






iii  

 

nucleation effects. However, an increase in nano silica content led to agglomeration, 

diminishing its effectiveness. Moreover, synthesizing calcium-silica-hydrate (C-S-H) 

with and without GO revealed that GO accelerated C-S-H sheet formation and promoted 

layer-by-layer C-S-H formation, resulting in very dense C-S-H capable of withstanding 

higher stress. This layer-by-layer formation also refined the pores. In addition, a robust 

chemical bond was observed between GO groups, such as carboxyl and Ca, which contain 

hydration products. 

A systematic model was then developed to optimize nano silica use in cement paste and 

to predict their nonlinear behaviour. The model integrates a hydration model, which 

calculates the dissolution rate of each clinker mineral, with a thermodynamic model 

simulating the hydration reaction and interaction between hydrates and nano-silica. The 

hydration model (HyMEC), which was developed in our laboratory, was modified to 

account for its reaction degree, dependent on portlandite availability, and to accurately 

represent the formation of C-S-H with a transition from jennite type to tobermorite C-S-

H. The model computed volume fractions of various phases, and a representative volume 

element (RVE) was formulated for cement pastes with and without nano silica using 

MATLAB.  Finite element analysis with COMSOL Multiphysics was then used to 

evaluate the RVE, allowing computation of homogenized material properties such as 

compressive strength and Young's modulus. Predictions aligned well with experimental 

findings. Additionally, the model was extended to predict mortar mechanical properties, 

considering fine aggregate content and Interfacial Transition Zone (ITZ) properties, and 

validated with experimental results. 

In summary, this systematic model accurately predicts the nonlinear behaviour of cement 

pastes with different nano-silica replacement levels and can be extended to predict nano-

modified mortar, offering the potential for optimizing cement-based composites in 

various engineering applications. 
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CHAPTER 1  

INTRODUCTION OF DISSERTATION  

1.1 Background of the study 

Ordinary Portland Cement (OPC) has been the basis of construction for many years, 

serving as the primary material in building infrastructure such as buildings, dams, 

highways, and skyscrapers (Walling and Provis, 2016). Its widespread use is attributed to 

its reliable performance, ease of use, and cost-effectiveness. However, the rapid increase 

in population, climate change, and urbanization have led to heightened demands for 

infrastructures that offer improved mechanical strength and durability (Scrivener et al., 

2018). Traditional concrete, although dependable, often falls short of meeting these 

advanced requirements, leading to the exploration of additional materials to enhance its 

properties (Ndahirwa et al., 2022).  

Various materials have been incorporated into OPC-based mixtures to improve their 

performance in response to these challenges. Among these, steel, carbon and 

supplementary cementitious materials (SCMs) have gained significant attention 

(Lothenbach et al., 2011). Steel fibres enhance concrete's tensile strength and toughness, 

helping to control cracking and improve post-crack load-bearing capacity. However, they 

have several drawbacks, including potential corrosion in humid environments or when 

exposed to de-icing salts, which can compromise structural integrity. Additionally, their 

distribution within the concrete can be uneven, leading to inconsistent performance, and 

their addition increases the overall weight of the concrete, which may not be suitable for 

all applications (Liew and Akbar, 2020). Carbon fibres are valued for their high strength-

to-weight ratio and excellent corrosion resistance, making them ideal for applications 

needing enhanced durability and reduced weight (Muthukumarana et al., 2023). However, 

their high cost and energy-intensive production process limit their widespread use in 
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2009; Gao et al., 2019; Tolman, 1999). Therefore, it is necessary to develop more robust 

models with minimized assumptions and simplifications to predict nano-modified 

properties reliably. 

1.2 Research scope and objectives. 

The research aims to experimentally explore the effect of nano additives such as nano 

silica and GO and develop a novel model capable of identifying the optimal dosage of 

nano additives and accurately determining the mechanical properties of nano-modified 

cementitious materials through their evolving microstructure, with fewer assumptions. 

From a Materials Engineering perspective, considerable effort has been dedicated to 

understanding microstructural responses, mechanical responses, and durability responses 

by considering various factors such as different types of cement (clinker composition), 

water-to-cement ratio (w/c), aggregate content, hydration, and exposure period. 

Firstly, cement paste was prepared with varying proportions of nano-silica and GO to 

identify the optimal dosage and understand their effects on hydration and microstructure 

development. Based on these insights, the existing hydration model was modified to 

account for the reactions of clinker minerals and nano additives. Subsequently, a 

thermodynamic model was developed to simulate the actual hydration process and 

determine the volume fractions of the hydrates. A Representative Volume Element (RVE) 

of the cement paste was then created using MATLAB and analysed using finite element 

techniques in COMSOL Multiphysics to compute the nonlinear behaviour of the nano-

modified cement paste. Finally, the model was extended to predict the nonlinear 

behaviour of mortar. The scope of the research work is summarized in Figure 1.1. 
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Figure 1.1: Outline of the scope of the research work 

1.3 Originality and importance of the study 

The construction industry is among the least technologically advanced sectors. 

Consequently, there is a growing emphasis on predicting the behaviour of cement-based 

materials. Simultaneously, nanomaterials are being increasingly utilized to enhance these 

properties due to their versatility and unique characteristics. This research explores the 

effect of nano additives such as nano-silica and GO in cementitious materials and 

introduces a novel model for predicting nano-modified cement-based materials' 

mechanical behaviour. In recent years, machine learning techniques and analytical 

approaches have been proposed to predict the properties of novel cementitious materials, 

such as nano-modified concrete. However, these methods do not consider the actual 

hydration process and microstructural development. Instead, they rely on past available 

data and attempt to establish relationships between factors such as nano additive dosage, 

mix proportions, and strength using algorithms. The predicted results may not be realistic, 

as the prediction mechanism is a black box and solely depends on the input data, the 

quality of which is questionable. 
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1.4 Organization of Dissertation 

This dissertation is organized into a total of seven chapters. 

Chapter 1 describes the objective, scope and originality of this study. 

Chapter 2 presents a comprehensive literature review, examining the effects of 

nanomaterials in cementitious materials, focusing on hydration, microstructure 

development, fresh state properties and mechanical properties. 

Chapter 3 provides an in-depth review of existing strength prediction models, evaluating 

their advantages and limitations. The review highlights the need for more robust and 

accurate models. 

Chapter 4 investigates the impact of nano-silica on the hydration of clinker minerals and 

the mechanical properties of nano-modified cement paste. Cement paste samples were 

prepared by substituting 0 %, 2 %, and 4 % (by weight) of the cement content with nano-

silica. The effects were characterized using compressive strength tests, TGA, XRD, and 

SEM analyses.   

Chapter 5 investigates the effect of the GO on the clinker hydration and microstructure 

development. In addition, C-S-H was synthesized with and without the incorporation of 

GO to study the microstructural changes. The changes were characterised using TGA, 

XRD, XRF, SEM, FTIR, Si NMR, and H NMR. Finally, based on the results, the 

microstructural changes of C-S-H with GO were proposed.  

Chapter 6 outlines the development of a systematic model proposed to predict the 

optimal dosage and nonlinear behaviour of nano-modified cementitious materials. The 

model began with modifications to the OPC hydration model to incorporate the effects of 

nano-silica, as identified in Chapter 4. This model predicted the volume fraction of 

hydrates, porosity, and shrinkage. A RVE was then constructed based on these volume 
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fractions using MATLAB and analysed through finite element methods in COMSOL 

Multiphysics to determine the mechanical properties. The predicted results were validated 

against experimental data, showing strong agreement with experiment results. 

