FC15 

exhibited 28.97%, 31.83% and 23.52% less water penetration depth in comparison to 

mix CSF0G0 at curing days of 28, 56 and 90 days respectively. On further increasing 

the replacement ratio of cement to 20% in mix FC20 reported 39.57%, 40% and 35.29% 

less water penetration as compared with mix CSF0G0 at 28, 56 and 90 days of curing 

respectively. Results found that with the increase in ratio of ferrock, water penetration 

depth is decreasing due to structure is denser and less capillary zone available as 

compared to control sample. The results indicate that FC20 formed the compact 

structure, likely due to the formation of iron carbonates that filled the micropores within 

the concrete matrix. The Fe2O3 in concrete able to fill voids in concrete to improve 

water permeability [251]. A study reports that the use of FA in concrete can reduce water 

permeability by 20% [252], with similar findings observed in another research also 

[253] [254] [255] [256]. When MK is used as a partial replacement of cement, it 

increases the long-term performance of the concrete through reduced permeability 

resulting in improved durability [257]. Previous studies have found a decrease in water 

penetration depth with an increase in LS content used as a replacement for cement [258] 

[259]. This is attributed to the filler effect of LS in the concrete mix. Similarly, Chen et 

al. [259] reported a significant reduction in water penetration depth as the LS content 

increased.  
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4.3.2.3 Water penetration for concrete with rGO and ferrock together 

          Water penetration test was performed on hardened concrete cubes with rGO and 

ferrock together as a partial replacement of cement as ferrock in ratio of 5%, 10%, 15% 

and 20% along with rGO with constant ratio of 0.2% tested at 28days, 56 days and 90 

days of curing as shown in figure 4.21. The WP depth in concrete was 1.7% lower in 

mix G0.2FC5 compared to CSF0G0. Increasing the replacement ratio to 10% in mix 

G0.2FC10 resulted in a 2.94% reduction in water penetration after 90 curing days. In 

mix G0.2FC15, the depth of penetration reduced by 25.98% compared to CSF0G0. 

After 90 days of curing, the penetration in mix G0.2FC20 was 35.29% lower than that 

of the control mix. The reduced degree of hydration with increasing rGO concentration 

may result from the aggregation of rGO sheets [260]. When the concentration of rGO 

is beyond the optimum threshold, the strong interlayer hydrogen bonds promote the 

stacking and agglomeration of rGO sheets, resulting in a significant decrease in the 

Figure 4.20 Results of water penetration for all concrete mixes with ferrock 
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interlayer distance of graphene [261]. The penetration depth for mix contains rGO and 

ferrock combined decreased because the composite was dense and compacted to reduce 

the pores to limit the penetration of water. Results conclude that this combination works 

effectively and there was significant difference in penetration depth. The results 

indicate that G0.2FC20 formed the compact structure, likely due to the formation of 

iron carbonates that filled the micropores within the concrete matrix. The incorporation 

of FA, MK, and LS resulted in a denser and more compact microstructure [195]. The 

study found that MK reduces the width of microcracks at the microstructural level and 

promotes the formation of secondary C-S-H gel, thereby reducing pore size [96]. Using 

LS to replace 0–8% of cement pastes significantly reduced the water permeability of 

concrete, primarily due to its filler effect. LS filled the pores, refined the pore structure, 

and decreased the permeable pores ultimately reduction in water penetration depth 

[262].  

 

 

Figure 4.21 Results of WP for all concrete mixes with rGO and ferrock together 
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4.3.3 Initial Surface Absorption Test (ISAT) 

4.3.3.1 ISAT for concrete with rGO 

          The ISAT was conducted on 150 mm concrete cubes with rGO as a partial 

replacement of cement in ratios of 0.1%, 0.2%, 0.4%, 0.6% and 0.8% and tested at 

28days, 56 days and 90 days of curing. Findings presented in the figure 4.22 below 

suggest that cubes of mix GC0.8  decrease penetration depth by 26.56% and 26.78% at 

28 days and 90 days of curing respectively which is the lowest surface absorption of 

water among all mixes. Mix GC0.1 exhibited less improvement with 3.1% and 7.1% 

followed by GC0.2, GC0.4, GC0.6 and GC0.8 at 28 days and 90 days of curing. Results 

indicate that with the increase in ratio of rGO surface absorption rate is decreasing. This 

is because of the decrease in pores inside the concrete matrix as rGO act as a filler and 

make structure dense [123]. The mixes with rGO show reduction in surface absorption 

as compared to control sample. A clear surface absorption reduction was observed by 

increasing rGO% with curing days. Because rGO fills voids at the nanoscale and 

increases density to restrict the pathways of water infiltration at specific intervals of 

time, the mixes containing rGO have therefore demonstrated lower surface absorption 

for the curing age when compared to CSF0G0. High density also implies that the 

concrete has better interlocking and cohesion which resists the water absorption [68]. 

With the inclusion of GO, the number of pores is greatly reduced, and the corresponding 

hydration products are closely inter woven and form a more compact structure 

compared to that of cement mortar without GO [263]. 
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4.3.3.2 ISAT for concrete with ferrock 

          The ISAT was performed on hardened concrete cubes with ferrock as a partial 

substitute of cement in ratios of 5%, 10%, 15% and 20% and tested at 28days, 56 days 

and 90 days of curing. Figure 4.23 illustrates the results of ISAT for concrete containing 

ferrock. The results indicate that 5% replacement of cement in mix FC5 indicates 

17.18%, 11.86% and 8.92% decreased absorption in comparison with the mix CSF0G0 

at 28, 56 and 90 curing days respectively. As the replacement ratio increased to 10% in 

mix FC10 resulted in decrease of surface absorption by 23.43%, 20.33% and 19.64% 

as compared with mix CSF0G0 at 28, 56 and 90 days of curing respectively. On 

increasing the replacement of cement to 15% in mix FC15 indicate 26.56%, 23.72% 

and 23.21% less surface absorption in comparison with mix CSF0G0 at 28, 56 and 90 

days of curing respectively. On further increasing the replacement of cement to 20% in 

mix FC20 the surface absorption decreased by 32.81%, 28.81% and 26.78% in 

Figure 4.22 Results of ISAT for all concrete mixes with rGO 
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comparison with mix CSF0G0 at 28, 56 and 90 days curing days respectively. Results 

indicate that with an increase in ratio of ferrock, surface absorption is decreasing as 

ferrock makes structure denser and more compacted. As it contains other pozzolanic 

materials also i.e., FA, MK and LS to enhance the product formation and improve the 

microstructure of concrete matrix. Ferrock improved concrete's water resistance, while 

the control sample consistently had greater absorption values. This indicates a steady 

improvement in the concrete's water resistance as curing progresses. The iron particles 

have rough surface and angular shape to provide better binding ability with aggregates 

and other materials results in denser concrete matrix. Other materials with fine particles 

size such as MK, LS and FA act as filler for micro pores in concrete composite [123]. 