Chapter 7 extends the model proposed in Chapter 6 to predict the mechanical properties 

of OPC mortar, considering the incorporation of fine aggregates and the ITZ. The 

extended model was also employed for a parametric study, examining variables such as 

aggregate shape, size, and random placement to validate the model's versatility and 

robustness. 

Chapter 8 provides a comprehensive overview of the findings and conclusions derived 

from this study and recommendations for future research endeavours. 
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CHAPTER 2  

LITERATURE REVIEW ON  EXPERIMENTAL 

INVESTIGATIONS AND CHARACTERIZATION OF 

CEMENTITIOUS MATERIALS WITH NANO ADDITIVES  

2.1 Overview of Experimental Studies on Cement and 

Supplementary Cementitious Materials 

2.1.1 Introduction to cement-based materials 

The history of cement traces back to ancient civilizations like the Egyptians and Romans, 

who used early cement forms in their iconic structures. The 19th century saw significant 

advancements with Joseph Aspdin's invention of Portland cement, named after it 

resembled Portland stone. Cement plays a vital role in construction as a binding agent in 

concrete, mortar, stucco, and grout, essential for building infrastructure worldwide. The 

hydration process is fundamental to cement, wherein it reacts with water to form solid 

compounds like calcium silicate hydrate and calcium hydroxide, leading to concrete 

hardening and strength development over time (Nithurshan and Elakneswaran, 2023). 

Concrete, composed of cement, water, aggregates, and sometimes admixtures, is the 

cornerstone of modern construction. Its mix design, expressed as ratios of cement, 

aggregates, and water, determines its properties. Concrete's versatility, durability, and 

cost-effectiveness have made it the most widely used construction material globally, with 

an annual production exceeding 10 billion tons. Strength variations in ordinary concrete, 

typically ranging from 20 MPa to 40 MPa for normal-strength concrete, depending on 

mix proportions and application requirements, showcasing its adaptability to various 

construction needs (Gagg, 2014).  
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2.1.2 Introduction to Supplementary Cementitious Materials 

The need for SCMs arises from the desire to improve the performance and sustainability 

of concrete. SCMs enhance the properties of concrete, such as durability, strength, and 

workability, and reduce the environmental impact associated with cement production. 

The production of cement is energy-intensive and a significant source of CO2 emissions. 

Incorporating SCMs can help mitigate these environmental concerns. Several factors 

drive the use of SCMs in concrete: sustainability, by reducing the carbon footprint of 

concrete through partial replacement of cement with industrial by-products; performance, 

by improving the mechanical and durability properties of concrete; cost, by lowering the 

overall cost of concrete production through the use of cheaper materials; and regulatory 

compliance, by meeting increasingly stringent environmental regulations and standards 

(Juenger et al., 2019; Lothenbach et al., 2011). 

The most commonly used SCMs include fly ash, a by-product of coal combustion in 

power plants that improves the workability and strength of concrete and enhances its 

resistance to thermal cracking; slag cement (ground granulated blast-furnace slag, 

GGBFS), a by-product of iron and steel production that enhances the durability and 

strength of concrete, especially in harsh environments; silica fume, a by-product of silicon 

and ferrosilicon alloy production that significantly increases the strength and durability 

of concrete, making it suitable for high-performance applications; natural pozzolans, such 

as volcanic ash, which have been used historically and continue to be utilized for their 

beneficial properties in concrete; and metakaolin, a calcined clay that improves the 

strength and durability of concrete by enhancing its pozzolanic reactions. In conclusion, 

the invention and ongoing development of cement and concrete have been pivotal in 

shaping modern infrastructure. The integration of SCMs into concrete mix designs 

addresses both performance and environmental concerns, ensuring that this vital material 

continues to meet the evolving demands of construction sustainably (Danner et al., 2018; 

Juenger et al., 2019; Lothenbach et al., 2011; Snellings et al., 2023; Suraneni et al., 2019). 
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2.1.3 Issues with traditional SCMs 

Traditional SCMs like fly ash, slag cement, silica fume, natural pozzolans, and 

metakaolin have been widely used to enhance the properties of concrete and reduce its 

environmental impact. However, they come with several limitations and challenges. 

High-quality fly ash is decreasing due to the declining use of coal in power plants, driven 

by environmental regulations and the shift towards cleaner energy sources (Juenger et al., 

2019). The quality of fly ash can be inconsistent, affecting the performance of concrete. 

Similarly, slag cement production depends on the iron and steel industry, which can 

fluctuate based on economic conditions, leading to supply issues and inconsistent material 

properties. Silica fume, although highly effective, is produced in limited quantities and is 

relatively expensive compared to other SCMs, with its availability constrained by the 

production levels of silicon and ferrosilicon alloys. 

Workability and handling issues also pose challenges. High fly ash content can lead to 

problems with early-age strength and setting times, while silica fumes require precise 

handling to avoid increased water demand and reduced slump. Metakaolin can increase 

the water demand of concrete mixes, necessitating superplasticizers to maintain 

workability, and it requires careful mixing to ensure uniform dispersion. The performance 

of natural pozzolans can be highly variable depending on their source and composition, 

making it challenging to predict and control the properties of the resulting concrete. 

Additionally, fly ash can contain varying carbon content levels, interfering with air-

entrainment admixtures that enhance freeze-thaw resistance (Avet et al., 2018; Aydin and 

Arel, 2017; Sadique et al., 2013). 

Environmental and health concerns further complicate the use of traditional SCMs. Due 

to its fine particulate nature, handling and exposure to silica fume can pose health risks, 

necessitating stringent safety measures. Fly ash can contain trace amounts of heavy metals, 

raising concerns about potential leaching and environmental contamination. These 
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limitations highlight the need for alternative solutions that provide consistent 

performance enhancements without the associated drawbacks. 

2.2 Overview of experimental studies on nano-modified cement-

based materials 

2.2.1 Introduction to nanomaterials and nanotechnology  

Nanotechnology, which involves manipulating and controlling matter on a nanoscale 

(typically between 1 and 100 nanometers), has opened new possibilities across various 

fields due to the unique physical, chemical, and mechanical properties exhibited by 

materials at this scale. Nanomaterials, encompassing nanoparticles, nanofibers, nanotubes, 

and nanoplates, are being leveraged to revolutionize industries such as medicine, 

electronics, energy, and construction. Their significance lies in their ability to enhance 

performance and functionality, providing superior characteristics compared to bulk 

materials. In medicine, they enable targeted drug delivery and imaging; in electronics, 

they contribute to the miniaturization and increased efficiency of devices. The energy 

sector benefits from improved batteries and solar cells, showcasing the transformative 

potential of nanomaterials (Rupasinghe et al., 2011). 

Despite these advancements, the construction sector has seen a relatively low impact from 

nanotechnology compared to other industries. This discrepancy is attributed to the 

industry's traditional conservatism, cost constraints, and the challenges of scaling up 

nanomaterials for large-scale projects. Additionally, the lack of standardized practices 

and regulatory frameworks for nanomaterials in construction further hinders their 

adoption. However, current research focuses on integrating nanomaterials to address 

specific challenges and enhance construction materials' performance. This research is 

driven by the need to improve material properties, achieve sustainability goals, develop 

innovative solutions, and meet regulatory and environmental pressures (Ren and Cheng, 

2014; Juan Wang et al., 2020). 
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The advantages of using nanomaterials in construction are significant. They can enhance 

materials' strength, durability, and functionality, leading to longer-lasting structures and 

reduced maintenance costs. Nanomaterials can also improve the workability of 

construction materials, making them easier to handle and apply, thereby increasing 

construction efficiency. Their ability to make materials more resistant to environmental 

factors such as water, chemicals, and temperature fluctuations further extends the 

longevity of structures. Additionally, specific nanomaterials impart self-healing 

properties to concrete, allowing minor cracks to be repaired autonomously and enabling 

smart materials with embedded sensors for real-time structural health monitoring (Metaxa 

et al., 2021). Several nanomaterials are currently being researched and used in 

construction. Nano-silica enhances concrete's mechanical properties and durability by 

refining its microstructure and accelerating the hydration process. Carbon nanotubes 

(CNTs) improve the mechanical properties and develop conductive materials for smart 

structures due to their exceptional strength and electrical conductivity. Nano-titanium 

dioxide (TiO2) is used for its photocatalytic properties, aiding in self-cleaning surfaces 

and improving air quality by breaking down pollutants. Nano-alumina enhances hardness 

and thermal stability, making it useful in coatings and composites. Nano-clay improves 

fire resistance and mechanical properties by reducing permeability and enhancing barrier 

properties. Lastly, nano-graphene is noted for its exceptional strength and electrical 

properties, further enhancing construction materials (Metaxa et al., 2021; Walter et al., 

2015). 

In conclusion, nanotechnology and nanomaterials are promising to transform the 

construction industry. While adoption has been slower than in other sectors, ongoing 

research and development are overcoming current challenges and leveraging 

nanomaterials' unique properties to create more robust, durable, sustainable construction 

materials. As the industry continues to evolve, integrating nanotechnology is expected to 

be crucial in advancing construction practices and building future infrastructure. 
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2.2.2 Nanomaterials in cementitious materials 

The application of nanotechnology in cementitious materials, mainly concrete, presents a 

significant opportunity to enhance their performance. However, concrete development 

lags behind other materials in advancements through nanotechnology. Several factors 

contribute to this lag, including a lack of understanding of concrete's physical and 

chemical properties at the nanoscale and what nano-modification truly means for concrete. 

Concrete is a complex liquid-solid composite, and methodologies successful for other 

materials may not directly translate to improvements in concrete. Despite these challenges, 

there is substantial potential for improving concrete performance through nanomaterials, 

necessitating further research. 

The field of nanomaterials in concrete is still in its preliminary stages, with many 

unresolved issues. The nano-modification of concrete involves two primary areas of 

investigation: nanoscience and nanotechnology. The nanoscience of concrete aims to 

understand its structure at the nanometer level through measurements and 

characterization of the nanomaterials present. This includes modelling concrete at the 

atomistic or molecular level to gain insights into its fundamental properties. On the other 

hand, the nanotechnology of concrete, or nano-modification, involves manipulating or 

altering concrete at the nanoscale to enhance its properties, such as strength, ductility, 

durability, self-cleaning, and self-sensing abilities (Hou et al., 2013; Suo et al., 2022). 

Concrete is considered a three-phase material comprising a solid phase, liquid phase, and 

solid-liquid interphase (Krishnya et al., 2021a). Nano-modification can target any of these 

phases to achieve desired enhancements. This can be accomplished by incorporating 

suitable nanoparticles or nanotubes into concrete, improving its mechanical, thermal, and 

durability characteristics. Research shows that incorporating various nanomaterials, such 

as nano-silica, nano TiO2, nano Fe2O3, nano Al2O3, nano-clay, graphene-based materials, 

and carbon nanotubes (CNTs), in appropriate proportions can significantly enhance 

concrete performance. Effective mixing methods and suitable dispersion agents are 

crucial for ensuring these enhancements. 
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2.2.3 Impact of nanomaterials on cementitious material properties 

Nanomaterials possess a much higher surface-area-to-volume ratio than their bulk 

counterparts, which enhances their reactivity and leads to more effective interactions with 

the cement matrix. This increased surface area allows nanomaterials like nano-silica to 

accelerate the hydration process of cement by providing additional nucleation sites, 

thereby improving early-age strength and reducing setting times. Additionally, 

nanomaterials can fill micro and nanovoids within the cement matrix, resulting in a denser 

and more homogeneous microstructure, which reduces permeability and enhances 

durability. Improved particle packing density due to nanomaterials also boosts the overall 

mechanical properties of concrete, including compressive and tensile strength (Anwar et 

al., 2023). 

Nanomaterials can modify and strengthen the ITZ between the cement paste and 

aggregate, often the weakest link in concrete, by reducing its porosity and increasing 

density, thus improving the bond strength between the aggregates and the cement matrix. 

Mechanical properties are further enhanced as nanomaterials such as CNTs and graphene-

based materials significantly increase concrete's tensile and compressive strength, 

providing a reinforcing effect at the nanoscale that translates to improved load-bearing 

capacity and reduced brittleness. Furthermore, nanomaterials improve the ductility of 

concrete, making it less prone to cracking under stress, which is particularly important 

for structures subjected to dynamic loads or seismic activity (Lu et al., 2022; Min et al., 

2023; Shao et al., 2017). The durability and longevity of concrete are also improved 

through the incorporation of nanomaterials. By refining the microstructure and reducing 

pore sizes, nanomaterials decrease the permeability of concrete, making it more resistant 

to water ingress and aggressive chemicals. This enhanced resistance to environmental 

factors such as freeze-thaw cycles, sulfate attack, and chloride ion penetration extends the 

service life of concrete structures. Additionally, nanomaterials like nano-TiO2 impart 

photocatalytic properties to concrete, enabling self-cleaning surfaces that break down 

organic pollutants and reduce maintenance requirements. Nanomaterials with conductive 
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properties, such as CNTs and graphene, can enable the development of self-sensing or 

innovative concrete, which monitors its structural health by detecting stress, strain, and 

damage in real-time (Zhang et al., 2021). 

Nanomaterials can also improve concrete's thermal stability and fire resistance, making it 

suitable for high-temperature applications. For example, nano-alumina enhances the heat 

resistance of concrete, while some nanomaterials improve thermal conductivity, making 

concrete more efficient in applications requiring heat transfer or dissipation. 

Incorporating nanomaterials in concrete, driven by these nanoscale factors, holds the 

potential to advance concrete technology significantly, resulting in more robustness, 

durability, and capability to meet the demands of modern construction. However, ongoing 

research and development are essential to fully realize these benefits and address the 

challenges of integrating nanomaterials into concrete. 

2.2.4 The rationale for focusing on nano-silica and graphene oxide in this study 

The selection of nano-silica and GO as focal points in this study is driven by several 

compelling factors, including their unique properties and advantageous characteristics 

compared to other nanomaterials. Nano-silica, classified as a pozzolanic material, boasts 

a remarkable ability to accelerate the hydration process of cement while refining concrete 

microstructure. Its high reactivity and surface area facilitate a denser cement matrix, 

improving compressive strength and durability. Moreover, nano-silica's versatility and 

cost-effectiveness make it an attractive option for enhancing concrete properties. 