When FA and MK are used together in concrete, their combination may impair 

performance due to insufficient Ca(OH)2  generation required for C-S-H formation in 

the concrete matrix, resulting in unreacted silica particles and potential strength 

reduction [264]. Muthaiyan and Thirumalai [265] observed that the replacement of 

class C FA (10–20%) reduced about 12–16% of the total voids compared to the control 

mix. It could be due to the micro-filler influence of FA. The filler effect of LS refined 

and improves the porosity of the mix and in general terms results in lowering the water 

demand for a given workability [203]. 
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4.3.3.3 ISAT for concrete with rGO and ferrock together 

          ISAT was conducted on concrete cubes with rGO and ferrock as a partial 

replacement of cement as ferrock in ratio of 5%, 10%, 15% and 20% and rGO with 

constant ratio of 0.2% tested at 28days, 56 days and 90 days of curing. Figure 4.24 

shows the results of ISAT for concrete containing rGO and ferrock together. The 

G0.2FC5 mix indicates a 17.85% reduction in surface absorption at 90 curing days. 

With an increase in the ferrock ratio to 10% in the G0.2FC10 mix, the surface 

absorption measured 23.21% at 90 days of curing. Upon further raising the ferrock ratio 

to 15% in mix G0.2FC15, the absorption decreases to 30.35%. The replacement ratio 

in mix G0.2FC20 increased to 20%, resulting in a decrease of surface absorption of 

35.71% at 90 days of curing. The reduced water absorption in the mixtures containing 

rGO attributed to the addition of micro voids and the reduction of capillary porosity 

Figure 4.23 Results of  ISAT for all concrete mixes with ferrock 
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[266]. The improvements resulted from the formation of strong C–S–H bonds by the 

incorporation of rGO flakes into the mixture. Excessive rGO content may interfere with 

the binder's hydration process, as shown by the hydration degree results. The dense 

network formed by aggregated rGO particles may hinder water transport and block 

hydration activities [68]. The delay in the formation of cementitious compounds may 

result in reduced strength development and overall effectiveness of the concrete. 

Ferrock improved concrete's water resistance, while the control sample consistently had 

greater absorption values. This indicates a steady improvement in the concrete's water 

resistance as curing progresses. Overall, the findings suggest that adding more ferrock 

leads to progressively denser and less permeable concrete, with the 20% ferrock 

replacement offering the most significant reduction in absorption of water.  

 

 

 

Figure 4.24 Results of ISAT for all concrete mixes with rGO and ferrock 
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4.3.4 Rapid Chloride Penetration Test 

4.3.4.1 RCPT for concrete with rGO 

          The RCPT conducted on a concrete circular disc extracted from cylinder prepared 

with rGO as a partial replacement of cement in ratios of 0.1%, 0.2%, 0.4%, 0.6%, 0.8% 

and tested at 28days, 56 days and 90 days of curing. According to ASTM C1202 [181], 

the results were categorized based on the total charge passed through the samples: high 

permeability (>4000 coulombs), moderate permeability (2000–4000 coulombs), low 

permeability (1000–2000 coulombs), and very low permeability (<1000 coulombs). 

Findings as reported in the figure 4.25 below suggest that mix GC0.6 decrease chloride 

penetration by 21.07% and 55.89% at 28 days and 90 days of curing respectively, which 

is the lowest chloride penetration among all mixes. The mix CSF0G0 lies in range of 

moderate penetration and optimum ratio is 0.6% rGO lies in category of very low 

penetration of chloride at 90 days of curing. The mix GC0.6 indicates the lowest 

penetration of chloride followed by GC0.4, GC0.1, GC0.2 and GC0.8 at 90 days of 

curing. GC0.1 lies in category of moderate penetration of chloride and at 28 days of 

curing it lies in the same category with less chloride penetration but at 90 days of curing 

it reduces to low penetration. All mixes with rGO showed reduce chloride penetration 

in concrete in comparison with control sample. The optimum ratio of rGO was 0.6% 

after that chloride penetration slightly increased maybe because rGO starts 

agglomerates at some places irrespective of uniform distribution. The concrete's pore 

size is the essential key to its resistance to chloride-ion permeability. As previously 

indicated, because of the filling of nanoscale particles, rGO reduces porosity by 

blocking or stopping transit in addition to refining the structure to generate safe pores 

[68]. Conversely, rGO tends to agglomerate, which  enhances its ability to react with 

Ca(OH)2, leading to increased formation of additional C-S-H and improved 

development of microcrystalline structures that resist ion migration [247]. The high 

surface area and two-dimensional structure of GO fill in the voids and capillary pores 

in the concrete, leading to a more compact and less porous microstructure. The denser 

concrete matrix provides better resistance against abrasive forces and reduces surface 

wear [267]. Therefore, adding GO to concrete enhances its durability properties 

regarding abrasion resistance. The reduced porosity, improved strength, and enhanced 
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microstructure resulting because of GO incorporation [268]. With the increase in GO, 

the reduction in the charge passing through the mixes was probably because of the 

interconnected layers of GO and its ability to hold the chloride ions. Moreover, this 

reduction in the penetration depth of chloride ions was because of the formation of 

sponge-like structure, arising from well packed GO particles [269]. 

 

 

 

 

 

 

Figure 4.25 Results of RCPT for all concrete mixes with rGO 

28 days 56 days 90 days
500

1000

1500

2000

2500

3000

3500

4000

500

1000

1500

2000

2500

3000

3500

4000 GC0.1
 GC0.2
 GC0.4
 GC0.6
 GC0.8
 CSF0G0

C
h

ar
ge

 p
as

se
d

, (
C

ou
la

m
b)

Curing Days



128 
 

4.3.4.2 RCPT for concrete with ferrock 

          RCPT performed on the hardened concrete samples with ferrock as a partial 

replacement of cement in ratios of 5%, 10%, 15%, 20% and tested at 28days, 56 days 

and 90 days of curing. At 5% replacement of cement in mix FC5 showed 40.19%, 

42.83% and 48.33% lower chloride penetration in comparison with the mix CSF0G0 at 

curing of 28, 56 and 90 days respectively. Findings presented in the figure 4.26 below 

suggest that the mix FC10 reported decrease in 48.5% and 58.12% at 28 days and 90 

days of curing respectively which is the lowest chloride penetration among all mixes. 