Graphene oxide, renowned for its exceptional mechanical strength, electrical conductivity, 

and durability, presents another compelling choice for study. GO can be quickly produced 

with high purity and at a relatively low cost compared to other nanomaterials such as 

CNTs and nano-TiO2. Its two-dimensional structure and high surface area allow superior 

bonding with the cement matrix, enhancing concrete's tensile strength, ductility, and crack 

resistance. 
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Focusing on nano-silica and GO in this study, we aim to explore these materials' 

synergistic effects on concrete properties comprehensively. The combination of nano-

silica's pozzolanic reactivity and GO's mechanical reinforcement capabilities holds 

promise for developing advanced concrete composites with superior strength, durability, 

and functional characteristics. This research endeavours to harness the versatility, cost-

effectiveness, and unique attributes of nano-silica and graphene oxide to address current 

limitations in concrete technology and pave the way for innovative solutions in 

construction materials. 

2.3 Overview of experimental studies on nano-silica modified 

cement-based materials. 

2.3.1  Properties of nano-silica and its production  

Nano-silica, a highly reactive pozzolanic material, is utilized in concrete to enhance its 

mechanical and durability properties. Chemically, nano-silica primarily consists of 

silicon dioxide (SiO2) and typically exists in an amorphous form. Its particle size ranges 

from 1 to 100 nanometers, significantly smaller than micro-silica, which allows for a 

greater surface area and reactivity. The micrograph of nano-silica is depicted in Figure 

2.1. Unlike micro-silica, nano-silica can fill micro and nanovoids within the cement 

matrix more effectively, leading to a denser and stronger concrete structure. Nano-silica 

is used in concrete in various forms, including powder and colloidal solutions. The 

production of nanopowders utilizes several prominent methods, including plasma arcing, 

chemical vapour deposition, electrodeposition, sol-gel synthesis, ball milling, and the 

utilization of natural nanoparticles. Among these, the sol-gel process is the primary 

method for producing nano-silica. This bottom-up approach involves creating a colloidal 

suspension (sol) and inducing gelation to form a network within a continuous liquid phase 

(gel). The essential precursors for synthesizing nano-silica are tetramethoxysilane 

(TMOS) and tetraethoxysilane (TEOS), often combined with alkoxides such as 

aluminates, titanates and borates (Wilson et al., 2002). 
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Several factors influence the rate of hydrolysis and condensation reactions in the sol-gel 

process, including pH, temperature, reaction duration, reagent concentrations, the type of 

catalyst used, the H2O/Si molar ratio (ranging from 7 to 25), and the ageing temperature 

and time. When these parameters are meticulously controlled, the process can produce 

nano-silica particles ranging from 1 to 100 nm in size (Sobolev et al., 2009; Wilson et al., 

2002). Figure 2.2 compares nano-silica's particle size and specific surface area with other 

concrete constituents. 

 

Figure 2.2: Particle size and specific surface area of nano silica compared to other 

concrete constituents (Rupasinghe et al., 2011). 

Another method for producing nano-silica powder involves vaporizing silica at 

temperatures between 1500 and 2000 °C by reducing quartz (SiO2) in an electric arc 

furnace. Additionally, very fine nano-silica particles can be produced by collecting fine 

particles in a cyclone during the production of silicon and ferrosilicon alloys (Quercia and 

Brouwers, 2010). Nano-silica can also be synthesized through precipitation, precipitating 

from a solution within a temperature range of 50 to 100 °C. The precursors used in this 

method include sodium silicates (Na2SiO3), burned rice husk ash (RHA), semi-burned 



19 

  

rice straw ash (SBRSA), and magnesium silicate (Sobolev et al., 2008; Thuadaij and 

Nuntiya, 2008; Zaky et al., 2008). Colloidal silica is produced by suspending silica 

particles in a liquid that has been electrostatically stabilized, allowing the particles to 

remain dispersed within the solution. The silica particles must be smaller than 100 nm; 

larger particles would settle out of the solution. The production process begins by 

neutralizing an alkali silicate solution, leading to the formation of silica nuclei. In this 

process, sodium silicate is typically used as the alkali solution. If the pH of the solution 

drops below 7 (becoming acidic), the silica particles fuse to form larger, unstable particles. 

Conversely, the silica particles remain separated and grow in a basic solution. Once the 

desired particle size is achieved, the suspension is stabilized by adjusting the pH, 

preventing further changes and aggregation of the particles. Depending on the required 

density, the solution is then evaporated. Finally, chemical modifications and optimization 

procedures are performed to achieve the desired properties (Akzo Nobel, 2014). Figure 

2.3 shows the schematic diagram of the manufacturing process of colloidal nano-silica. 

 

Figure 2.3:. Colloidal silica production process (Akzo Nobel, 2014). 
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2.3.2  Analysis of chemical and microstructural characteristics 

The current experimental studies on the effects of nano-silica in concrete, mortar, and 

cement paste have focused on analysing the chemical and microstructural characteristics. 

These investigations have explored various aspects, including heat of hydration, 

pozzolanic reactivity, backscatter electron (BSE) imaging, and nano-indentation 

techniques. 

2.3.2.1 Heat of hydration 

Studies on the impact of replacing cement with nano-silica on hydration characteristics 

have been conducted using various calorimetric techniques such as isothermal 

calorimetry (Flores et al., 2017; Liao et al., 2019; Singh et al., 2016b), adiabatic 

calorimetry (Riding et al., 2012; Said et al., 2012), and semi-adiabatic calorimetry (Hou 

et al., 2013b; Zabihi and Hulusi Ozkul, 2018). These studies reveal distinct regions in the 

calorimetric curves, each corresponding to different stages of the cement hydration 

process. The induction period, characterized by minimal heat release as cement particles 

react with water to form hydration products, is followed by the acceleration period, during 

which heat release intensifies rapidly due to increased hydration reactions, particularly 

the formation of C-S-H gel and calcium hydroxide (CH). Subsequently, the deceleration 

period witnesses a gradual decline in the heat release rate as hydration reactions slow 

down, leading to the steady-state or plateau period, indicating that most cement particles 

have reacted, and hydration is nearing completion.  

Calorimetric analyses indicate that nano-silica enhances peak hydration and reaction rates 

(Flores et al., 2017; Kim et al., 2022; Lavergne et al., 2019; Riding et al., 2012), as shown 

in Figure 2.4. For instance, Yang et al. (2021) found that the reaction rate and hydration 

heat at early ages are higher with increased nano-silica content. Additionally, Palla et al. 

(2017) reported a reduction of 4 hours in the dormant period of cement paste with 2 wt% 

nano-silica compared to neat cement paste (Palla et al., 2017). Furthermore, Asgari et al. 
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(2016) demonstrated that the cement hydration rate is significantly higher in nano-silica 

solution than water solution (Asgari et al., 2016). Previous studies (Sobolev et al., 2008; 

Wu et al., 2016) consistently show that nano-silica behaves as a pozzolan similar to silica 

fume, fly ash, and rice husk ash, reducing significant amounts of calcium and hydroxyl 

ions in the pore fluid environment. This reduction leads to the formation of (C-S-H)-seeds 

on the surface of silica, accelerating the hydration of alite (C3S) and belite (C2S). The 

pozzolanic reaction and "seed effect" of nano-silica synergistically shorten the induction 

period of the hydration process, resulting in higher hydration degrees than plain cement 

in the early stages (Heikal et al., 2015; Shih et al., 2006). Another explanation for the 

shortened induction period is attributed to the high chemical activity of nano-silica due to 

its smaller particle size and greater surface area, facilitating the consumption of CH and 

accelerating the hydration process (Wang et al., 2016). 

2.3.2.2 Pozzolanic Reactivity of Nano-silica based on X-ray diffraction  

Numerous studies have delved into the pozzolanic reactivity of nano-silica employing X-

ray diffraction (XRD) analysis (Qing et al., 2007; Singh et al., 2016b, 2016a; Snehal et 

al., 2020; Wang et al., 2020). Through XRD spectrograms, researchers have elucidated 

the pozzolanic reactivity of nano-silica, concluding that it diminishes the content of CH 

in the mix while increasing the content of C-S-H (Singh et al., 2016a; Snehal et al., 2020; 

Tambara Júnior et al., 2022). In simpler terms, concrete mixes incorporating nano-silica 

display a reduced intensity of diffraction lines associated with CH and an elevated 

intensity of diffraction lines linked with C-S-H compared to control mixes. This 

phenomenon was explicitly noted in the study by Singh et al. (2015), where the intensity 

of the characteristic peak of unhydrated C3S decreased as hydration progressed up to 1 h, 

indicating the dissolution of C3S over time (Singh et al., 2015). Conversely, in the case 

of nano-silica-incorporated hydrated C3S samples, the intensity of this peak (overlapping 

with the C-S-H peak) increased with time (up to 1 h), signifying the formation of 

additional C-S-H, which was not observed in the hydrated C3S samples alone. Hence, a 
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Similar XRD patterns were obtained in pure and nano-silica-incorporated hydrated OPC 

samples. This pozzolanic effect is contingent on particle size, with nano-silica with 

smaller particles significantly affecting peak intensities due to its higher pozzolanic 

reactivity resulting from the high surface-to-volume ratio of ultra-fine particles. 

Consequently, the pozzolanic reactivity of nano-silica at the early stage of hydration is 

significantly heightened, accelerating strength development at early ages. However, it is 

imperative to note that comparing peak heights or intensities does not provide precise 

quantitative analysis. For accurate quantification of different phases, it is preferable to 

conduct a Rietveld analysis (Lok P. Singh et al., 2012; Tambara et al., 2023). 

 
Figure 2.5: Intense peak of CH in plain C3S (a) and nano silica (SNPs) incorporated 

C3S (b) at various times (Singh et al., 2016b). 
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2.3.2.3 Pozzolanic reactivity of nano-silica based on Thermal Gravimetric Analysis 

Thermal Gravimetric Analysis (TGA) is a powerful analytical technique used to measure 

changes in the mass of a material as it is heated over a specified temperature range under 

an N2 environment. This technique is beneficial for studying cementitious materials' 

decomposition and hydration characteristics. When applied to the analysis of nano-silica 

in cement, TGA helps quantify the pozzolanic reactivity by monitoring the thermal 

decomposition of CH and C-S-H (Abhilash et al., 2021). A sample is subjected to a 

controlled temperature program in TGA, and the mass change is recorded continuously, 

as depicted in Figure 2.7. The primary purpose is to identify the temperatures at which 

various hydrated products decompose, thereby providing insights into the hydration 

process and the formation of new compounds. For cementitious materials, significant 

mass losses typically occur due to the decomposition of CH, C-S-H, and other hydration 

products (Nithurshan et al., 2024). 

 
Figure 2.6: Incremental appearance of C-S-H peak in plain C3S (a) and nano silica 

(SNPs) incorporated C3S (b) with time. 
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nano-silica (powder or colloidal forms). Additionally, analyzing the behaviour of various 

nano-silica replacement levels and the effect of the pozzolanic reaction over time will 

provide a clearer picture of nano-silica's reactivity. This detailed analysis is essential to 

fully leverage the capabilities of TGA and XRD to improve cementitious materials with 

nano-silica. 

 

Figure 2.7: Thermogravimetric analysis of cement paste with incorporated varying 

colloidal nano-silica at 28 days (Snehal et al., 2020). 
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Figure 2.8: TG Curves of C3S with different nano-silica contents (1-10%) at 1 day of 

Hydration (Singh et al., 2016a). 

 
Figure 2.9: Percentage of formation of C-S-H and CH during the hydration of plain C3S 

and SNPs-incorporated C3S (Singh et al., 2017). 

2.3.2.4 Microstructural analysis using Scanning Electron Microscopy 

Microstructural analysis is a pivotal approach to understanding the enhancements brought 

by nano-silica in cementitious materials. Examining the material structure at finer scales 
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can identify necessary modifications to achieve desired properties. Techniques such as 

SEM, BSE imaging, and Energy Dispersive X-ray Spectroscopy (EDX) play crucial roles 

in characterizing these materials, especially in observing the pozzolanic reactions and the 

distribution of hydration products (Li et al., 2004; Singh et al., 2015; Wang et al., 2020; 

Zapata et al., 2013a). SEM is extensively used to visualize the microstructure of cement 

paste, mortar, and concrete samples. When combined with EDX, it provides both 

morphological and compositional analysis. For instance, studies have shown that 

incorporating nano-silica in C3S samples accelerates hydration. Singh et al. reported that 

at 30 minutes of hydration, few hydration products are visible, increasing significantly at 

60 and 180 minutes. The nano-silica incorporated samples demonstrated a much faster 

formation of a thin hydrated layer, which evolved into a dense, foil-like structure within 

an hour, indicating accelerated hydration and enhanced formation of C-S-H (Singh et al., 

2015). 

Similarly, Snehal et al. showed that SEM-EDX analysis at 7 and 28 days revealed a lower 

Ca/Si atomic ratio in samples with nano-silica, indicating a denser matrix. This lower 

ratio is linked to a more compact and stronger network of C-S-H, as seen in the denser 

SEM images compared to the control samples (Snehal et al., 2020). Additionally, SEM 

images have demonstrated a denser microstructure in cement paste with 5% nano-silica 

compared to plain cement paste. Singh et al. found that the nano-silica samples lacked the 

characteristic hexagonal CH crystals in the plain samples, showcasing a denser C-S-H gel 

and indicating effective pozzolanic activity (Lok P. Singh et al., 2012). 

BSE imaging provides contrast based on compositional differences, making it helpful in 

identifying phases and understanding microstructural features. Studies by Darwin et al., 

Yang and Buenfeld, and others have utilized BSE to identify microcracks (Bernard et al., 

2008; Darwin et al., 2006; Yang and Buenfeld, 2001), characterize paste, and analyze 

pore structures. These studies underscore the capability of BSE to provide detailed 

visualizations of different phases and structural features within cementitious materials. 

Yio et al. used BSE to study the reactivity of slag in cementitious materials. Similarly, 
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BSE imaging has been used to study the interfacial porosity around aggregate particles, 

providing insights into the material's integrity and durability (Yio et al., 2014). The 

pozzolanic reaction between nano-silica and CH forms additional C-S-H, which improves 

the material's strength and durability. This reaction is crucial for enhancing the properties 

of cementitious materials. SEM and BSE imaging reveal that nano-silica accelerates the 

hydration process, leading to quicker and more substantial formation of C-S-H. EDX 

analysis supports this by showing changes in elemental composition, specifically calcium 

reductions and silicon increases (Snehal et al., 2020). 

While qualitative analyses using SEM, BSE, and EDX are prevalent, quantifying the 

pozzolanic reactivity remains challenging. Rupasinghe attempted to quantify hydration 

phases and pores using BSE image processing (Rupasinghe, 2015). However, this method 

might not be fully representative due to the limited area analyzed. Quantifying the 

pozzolanic reactivity using imaging techniques poses challenges, as the localized analysis 

may not accurately represent the entire sample. More comprehensive methods, possibly 

integrating multiple techniques and larger sample areas, are needed to provide a clearer 

picture of nano-silica's reactivity. 