The mix CSF0G0 lies in range of moderate penetration and the optimum ratio is 10% 

ferrock lies in category of very low penetration of chloride at 90 days of curing. On 

increasing the replacement of cement to 15% in mix FC15 reduced chloride penetration 

by 43.19%, 49.27% and 53.31% in comparison to the mix CSF0G0 at curing at 28, 56 

and 90 days respectively. Mix FC20 has less improvement with 33.62% and 41.94% at 

28 days and 90 days of curing. CSF0G0 lies in category of moderate penetration of 

chloride and at 28 days of curing it lies in the same category with less chloride 

penetration but at 90 days of curing it reduces to very low penetration. This is because 

of pozzolanic materials present in ferrock along with the product formed by the reaction 

of IO and CO₂. Results suggest that ferrock improve the durability of concrete in terms 

of chloride penetration by reducing it. The results conclude that incorporating ferrock 

into concrete significantly improves its resistance to chloride penetration, with the 10% 

ferrock replacement in mix FC10 providing the most effective performance. At every 

stage of curing, this ratio achieves the lowest chloride penetration values because it hits 

the ideal balance between matrix densification and pozzolanic activity. Higher 

replacement ratios, such as 15% and 20%, although beneficial, do not perform as well 

as the 10% ratio, due to the greater amount of silica present in ferrock affecting the 

concrete's overall performance. Thus, a 10% ferrock replacement is recommended for 

enhancing concrete durability in chloride-exposed environments. Replacing cement 

paste with LS reduced the chloride diffusion coefficient due to its filler and nucleation 

effects, which refined the concrete's pore structure [165] [270]. 
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4.3.4.3 RCPT for concrete with rGO and ferrock together 

          RCPT conducted hardened concrete samples with rGO and ferrock together as a 

partial replacement of cement as ferrock in ratio of 5%, 10%, 15% and 20% and rGO 

with constant ratio of 0.2% tested at 28days, 56 days and 90 days of curing. The 

penetration of chloride decreased by 64.75% in mix G0.2FC5 at 90 days of curing. 

Findings, reported in the figure 4.27 below, suggest that mix G0.2FC10 decrease the 

chloride penetration by 68.9% and 72.47% at 28 days and 90 days of curing 

respectively, which is the lowest chloride penetration among all mixes. The mix 

CSF0G0 lies in range of moderate penetration, and the optimum ratio is 10% ferrock 

lies in category of very low penetration of chloride at 90 days of curing. By increasing 

the replacement ratio to 10% in mix G0.2FC10, chloride penetration decreased by 

72.47% compared to the control mix. On further increasing the ratio of ferrock in mix 

G0.2FC15 exhibited chloride penetration reduction of 68.06% compared to CSF0G0. 

Figure 4.26 Results of RCPT for all concrete mixes with ferrock 
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Mix G0.2FC20 indicate less improvement with 40.15% and 57.52% on 28 days and 90 

days of curing. CSF0G0 lies in category of moderate penetration of chloride and at 28 

days of curing it lies in the same category with less chloride penetration but at 90 days 

of curing it reduces to very low penetration. All mixes with ferrock lie in the category 

of very low chloride penetration at 90 days of curing with lowest value of G0.2FC10, 

followed by G0.2FC15, G0.2FC5 and G0.2FC20. The results suggest that the 

combination of rGO and ferrock showed good results by improving the durability of 

concrete as rGO fills the pores and ferrock to make denser structure and its pozzolanic 

material enhance the product formation [73]. The increase in hydration level is 

attributed to the interaction between rGO sheets and the paste constituents. rGO has 

many active functional groups, such as carboxyl, hydroxyl, and epoxy groups [141]. 

The increase in chloride penetration on further addition of GO was due to the further 

densification of the pore structure [271]. These functional groups may engage in 

chemical interactions with the clinker in cement, leading to a strong bond between 

graphene and cementitious materials. The thermal conductivity of rGO improves heat 

transfer, accelerating the hydration process and ultimately resulting in the formation of 

a dense structure during hydration [38]. The results conclude that incorporating ferrock 

into concrete significantly enhances its resistance to chloride penetration, with a 10% 

ferrock replacement in mix G0.2FC10 providing the most effective performance. This 

ratio achieves the lowest chloride penetration values at every curing stage due to the 

ideal balance between matrix densification and pozzolanic activity. Higher replacement 

ratios, like 15% and 20%, do not perform as well due to silica content.  
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4.4 Microstructural Analysis 

4.4.1 Control mix 

          The microstructure analysis was performed for samples of mix CSF0G0 to 

compare results with other mixes. Figure 4.28 illustrates the results of SEM, XRD and 

EDS analysis  at 28 days of curing. SEM analysis visualizes micropores in mix which 

make it porous matrix. Also, the visible morphology of control mix compared with the 

other SEM images of other mixes. The XRD analysis found major peaks of SiO2, 

Ca(OH)2 and C-S-H which are responsible for strength of concrete. The EDS analysis 

found elemental composition of samples with sharp peaks of Ca and O. The analysis 

identified key elements including C, oxygen (O), aluminum (Al), Si, Ca, iron (Fe), 

sodium (Na) and magnesium (Mg), with varying intensities that reflect their distribution 

within each mix. Elemental mapping visualizes distribution of all elements in particular 

sample found presence of Ca evenly in entire sample. 

Figure 4.27 Results of RCPT for all concrete mixes with rGO and ferrock 
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4.4.2.1 SEM for concrete with rGO 

          The concrete samples from the mixes were finely ground and examined under 

SEM to visualize zoomed morphology and to compare with control samples. Figure 

4.29 presents the SEM analysis results of mixes GC0.2 and GC0.1, comparing the 

morphology of mix with the highest strength and the mix with the lowest strength at 28 

days of curing. The surface texture, roundness and smoothness of particles are visible 

in samples. The concrete mix with rGO represents denser and compacted structure 

when compared with control mix. The results present a clear picture of agglomerations 

which accumulate together to form clusters on surface. Previous study observed 0.02% 

Figure 4.28 Microstructural analysis of control sample by (a) SEM, (b) XRD, 
(c) EDS peaks and (d) elemental mapping 

(a) (b) 

(c) (d) 
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rGO to have dense platy cement hydrates associated with pores and hydrated crystals 

continue to become complex-stacking one over the other, massive and thicker. 