2.3.2.5 Nano-indentation 

Nano-indentation, a technique used to characterize the mechanical properties of materials 

at the micro- and nanoscale, provides valuable insights into the pozzolanic reaction, 

formation of high-density (HD) C-S-H, and improvement in hardness in cementitious 

materials containing nano-silica. While applying indentation on specific material phases 

in a heterogeneous cementitious paste is challenging due to its high heterogeneity, 

statistical analysis and deconvolution techniques have been employed to overcome this 

challenge. Singh et al. utilized nano-indentation to perform many indentation grids on the 

surface of heterogeneous material, followed by statistical analysis and deconvolution to 

determine the mechanical properties of each material phase (Singh et al., 2017). Results 

indicated that nano-silica incorporation led to accelerated hydration rates and improved 
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packing density of C-S-H particles. Furthermore, nano-indentation revealed a reduction 

in low-density (LD) C-S-H and increased high-density (HD) C-S-H content in samples 

with nano-silica at 24 hours of hydration, indicating a denser microstructure. 

Similarly, using nano-indentation tests, Kong et al. investigated microstructure 

improvement through nano-silica addition. Modulus contour maps showed an increased 

volume fraction of HD C-S-H gel in samples with nano-silica, indicating accelerated 

cement hydration and improved microstructure (Kong et al., 2019). However, samples 

with nano silica sol (SS) addition exhibited inferior properties compared to LD C-S-H 

gels formed from cement hydration, suggesting a higher discreteness in strength 

enhancement. In addition, Xu et al. utilized nano-indentation to analyze the properties of 

ITZs in concrete samples. Results showed that adding nano-silica improved ITZ's 

properties, indicated by a reduction in low-modulus areas and no significant impact on 

ITZ thickness (Xu et al., 2017). Deconvolution analysis of indentation modulus and 

hardness plots revealed variations in the volume fraction of microstructural constituents, 

such as Loosely packed (LP) C-S-H, LD C-S-H, HD C-S-H, and CH, as shown in Figure 

2.10, demonstrating the effectiveness of nano-indentation in characterizing the 

mechanical properties and microstructure of nano-silica incorporated cementitious 

materials. 

 
Figure 2.10: Phase composition for all pastes: (a) relative phase content of the 

hydration phase and (b) phase content of the full range (Singh et al., 2017). 
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2.3.3 Analyzing the Fresh State Properties 

Adding nano-silica to cementitious materials significantly impacts their fresh properties, 

including consistency, setting time, workability, and rheological behaviour. Several 

studies have documented the effects of nano-silica addition on the fresh properties of 

cementitious materials and proposed strategies to mitigate any adverse effects while 

enhancing desirable properties. Singh et al. observed that incorporating nano-silica into 

cement paste and mortar increases water demand, reduces flow spread, and enhances 

cohesion and yield stress. To maintain workability, the delayed addition of water was 

suggested, along with increased plastic viscosity and compressive strength increment 

(Singh et al., 2013). Similarly, Senff et al. noted that nano-silica decreases lubricating 

water in mortar mixes, leading to increased yield stress and reduced spread diameter on 

the flow table. Additionally, the setting time is anticipated, and the dormant period is 

reduced with nano-silica incorporation (Senff et al., 2009). 

Zapata et al. reported nonlinear behaviour in grouts with micro and nano-silica particles, 

affecting saturation dosage, flow time, and loss of fluidity. While nano-silica improved 

rheological behaviour at low water-to-binder ratios and replacement levels, higher 

replacement levels exhibited better fluidity at high water-to-binder ratios (Zapata et al., 

2013b). Khan et al. highlighted that incorporating nano-silica into cementitious materials 

accelerates initial and final setting times but reduces workability. As the percentage of 

nano-silica increases, the slump of fresh mix decreases due to higher water demand and 

inadequate water availability. However, a more uniform distribution of nano-silica can 

improve workability (Khan et al., 2022). Abhilash et al. also observed a decrease in 

workability with nano-silica incorporation, attributed to increased water demand and 

decreased slump values. They found that well-dispersed nano-silica can enhance concrete 

workability by facilitating rolling effects between particles (Abhilash et al., 2021). 

In summary, while nano-silica addition offers benefits such as accelerated setting times 

and improved compressive strength, carefully considering water demand, polymer 
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interactions, and dispersion methods is essential to maintain workability and optimize 

fresh properties in cementitious materials. 

2.3.4 Mechanical properties of nano-silica reinforced Cement-based materials 

2.3.4.1 Compressive strength 

Integrating nano-silica into cementitious materials significantly enhances their 

compressive strength, a crucial mechanical property determining the material's load-

bearing capacity (Abhilash et al., 2021). Research has extensively explored the impact of 

nano-silica on compressive strength, identifying optimal dosages, potential problems with 

overdosage, and the mechanisms through which nano-silica enhances strength. The 

primary mechanism through which nano-silica enhances compressive strength is its 

pozzolanic reaction with CH in the cement matrix, forming an additional C-S-H gel. C-

S-H is the product responsible for the strength and durability of cementitious materials. 

Due to its high surface area and reactivity, nano-silica significantly accelerates this 

reaction, especially early, leading to a denser and more homogeneous microstructure 

(Abhilash et al., 2021; Du et al., 2014). Nano-silica also acts as a nano-filler, filling the 

micro-pores and refining the pore structure of the cement matrix. This filling effect 

reduces porosity and increases the density of the material, contributing further to the 

compressive strength improvement (Du et al., 2014). The smaller the particle size of 

nano-silica, the more effective it is in filling these micro-pores and contributing to 

strength enhancement.  

The optimal dosage of nano-silica is critical for achieving the maximum enhancement in 

compressive strength. Studies have shown that the ideal range for nano-silica 

incorporation lies between 1 % to 3 % by weight of cement. For instance, Chithra et al. 

reported a 43 % increase in 1-day compressive strength and a 27 % increase in 28-day 

strength with 2 wt% nano-silica (Chithra et al., 2016a). Similarly, Khan et al. observed 

an improvement in compressive strength by 16-25 % after 7 days and 12-17 % after 28 
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days with 1.5 % nano-silica (Khan et al., 2022). However, exceeding the optimal dosage 

can lead to agglomeration of nano-silica particles, adversely affecting compressive 

strength (Khan et al., 2022). Excessive nano-silica tends to cluster, forming weak zones 

within the cement matrix. These agglomerates disrupt the homogeneity of the matrix, 

creating points of weakness that can reduce overall strength. Chithra et al. and other 

studies have noted this reduction in strength at higher dosages due to the formation of 

these weak links. Similarly, Li et al. reported that higher dosages of nano-silica led to 

poor workability and microcracks, further compromising strength (H. Li et al., 2006). 

The size and dispersion of nano-silica particles play a crucial role in their effectiveness. 

Smaller particles, such as those with an average size of 15 nm, are more effective in early 

age strength improvement than larger particles of 80 nm (Naji Givi et al., 2010). This is 

due to their higher reactivity and better filling ability. However, larger particles may 

contribute more to compressive strength over long curing periods due to reduced 

agglomeration risks and better dispersion within the matrix. Comparing results across 

different studies is challenging due to the diversity in experimental conditions and 

methodologies. Factors such as the type of nano-silica, its production method, the type of 

cement used, water-to-binder ratio, admixtures, and the specific cementitious system 

(paste, mortar, or concrete) vary significantly between studies (Nithurshan et al., 2024). 

For example, some studies use colloidal nano-silica, while others use powdered forms. 