However, the microstructure of concrete mix with 0.06% GO inclusion undergoes 

significant improvement with densified hydrated crystals and lesser pores compared to 

mix with 0.04% and 0.08% GO content which attributed to C–S–H formation in 

conjunction with C–H platy crystals and ettringite (fibrous and needle shape crystals). 

With varying rGO concentration in the concrete composites, the hydrated crystals keep 

getting more complex stacking one on top of the other, huge, and thicker due to the 

nucleation effect of rGO on C–S–H [266]. The stronger bonding between rGO and 

cement paste, along with the hydrophilic groups on rGO’s surface attracting hydration 

products, promotes crystal growth by acting as nucleation sites [272]. At the optimum 

replacement ratio in mix GC0.2, the microstructure of the concrete becomes denser. 

However, exceeding this ratio leads to agglomeration, which acts as a barrier, hindering 

water penetration and resulting in an irregular structure which ultimately causes a 

reduction in strength.  

          Lu et al. [271] confirmed the reaction between C–S–H of the cement matrix and 

carboxylic acid of GO, confirming the presence of hydration products. Furthermore, 

the acceleration of the hydration process was seen when GO reacts with Ca(OH)2, thus 

producing C–S–H. It helped in enhancing the mechanical properties as resulted in a 

denser-more compact structure at a microscopic level with minimum amounts of 

Ca(OH)2 crystals [273]. Thus, it can be concluded that GO acts as good reinforcing 

material in concrete. With 0.05 wt% GO, a variety of hydrates interwove with one 

another, forming a dense and uniform structure. Yet, there were large pores and cracks 

around with a small amount of flocculent C–S–H gel scatted on the surface. These pores 

and cracks should be the cause of the strength degeneration of GO–cement composites 

[132]. GO sheets can bridge cracks in the cement paste by acting as nano- reinforcement 

which finally inhibits crack propagation and enhances the overall durability of the 

concrete matrix [274]. GO can act as a nucleation site for hydrating crystals in GO. 

incorporated concrete. Therefore, hydration reactions continuously occur on the GO 

surface, forming numerous small C-S-H crystals attached to the GO surfaces [191]. GO 

can also serve as a growth template for C-S-H crystals, guiding their growth in specific 
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directions and facilitating additional growth and attachment of C-S-H crystals on the 

same GO surface because of this template effect. The oxygen functional groups on GO 

can interact with Ca 2+ ions, finally facilitating the formation of flower-like structures 

during the crystal growth process. When considering the SEM image of the GO-added 

concrete mix, it can be observed that the GO concrete microstructure has many flower-

like hydration crystals attached to GO layers, and this has not been observed in the 

control mix. The concrete sample with GO has fewer pores within the microstructure 

than the control mix. This is due to the flower-like hydration crystals in GO-added 

concrete growing in the voids of the concrete matrix and decreasing concrete porosity 

from the nano-filling effect of GO [274]. After analyzing these SEM observations, a 

clear relationship exists between microstructural characteristics and mechanical 

properties of GO-incorporated concrete. The presence of GO leads to a refined 

microstructure, reduced crack propagation, decreased porosity, fewer pores, and the 

development of fully bloomed flower-like crystal formations. 

 

 

 

 

Figure 4.29 SEM images of mix (a) GC0.2 and (b) GC0.8 

(a) (b) 
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4.4.2.2 SEM for concrete with ferrock 

          The figure 4.30 presents the results of SEM analysis for mix FC5, FC10, FC15 

and FC20 at 28 days of curing with 4 days of CO₂ curing at initial days. SEM analysis 

was done to visualize the impact of ferrock on microstructure of concrete matrix and 

results are presented in figure 4.30. As structure seems to be denser and more compacted 

for all mixes with ferrock. The mix FC5 illustrates microstructure with presence of 

voids to make microstructure porous. The morphology of mix FC10 looks quite denser 

than FC5 with pores in it. The surface of concrete seems compacted by increasing the 

ratio of ferrock in concrete. Result specifies the availability of denser C-S-H gel than 

control sample with amorphous phases of calcite and aragonite. However, improving 

the duration of CO₂ curing could sufficiently enhance the homogeneity of the 

carbonated specimens. The refinement in pore structure is due to the presence of micro-

fillers in ferrock which significantly fills the gap between cement particles and supports 

pozzolanic reactions at later stages. It is clear from the micrographs that there are 

important hydrated phases present including portlandite, calcite and C-S-H. These 

phases are crucial for understanding the process of hydration and bonding between 

concrete matrixes. The analysis indicates that the structure of the concrete composite in 

these mixes is denser and more compact. Nevertheless, despite noticeable increase in 

density, the bonding between particles appears to be less than ideal. The images 

obtained from the SEM show the existence of pores that are extensively dispersed 

throughout the concrete matrix as well as the spread of hairline cracks. These 

imperfections suggest that while the concrete mixes exhibit increased density, there are 

notable issues with the internal cohesion and overall structural integrity. The observed 

hairline cracks and porous regions may affect the durability and strength of the concrete.  
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4.4.2.3 SEM for concrete with rGO and ferrock together 

          The visual representation of zoomed microstructure of concrete mix with partial 

replacement of cement with ferrock in ratio of 5%, 10%, 15% and 20% and rGO with 

constant ratio of 0.2% analyzed at 28 days of curing. Figure 4.31 presents the results of 

SEM analysis for the mix G0.2FC5, G0.2FC10, G0.2FC15 and G0.2FC20. Results 

show agglomeration of rGO on the surface when in excessive quantity. The mixes with 

ferrock show denser and more compacted structure than control sample. Results 

observed to have dense concrete composites with less pores which were improved as 

compared with CSF0G0 and with the mixes rGO and ferrock individually. The 

microstructure of control samples has pores and lower density because of less 

settlement of aggregates of less mechanical strength. Image of mix G0.2FC10 observed 

Figure 4.30 SEM images of mix (a) FC5, (b) FC10, (c) FC15 and (d) FC20 

(a) (b) 

(c) (d) 
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to have denser and uniform structure because of large surface area of rGO filling the 

micropores and ferrock produces carbonates to fill larger pores leading to improvement 

in strength. Mix G0.2FC10 showed the hydrated crystals keep getting more complex 

stacking one on top of the other, huge, and thicker due to the nucleation effect of rGO 

on C–S–H. The stronger bonding between rGO and cement paste, along with the 

hydrophilic groups on rGO’s surface attracting hydration products, promotes crystal 

growth by acting as nucleation sites. At the optimum replacement ratio, the 

microstructure of the concrete becomes denser. However, exceeding this ratio leads to 

agglomeration, which acts as a barrier, hindering water penetration and resulting in an 

irregular structure as shown in figure 4.31 causes a reduction in strength. It has been 

found that the addition of graphene enhances the hydration of cement, which makes the 

C-S-H crystal matrix denser [275]. GNP [276] is seen as an emerging nanomaterial [70] 

[33] [277] for use in cement composites as in increases the mechanical, durability, and 

sensing properties. In the context of hardened cement paste, the primary binder of the 

cement hydration process is the CSH gel (C-S-H: 3CaO.2SiO 2 .4 H 2 O), which is 

responsible for the strength gain of concrete [278] [279]. When introducing GO into the 

concrete matrix, it interacts with the cement hydration products within the 

microstructure. In GO-added concrete, the microstructure contains randomly 

distributed GO sheets [280]. The oxygen functional groups attached to these GO sheets 

have the potential to interact with cement hydration products. Specifically, the Ca ions 

(Ca2+) within the C-S-H structure create covalent bonds with the oxygen functionalities 

of GO, which is known as the intercalation effect. Consequently, C-S-H crystals 

attached to one GO sheet interact with neighboring GO sheets. This interaction forms a 

three-dimensional grid structure connected by the -COO-Ca-OOC- component,  which 

finally performs a high-density C-S-H gel within the concrete microstructure [70]. 
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4.4.3 EDS Results 

4.4.3.1 EDS for concrete with rGO 

          Analysis aims to find elemental composition of concrete mixes with or without 

rGO as elements present in concrete impacts mechanical strength and durability. The 

results are reported in table 4.1 below along with mix notation. EDS analysis was 

performed for highest strength and lowest strength mixes by mix GC0.2 and GC0.1 

respectively at 28 days of curing. The Ca/Si ratio for control mix was found to be higher 

than other mix which specifies the hydrated products of the late stage of hydration. The 

Ca/Si ratio of mix GC0.2 is 2.18 which is less than the mix GC0.1 indicating the rapid 

Figure 4.31 SEM images of mix (a) G0.2FC5, (b) G0.2FC10, (c) G0.2FC15 and (d) 
G0.2FC20 

(a) (b) 

(c) (d) 
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formation of C-S-H and C-H contributes to development of strength [281]. The 

minimum strength achieved by the mix GC0.1 which has a Ca/Si ratio 4.08 which is 

lower, the reason to achieve lower strength. Findings conclude that rGO, with 0.1%, 

helps unreacted cement particles to hydrate at later age which affect the mechanical and 

durability properties. The figure 4.32 provides visual representation of peaks of 

minerals with elemental distribution in concrete mix. Figure 4.32 presented EDS peaks 

of mix (a) GC0.2 and (c) GC0.1, with elemental mapping of mix (b) GC0.2 and (d) 

GC0.1. 

Table 4.1 Elemental composition of concrete mixes with rGO 

 

 

 

 

 

 

 

 

 

 

 

 

 

Elements (wt%) C O Mg Al Si Ca Fe Na 

CSF0G0 0 19.26 0.07 1.51 2.44 70.62 5.81 0.27 

GC0.2 21.07 30.4 0 2.11 12.68 27.74 1.11 0 

GC0.1 13.26 40.43 0 5 8.13 33.19 1.5 0 

Figure 4.32 EDS peaks of mix (a) GC0.2 and (c) GC0.1, with elemental mapping of 
mix (b) GC0.2 and (d) GC0.1 

(a) (b) 

(c) (d) 
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4.4.3.2 EDS for concrete with ferrock  

          Analysis aims to determine elemental composition of concrete mixes with or 

without ferrock as elements present in concrete impacts mechanical strength and 

durability. The results are presented in table 4.2 below along with mix notation. The 

control mix exhibits the highest iron content, while the mix with the highest achieved 

strength has the lowest iron content. This reduction in iron content attributed to CO₂ 

curing, which facilitates the conversion of IO into iron carbonates, enhancing hardening 

and binding effects. Additionally, there was a notable increase in the presence of silica 

in the mixes compared to CSF0G0. The increase in silica contributes to the observed 

enhancement in the concrete's strength. Figure 4.33 (a), (b), (c) and (d) shows the peaks 

of elements present along with distribution of elements in figure 4.33 (e), (f), (g), (h) in 

concrete mix FC5, FC10, FC15 and FC20 respectively . The distribution of iron shows 

that with increasing CO₂ curing days it reduces the iron content. Results concluded that 

the ferrock concrete contains the necessary elements required for pozzolanic reaction. 

The Ca/Si ratio is lowest for mix FC10 which is one of the reasons for achieving highest 

strength improvement among all mixes. The lower value of Ca/Si indicated fast and 

more formation of CSH and CH results in improvement in properties [281]. 
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Figure 4.33 EDS peaks of mix (a) FC5, (b) FC10, (c) FC15, (d) FC20 with elemental mapping of 
mix (e) FC5, (f) FC10, (g) FC15 and (h) FC20 

(c) (d) 

(e) (f) 

(g) (h) 
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Table 4.2 Elemental composition of concrete mixes with ferrock 

 

4.4.3.3 EDS for concrete with rGO and ferrock together 

          The analysis aims to determine elemental composition of concrete mixes 

containing rGO and ferrock together and 0.2% rGO constantly used and variable ratio 

of 5%, 10%, 15%, 20% ferrock was used as partial replacement of cement in concrete. 

As elements present in concrete impacts mechanical strength and durability. The results 

are presented in table 4.3 below along with mix notation. The peaks of elements in mix 

are given in figure 4.34 below with distribution of elements in concrete. The EDS 

analysis showed that the mixes with rGO and ferrock contain the necessary elements 

required for pozzolanic reaction. The figure 4.34 (e), (f), (g), (h) visualizes the elements 

distribution mapping of mix G0.2FC5, G0.2FC10, G0.2FC15 and G0.2FC20 

respectively which is compared with control sample. The optimum mix showed was 

G0.2FC10 which contains less iron among the other mixes illustrates that more product 

formation by conversion of IO into iron carbonate. The Ca/Si ratio is lowest for mix 

G0.2FC10 among all mixes which achieved highest strength among other mixes. The 

lesser value means higher amount of hydration in form of CSH and CH [281]. The 

control mix has much higher Ca/Si value shows less product formation. 