These differences lead to variations in how nano-silica interacts within the cement matrix 

and affects compressive strength. Furthermore, the methods of nano-silica dispersion, 

such as ultrasonic dispersion or mechanical stirring, also influence the outcomes. Poor 

dispersion can lead to agglomeration, reducing the effectiveness of nano-silica in 

enhancing strength (Kim et al., 2022; Kooshafar and Madani, 2020). Additionally, the 

curing conditions and duration impact the hydration process and compressive strength 

development over time. 

In conclusion, nano-silica is a powerful additive for enhancing the compressive strength 

of cementitious materials. Its optimal incorporation improves the microstructure through 
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pozzolanic reactions and nano-filling effects, particularly at early ages. However, careful 

control of dosage and dispersion is essential to avoid the adverse effects of agglomeration 

and ensure maximum strength enhancement. Due to the variability in experimental 

conditions and nano-silica characteristics, results across different studies are not directly 

comparable, highlighting the need for standardized testing methods to understand better 

and utilize nano-silica in cementitious materials. 

2.3.4.2 Flexural and Tensile Strength 

Incorporating nano-silica into cementitious materials such as cement paste, mortar, and 

concrete has enhanced their flexural and tensile strengths. Although research on these 

mechanical properties is less extensive than compressive strength, existing studies 

consistently demonstrate that nano-silica can significantly improve flexural and tensile 

strengths, provided the dosage is optimized. Nano-silica's contribution to flexural and 

tensile strengths is primarily due to its pozzolanic activity and its ability to refine the 

microstructure of the cement matrix. Flexural strength, which measures a material's 

ability to resist deformation under load, shows considerable improvement with 

incorporating nano-silica. For instance, Ye et al. reported that replacing 5% of cement 

with nano-silica increased the flexural strength of cement pastes by 43% and 88% at 7 

and 28 days, respectively, compared to control samples (Qing et al., 2007). This 

enhancement in flexural strength is attributed to the denser and more compact 

microstructure formed due to the pozzolanic reaction of nano-silica, as observed in SEM 

micrographs by (Li et al., 2004). These micrographs showed that nano-silica-modified 

cement pastes have a more interconnected C-S-H network and reduced porosity than 

those without nano-silica. 

Similarly, adding nano-silica benefits from tensile strength, particularly splitting tensile 

strength. Liu et al. found that at dosages of 1.5 %, 2.5 %, and 2.5 %, the splitting tensile 

strength of concrete at 3, 7, and 28 days was 1.5 MPa, 2.6 MPa, and 3.8 MPa, respectively 

(C. Liu et al., 2021). These values represented increases of 7.1 %, 23.8 %, and 15.15 % 
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over control specimens. This improvement is significant even when the cement content 

is reduced by 20 %, highlighting the efficiency of nano-silica in enhancing tensile strength 

through improved particle packing and matrix densification. However, the effectiveness 

of nano-silica is highly dependent on its dosage. Yu et al. noted that the optimum 

replacement content for enhancing strength characteristics is around 4 % (Yu et al., 2014). 

Beyond this optimal dosage, the tendency of nano-silica particles to agglomerate can 

negatively impact strength. Bahadori and Hosseini observed a decrease in tensile strength 

with higher nano-silica content, attributing this reduction to the formation of weak 

agglomerates within the cement matrix, similar to the effects seen with compressive 

strength at high dosages (Bahadori and Hosseini, 2012). The studies conducted by 

Sobolev et al. and Said et al. support the trend that both flexural and tensile strengths 

increase with nano-silica content up to an optimal point (Said et al., 2012; Sobolev et al., 

2009). The effectiveness of nano-silica in these applications is primarily due to its nano-

filling effect and its ability to produce a denser and more homogeneous matrix. This 

refined microstructure translates into improved mechanical properties, making nano-

silica a valuable additive for enhancing the performance of cementitious materials. 

In conclusion, incorporating nano-silica into cementitious materials enhances flexural and 

tensile strengths by refining the microstructure and increasing the amount of C-S-H gel. 

While the optimal dosage typically ranges between 1 % and 4 %, exceeding this range 

can lead to agglomeration, negatively impacting mechanical properties. Despite the 

challenges in standardizing comparisons across different studies due to varying 

experimental conditions, the positive impact of nano-silica on flexural and tensile 

strengths is well-documented and promising for future applications in construction 

materials. 
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it can influence both the rate and extent of hydration reactions. According to Basquiroto 

de Souza et al., GO promotes higher dissolution of cement grains and facilitates the 

seeding of more hydration products. These products fill the pores within the cement 

matrix, enhancing the overall microstructure, although the detailed mechanisms behind 

this process remain somewhat unclear (Basquiroto de Souza et al., 2022). Zhao et al. 

observed that adding 0.02 wt% GO to cement paste decreased the cumulative hydration 

heat and the heat release rate by over 50 % compared to plain paste. This reduction in 

heat evolution can be attributed to the changes in the dissolution dynamics of cement 

particles. The dissolution rate is highly dependent on the degree of undersaturation of the 

solution concerning the dissolving phase, where rapid dissolution occurs at high 

undersaturation levels. After the initial induction period, cement hydration accelerates 

with rapid nucleation and growth of hydration products, primarily influenced by the 

number of nucleation sites available. GO has been found to slightly alter cement paste's 

typical heat evolution curve, accelerating the hydration process by increasing the peak 

heat flow and shortening the induction period. However, these effects are less pronounced 

when GO is used in aggregated forms (Zhao et al., 2018). 

Meng et al. demonstrated that cement pastes containing GO (CGO) showed a more 

extended induction period than pastes without GO (PC). The peak heat flow for GO-

containing pastes was higher, indicating that GO enhances the exothermic rate of cement 

hydration. The total accumulated heat of hydration also increased with the inclusion of 

GO, particularly evident within the first 24 hours. This acceleration in hydration is 

attributed to the increased number of nucleation sites provided by GO, which facilitates 

the growth of hydration products (Meng et al., 2021). Vallurupalli et al. reported that 

including 0.04 % GO increased the peak heat flow by 18 % compared to plain cement 

paste, primarily due to the nucleation of hydration products onto the GO. The increase in 

heat flow peaks and the reduction of the induction period suggest that GO acts as a catalyst 

in the hydration process, enhancing the rate at which hydration products form. However, 

higher dosages of GO, particularly when combined with high superplasticizer (SP) 
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CH content increased with curing time, except at one day, when GO's large surface area 

absorbed water, reducing available free water for complete hydration. This initial 

reduction in CH was mitigated over time as hydrated phases nucleated, facilitating the 

formation of strong interfacial bonds between GO and hydrated cement phases (Yang et 

al., 2017b). 

Overall, TGA analysis reveals that GO significantly affects cement composites' hydration 

process and thermal stability. The detailed mass loss profiles and phase decomposition 

temperatures provide valuable insights into the interaction between GO and cement 

hydration products. GO enhances the crystallization and formation of crucial hydration 

phases, such as CH and C-S-H, improving cementitious materials' mechanical properties 

and durability. The comprehensive data from TGA, including weight loss percentages 

and DTG inflections, offer a robust understanding of GO-modified cement composites' 

thermal and chemical stability. 

2.4.3.4 Backscatter Electron Imaging 

SEM is a powerful tool for investigating the microstructural characteristics of materials 

at high magnification. In cement composites, SEM is employed to observe the 

morphology and distribution of hydration products, which is crucial in understanding the 

effects of additives like GO on cement hydration and mechanical properties. The 

following discussion synthesizes findings from several studies to elucidate the effects of 

GO on cement composites as observed through SEM analysis. 