 

 

 

Elements (%) C O Mg Al Si Ca Fe Na 

CSF0G0 0 19.26 0.07 1.51 2.44 70.62 5.81 0.27 

FC5 11.07 40.87 - 0.62 5.44 41.6 0.4 - 

FC10 8.59 39.74 - 2.92 7.27 39.98 1.5 - 

FC15 10.03 49.25 - 2.27 5.3 31.99 1.15 - 

FC20 7.77 38.09 - 0.45 0.65 51.72 1.31 - 
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Table 4.3 Elemental composition of concrete mixes with rGO and ferrock together 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Elements (%) C O Mg Al Si Ca Fe Na 

CSF0G0 0 19.26 0.07 1.51 2.44 70.62 5.81 0.27 

G0.2FC5 5.5 22.75 0.29 0.84 2.92 65.82 1.88 0 

G0.2FC10 26.73 41.6 1.7 4.72 10.55 13.92 0.79 0 

G0.2FC15 7.79 24.97 1.26 2.91 8.47 51.03 3.57 0 

G0.2FC20 22.99 51.8 1.07 5.07 9.72 7.64 1.7 0 

(a) (b) 

(c) (d) 
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Figure 4.34 EDS peaks of mix (a) G0.2FC5, (b) G0.2FC10, (c) G0.2FC15, (d) 
G0.2FC20 with elemental mapping of mix (e) G0.2FC5, (f) G0.2FC10, (g) G0.2FC15 
and (h) G0.2FC20 

(e) (f) 

(g) (h) 
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4.4.4 XRD Results 

4.4.4.1 XRD for concrete with rGO 

           The analysis aims to study the XRD phases of concrete mixes with rGO as partial 

replacement of cement. The results are depicted in the figure 4.35 (a) and (b) at 28 days 

curing for concrete mix GC0.2 and GC0.1 respectively. The major minerals present in 

sample are SiO2, Ca(OH)₂, CSH and calcium silicate. The most dominant peak at the 

angle of 2theta is SiO2 in the samples of both mixes. The mix with rGO contains peaks 

of SiO2, CSH, C3S, C2S and CH as major peaks of minerals. Other peaks are 

corresponding to the initiation of hydration and completion of crystallization (i.e. 

Portlandite (CH), C–S–H, C3S, and C2S), which is because of the introduction of a 

larger density of oxygen functionalities in the composite with a higher rGO dosage. 

Portlandite is formed during the reaction of C2S and C3S and its presence showing 

crystalline nature and leads to durability of concrete. The presence of CSH in both of 

mix the reasons for strength development. The increase in the interplanar spacing 

indicates that oxygen functional groups are inserted into carbon atom layers after the 

oxidization of graphite. Due to oxygen interaction with graphite through a covalent 

bond, the structure of the graphene sheets is modified, which further leads to the shift 

of GO diffraction peaks [263]. 

Figure 4.35 XRD peaks of mix (a) GC0.2 and (b) GC0.1 

(a) (b) 
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4.4.4.2 XRD for concrete with ferrock 

          The analysis compares the minerals phases of concrete mixes with ferrock, and 

the results are illustrated in the figure 4.36 (a), (b), (c) and (d) for concrete mix FC5, 

FC10, FC15 and FC20 at 28 days of curing respectively. The control mix contains SiO2, 

Ca(OH)₂, CSH and calcium silicate majorly. The analysis highlighted several common 

minerals across all mixes, including SiO₂, which is crucial for the formation of C-S-H 

through pozzolanic reactions; Ca(OH)₂ (Portlandite), a byproduct of cement hydration; 

and CaCO₃, which was present in all mixes and indicates potential carbonation of 

Ca(OH)₂, contributing to the concrete's density and durability. C-S-H acts as the 

primary binder in concrete, facilitating the cohesion of aggregate particles. For the FC5 

mix notable peaks included SiO₂, Ca(OH)₂, CaCO₃, ettringite, C-S-H, C-A-S-H 

(Calcium Aluminate Silicate Hydrate), and (CO₃)₂, with minor peaks of Manganosite, 

ferrihydrite, and Al₂O₃ etc. Mix FC10 have major peaks of SiO₂, Ca(OH)₂, CaCO₃ and 

CSH. Additionally contained ferrosilite (FeSiO₃), metathenardite, aluminum ferrite 

(AlF₃), biotite, and AlFeO₃, while FC15 featured C-A-S-H, ferrihydrite, ferricopiapite, 

albite, hydrohalite, and dolomite. The mix FC20 contains majorly SiO3, CaCO3, 

MgCO3, CSH and calcium sulfate anhydrate etc. The presence of iron minerals in FC10 

is indicative of improved strength and pozzolanic reactions due to these iron phases. 

Quartz was commonly present in all the samples at major peaks, which is the reason for 

strength improvement in all mixes with ferrock [90]. The presence of mineral calcite 

(CaCO3) because of carbonation and its effectiveness may influence the by- products 

of stable calcite form. The reaction of CO₂ formed CSH, CASH, magnesite and quartz 

which develop strong ITZ and denser and compacted concrete matrix. CO₂ curing at 

initial days accelerates the reactions and provides long term strength along with early- 

strength development. Results indicate that ferrock concrete contains important 

elements required for pozzolanic reaction. A previous study found for SCC with ferrock 

during carbonation to produce FeCO3 results in carbonate of iron particles which 

indicate rusting of iron [282]. The present mineral in SCC makes microstructure denser 

by filling pores after the formation of CSH [282]. 
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4.4.4.3 XRD for concrete with rGO and ferrock together 

           Analysis was performed to analyze the major and minor peaks of concrete mix 

with rGO and ferrock together and results are shown in figure 4.37 (a), (b), (c) and (d) 

for concrete mix GC0.2FC5, GC0.2FC10, G0.2FC15 and G0.2FC20 respectively. The 

control mix contains SiO2, Ca(OH)₂, CSH and calcium silicate majorly. Analysis 

provides a comparison among mixes containing rGO and ferrock compared with the 

control mix. The analysis highlighted several common minerals across all mixes, 

including SiO₂, which is crucial for the formation of C-S-H through pozzolanic 

reactions; Ca(OH)₂ (Portlandite), a byproduct of cement hydration; and CaCO₃, which 

Figure 4.36 XRD peaks of mix (a) FC5, (b) FC10, (c) FC15 and (d) FC20 

(a) (b) 

(c) (d) 



148 
 

was present in all mixes and indicates potential carbonation of Ca(OH)₂, contributing 

to the concrete's density and durability. Fe, Mg, Si, Al formed reactive compound in 

specimens of mixes along with peaks of Ca(OH)2 , CSH and Quartz. Whereas ferrock 

incorporated concrete possesses a traceable amount of hedenbergite (CaFe2Si2O6), 

magnesium ferrite (MgFe2O4), and calcium - magnesium alumina silicate phases due to 

the prominent reaction of C2S and C3S with supplementary cementitious add-on 

material (ferrock) [90]. The carbonation reactions also support the formation of CSH, 

CASH, magnesite (MgCO3) and quartz which facilitates the development of a strong 

ITZ and a dense matrix structure. Ferrock-based when undergoing carbonation tends to 

produce siderite (FeCO3), a solid carbonate of iron particles, which often indicates the 

rusting of iron artefacts. Herein the study, this mineral composition tends to improve 

the microstructure by filling the voids left even after the formation of CSH, thereby 

improving the porous nature of the concrete matrix. The mineralogical phases of iron 

were found dominant under all reactions because of the inert nature of other materials 

(FA, MK and LS) in the mix. Further, C-S-H and C-A-S-H phases were abundant in all 

the samples due to the excess silicates and aluminates, which impart additional strength 

to the concrete. 
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4.5 Carbonation Test 

Carbonation test performed to visualize the carbonated and non-  

carbonated area of concrete with phenolphthalein as an indicator. The cubes of 

size 50 mm were cast and kept in CO₂ environment for 4 days curing and then 

transferred to water tank for 28 days curing. The results are visualized in the 

figure 4.38 (a), (b), (c) and (d) below for the mix of FC5, FC10, G0.2F5 and 

G0.2F10 respectively. The analysis performed for the lowest and highest strength 

achieved by mixes of ferrock and combination replacement ratios. After curing 

the cubes, the cube freshly split into two parts and spray phenolphthalein. The 

pink tint shows non-carbonated areas, and pink tint shows carbonated areas by 

Figure 4.37 XRD peaks of mix (a) G0.2FC5, (b) G0.2FC10, (c) G0.2FC15 and (d) 
G0.2FC20 

(a) (b) 

(c) (d) 
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using phenolphthalein as an indicator. The solution is a colorless acid & base 

indicator, which turns purple when the pH is above 9, denoting the presence of 

Ca(OH)2. It indicates the boundary at which the carbonated front meets the 

uncarbonated concrete, where concrete is alkaline [170]. The phenolphthalein 

solution changes its color in relation to the pH of the material: in the 

noncarbonated part of the specimen, where concrete has still a highly alkaline 

behavior (pH > 9), a purple-red coloration is obtained, whereas in the carbonated 

area of the specimen (pH < 9) no color change is observed signifying that the 

hardened cement paste can be considered carbonated [283] [183]. Results show 

that with the increasing content of ferrock in concrete the carbonated area 

increasing and non-carbonated area decreasing. The mix FC5 absorbs less CO₂ as 

content of ferrock in 5% with the increasing ferrock content the concrete able to 

absorb more CO₂. The reason is because higher ferrock leads to more content of 

IO which reacts with CO₂ to produce more product and hardening process 

requires more CO₂. The findings indicate that mix FC5 exhibited the most 

extensive pink coloration suggest lower carbonation as compared with FC10, 

FC15 and FC20. Previous results suggest that ferrock functions as CO₂ – 

absorbing material when cube of 100% ferrock tested and found whole cube 

carbonated. Ferrock enhances the strength of concrete and makes concrete CO₂ 

absorbing material. Previous studies also used phenolphthalein as an indicator for 

carbonation in concrete [168] [182]. The phenolphthalein-based method is the 

simplest way to determine the carbonation depth [169]. 



151 
 

 

 

 

 

 

 

 

 

Figure 4.38 Carbonation test results of mix (a) FC5, (b) FC10, (c) G0.2FC5 and (d) 
G0.2FC10 

(a) (b) 

(c) (d) 
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4.7 Cost analysis 

The cost analysis for all the mixes was conducted, compared, and 

presented in table 4.5. The cost of the materials was calculated based on their 

respective purchase rates. Table 4.4 displays the cost of producing 1 kg of ferrock, 

determined by the rates of the raw materials used. The proportions of the raw 

materials were based on the optimum ratio identified from the results of the UCS 

test. This same ratio was maintained throughout the subsequent experimental 

program. To evaluate the cost-effectiveness of each mix, the economy index 

(defined as the CS per unit cost per cubic meter) [128] was calculated and 

compared across all mixes. All mentioned quantities are reported in Kg.  

 

Table 4.4 Cost analysis of 1Kg ferrock 

Raw materials Ratio (%) for 1 kg Cost/kg Cost (Rs) 

IO 62 0.62 90 55.8 

FA 20 0.2 4 0.8 

LS 10 0.1 8 0.8 

MK 6 0.6 29 17.4 

OA 2 0.2 336 67.2 
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The cost required for 1m3 of concrete for all mixes is presented below in table 

4.5. The results indicate that value of EI is decreasing by increasing the ratio of rGO 

and ferrock individually. The mixes contain the combination of rGO and ferrock the 

value of EI increased from 5% replacement to 10% replacement in mix G0.2F10 then 

decreased. The highest value of EI is for control mix indicates that the mixes with rGO 

and ferrock are expensive than conventional mix. The lowest value of EI is shown by 

mix G0.8, it means this mix is expensive with no relative strength gain. The most cost-
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efficient mix is GC0.1 and FC5 with minimum ratio of replacements. The incorporation 

of rGO is expensive but the cost of ferrock can be lowered by utilizing ferrock in areas 

with steel industries so that the cost of IO can be reduced to a minimum.    

 

Table 4.5 Cost analysis of concrete mix for 1m3 

Mix 

Notations 

OPC  San

d  

Coarse 

aggregat

e 

rGO Ferrock rGO + Ferrock Total EI=Strengt

h/Cost 

CSF0G0 3640.4 467 533.2 0 0 0 0 4640.6 0.00659 

GC0.1 3636.76 467 533.2 2299.2 0 0 0 6936.16 0.00552 

GC0.2 3633.12 467 533.2 4598.4 0 0 0 9231.719 0.00455 

GC0.4 3625.84 467 533.2 9196.8 0 0 0 13822.84 0.00299 

GC0.6 3618.56 467 533.2 13795.2 0 0 0 18413.96 0.0022 

GC0.8 3611.28 467 533.2 18393.6 0 0 0 23005.08 0.00172 

FC5 3458.38 467 533.2 0 2720.72 0 0 7179.3 0.0047 

FC10 3276.36 467 533.2 0 5441.44 0 0 9718 0.0043 

FC15 3094.34 467 533.2 0 8162.16 0 0 12256.7 0.0031 

FC20 2912.32 467 533.2 0 10882.8

8 

0 0 14795.4 0.0025 

G0.2FC5 3451.1 467 533.2 0 0 4598.4 2720.7

2 

11770.4 0.00365 

G0.2FC10 3265.44 467 533.2 0 0 4598.4 5441.4

4 

14305.5 0.00391 
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G0.2FC15 3087.06 467 533.2 0 0 4598.4 8162.1

6 

16847.8 0.00298 

G0.2FC20 2905.04 467 533.2 0 0 4598.4 10882.

9 

19386.5 0.00232 
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Chapter 5 Summary and Conclusions 

 

5.1 Summary 

The present study investigated the potential of rGO and ferrock for partial 

replacement of cement in different ratios. The experimental tests were performed 

to study the impact on fresh properties, hardened properties and microstructural 

analysis. rGO is a carbon-based nano material which acts as filler and ferrock is 

carbon negative material prepared with waste iron oxide with other pozzolanic 

materials. The incorporation of ferrock promotes sustainability by recycling 

waste which is usually landfilled and has ability to make concrete structure carbon 

negative to reduce carbon emission of environment. The key conclusions drawn 

from the experimental study are presented below- 

1. The physical characteristics of rGO indicate surface morphology as 

rough wrinkled sheets with large surface area. The raw materials of ferrock have 

finer particles except iron oxide. The elemental composition revealed the 

presence of necessary elements like rGO contains carbon content and other 

materials with Si, Ca and iron content. XRD revealed the crystalline nature of 

ferrock and moderately amorphous nature of rGO. Particle size analysis revealed 

the presence of enough fine particles to replace cement in concrete.  

2. The pore structure of concrete mixes with rGO and ferrock revealed to 

have denser and more compacted microstructure as compared to conventional 

concrete. rGO acts as nano filler due to large surface area and products formed 

during the ferrock preparation made composites. The incorporation of rGO and 

ferrock in concrete slightly reduced the workability tested by the slump and 

compaction factor value.  

3. The results of hardened properties found enhancement in CS, TS and 

FS at all replacement ratios of cement with rGO and ferrock and combination of 

both. The results of durability test found a significant reduction in water 

absorption, water penetration, initial surface absorption and chloride penetration 

to improve durability of concrete at all curing days and replacement ratios. The 
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SEM analysis revealed denser and compacted microstructure of concrete with 

partial replacement of cement with rGO and ferrock. The essential elements found 

to be present in all concrete mixes with peaks of minerals which are responsible 

for strength development and improved durability. The optimum found to 0.2% 

rGO, 10% ferrock and on combination 0.2% rGO with 10% ferrock showed 

highest improvement in strength and durability. 

4. The cost analysis performed for 1m3 of concrete mix compared on the 

basis of economic index. The mixes showed higher cost with the purchased raw 

materials as compared to areas with abundant steel dust. The production of 

ferrock is cost effective in areas near the steel industries to source steel dust at 

negligible cost.   

 

5.2 Contribution to sustainable concrete development 

The present study makes a significant contribution to sustainable concrete 

development by repurposing steel industry waste, specifically iron oxide, which 

is typically disposed of in landfills, contributing to soil pollution. By 

incorporating this waste material as the primary binder, along with other 

pozzolanic materials, the study introduces a novel material known as ferrock. A 

key environmental benefit of ferrock is its carbon-negative property, as it requires 

CO₂ for the hardening process, thereby absorbing atmospheric CO₂ during curing. 

With the growing demand for modern infrastructure driven by population 

growth, the construction industry has become a major contributor to global carbon 

emissions. This study highlights the potential of rGO and ferrock as sustainable 

alternatives to cement in concrete production. The integration of these materials 

enhances the strength and durability of concrete composites while simultaneously 

reducing their carbon footprint, making the concrete carbon-absorbing. 

By recycling industrial steel waste and incorporating nanomaterials, this 

research promotes environmentally responsible construction practices. The 

resulting carbon-negative concrete not only offers improved structural 

performance but also contributes to mitigating the environmental impact of the 
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construction sector. This study underscores the potential of innovative, 

sustainable materials in advancing the development of stronger, more durable, 

and eco-friendly concrete composites. 

The present research aligns with the United Nations Sustainable 

Development Goal (SDG), specifically SDG 9 (Industry, Innovation, and 

Infrastructure), SDG 11 (Sustainable Cities and Communities), SDG 12 

(Responsible Consumption and Production), and SDG 13 (Climate Action). This 

study contributes to SDG 9 by enhancing the durability of infrastructure through 

improved concrete properties while reducing cement consumption. SDG 11 is 

addressed by promoting the use of eco-friendly materials, thereby minimizing the 

environmental impact of urban development and contributing to the resilience of 

cities. Furthermore, SDG 12 is fulfilled by incorporating waste iron oxide as a 

recycled component in the construction binder, reducing landfill waste and 

promoting responsible resource utilization. Lastly, SDG 13 is supported through 

the utilization of ferrock, a carbon-negative binder that mitigates GHG emissions 

associated with conventional cement production. By integrating these sustainable 

practices, the study advances the development of climate-friendly materials, 

contributing to a more environmentally sustainable construction industry. 

 

5.3 Limitations 

The study has following limitations- 

 The use of rGO increases the cost of the concrete, limiting its economic 

feasibility for large-scale applications. 

 Ferrock concrete is limited for unreinforced structures, as the steel dust in 

ferrock may lead to corrosion and rusting when in contact with steel 

reinforcement. 

 The transportation of steel dust is costly, making the use of ferrock concrete 

more viable only in regions with local steel industries, limiting its broader 

applicability. 
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5.4 Future suggestions/recommendations 

 The optimization of the rGO ratio in concrete can be further investigated. 

 Different ratios of ferrock and rGO can be explored across various grades of 

concrete. 

 The impact of CO₂ curing on the reinforcement of concrete warrants further 

study. 

 The effects of protective coatings on reinforcement, as well as alternative 

reinforcement materials, can be examined. 

 The performance of rGO and ferrock concrete under extreme weather 

conditions should be assessed. 
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