Ganesh et al. observed that GO acts as a nucleation site, significantly influencing the 

morphology of the hydration products. In their study, SEM images revealed that the 

control cement mortar displayed a higher intensity of ettringite, characterized by thin rod-

like crystal projections on C-S-H. However, with the addition of 0.02 % GO, the mortar 

exhibited fewer rod-like crystals and an increased presence of C-S-H. At 0.03 % GO, no 

thin rod crystals were visible; instead, tobermorite-type C-S-H crystals were prominent. 

At a higher GO content of 0.04 %, a disrupted matrix with fibrous C-S-H was observed, 



47 

  

indicating that the optimal GO concentration for enhancing strength is around 0.03 %, 

where pure C-S-H gel was more crystalline compared to the ettringite-dominated 

structures in lower GO concentrations and fibrous C-S-H at higher concentrations 

(Ganesh et al., 2023). Lv et al. explored the effects of smaller GO nanosheets (average 

thickness 3.1 nm and average size 72 nm) on cement paste. Their SEM images indicated 

that at a 0.01 % dosage, many rod-like and flower-like crystals were present, suggesting 

that GO at low dosages effectively regulates the shape and distribution of hydration 

crystals. As the GO dosage increased to 0.02 %, these rod-like crystals aggregated into 

flower-like structures. At higher dosages (0.03 % to 0.06 %), dense clusters of rod-like 

crystals and tightly packed polyhedral crystals were observed. This suggests that highly 

dispersed, smaller GO nanosheets can promote the formation of tightly packed hydration 

crystals, which contribute to the toughening of the cement paste. The GO nanosheets act 

as templates, promoting the assembly of regular flower-like and polyhedral crystals from 

rod-like or needle-shaped crystals (Lv et al., 2014a). 

Cui et al. (2017) highlighted the occurrence of carbonation during SEM sample 

preparation. Their SEM images displayed flower-like crystals on the surface of the 

cement samples, identified as calcium carbonate (CaCO3), through EDS and XRD 

analyses. This carbonation likely occurred during oven drying, a standard step in SEM 

sample preparation, suggesting that care must be taken to distinguish between hydration 

products and carbonation artefacts. The study underlines the necessity for careful sample 

handling to avoid misleading interpretations of SEM results (Cui et al., 2017a). Indukuri 

et al. discussed the 'template effect' of GO, where GO controls the growth patterns of 

hydration products. SEM images showed that GO facilitated the formation of thick, 

column-like and flower-like hydration crystals, which dispersed into the pores and cracks 

of the cement paste, acting as fillers and crack arresters. This structural modification 

effectively enhanced the toughness and reduced the brittleness of the cement composites. 

The study concluded that GO incorporation significantly improves the mechanical 

properties of cement composites by modifying the hydration crystals (Indukuri et al., 

2020). 
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In summary, GO acts as a nucleation site, influencing the type and distribution of 

hydration products, with optimal concentrations (around 0.03 %) promoting the formation 

of tobermorite-type C-S-H, enhancing the strength of the cement matrix. GO nanosheets, 

significantly smaller and highly dispersed, serve as templates for forming regular and 

tightly packed hydration crystals, contributing to improved mechanical properties. SEM 

sample preparation can induce carbonation, necessitating careful interpretation of 

observed microstructures to distinguish between actual hydration products and artefacts. 

Overall, incorporating GO leads to forming hydration crystals that fill voids and cracks, 

significantly enhancing the toughness and reducing the brittleness of cement composites. 

SEM analysis thus provides critical insights into the microstructural changes induced by 

GO in cement composites, highlighting its value as an additive for improving the 

performance of cement-based materials. 

2.4.3.5 Nano-indentation of GO-modified cement system 

Nanoindentation is a powerful technique used to investigate the micromechanical 

properties of cementitious materials at the microscale. It provides insights into the 

hardness, indentation modulus, and creep compliance of materials and helps in 

understanding the macroscopic mechanical behaviours of concrete (Fu et al., 2018). By 

applying nanoindentation, researchers can characterize clinker and C-S-H of different 

density levels, offering a detailed view of the microstructural modifications brought about 

by the inclusion of GO (Chuah et al., 2014; Long et al., 2018a; Yang et al., 2017a). Zeng 

et al. utilized nanoindentation to study the effects of GO on cementitious materials. Their 

findings demonstrated that nanoindentation can quantitatively assess the ITZ 

modifications due to GO inclusion. At a curing age of 28 days, modulus mapping 

indicated that GO reduced the thickness of the ITZ, increased its toughness, and 

strengthened the interface (Nguyen et al., 2021; Zeng et al., 2023). Similar results were 

reported by Meng et al., who found that GO significantly improved the indentation 

modulus of ITZ and paste specimens (Meng et al., 2022). Imaging techniques combined 

with nanoindentation further provided insights into the local mechanical properties, 
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confirming the existence and strengthening of the ITZ between aggregate and bulk paste. 

Despite the utility of imaging tests and simulations, nanoindentation remains preferred 

for its quantitative results, which are crucial for validating molecular simulations (Cho et 

al., 2020; Constantinides and Ulm, 2004; Hu and Li, 2014). However, challenges remain, 

including the isotropy of hydrated calcium silicate and the roughness of concrete surfaces, 

which can complicate nanoindentation analysis (Abdolhosseini Qomi et al., 2014; 

Gautham and Sasmal, 2019). 

Long et al. conducted extensive nanoindentation tests and statistical analyses to 

understand the effect of GO on cementitious materials. Their study showed that GO 

increased the volume fraction of HD C-S-H and reduced the volume fraction of LD C-S-

H and medium-density products (MP) (Long et al., 2018a). This alteration in the 

proportions of hydrated products contributed to the improved macro-scaled properties of 

the cement-based composites. The nanoindentation results revealed that GO promotes the 

formation of densely packed hydration products, reducing capillary pores and enhancing 

the overall mechanical properties (Tong et al., 2016). Nanoindentation combined with 

BSE imaging in SEM provided further insights. The BSE results identified four phases in 

the OPC system: porosity, C-S-H, CH, and unreacted/brittle regions. The study found that 

GO incorporation notably increased the CH phase and reduced the pore phase, indicating 

enhanced cement hydration. The combined use of nanoindentation and SEM-BSE 

allowed for comprehensive identification and quantification of GO-incorporated cement-

based materials' microstructure and micromechanical properties (Long et al., 2018a). 

In conclusion, nanoindentation is a crucial technique for characterizing the 

micromechanical properties of cementitious materials, particularly in the presence of GO. 

It provides quantitative data on the hardness and modulus of different phases, highlighting 

the role of GO in enhancing the density and mechanical properties of C-S-H gels. Despite 

the challenges associated with sample preparation and material heterogeneity, 

nanoindentation, especially when combined with imaging techniques, offers valuable 
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(b) Flexural and tensile tests 

According to numerous studies, incorporating GO into cementitious materials has shown 

promising enhancements in flexural and tensile strength. These improvements are 

particularly significant in increasing the toughness and durability of these materials. 

Research by Wang et al. indicates that the addition of GO significantly enhances the 

flexural strength of cementitious materials (Juan Wang et al., 2020). Their data reveals 

that a 0.02 % GO addition can increase flexural strength by 85.11 %, demonstrating the 

best effect among the various dosages studied. Generally, GO-modified cementitious 

materials exhibit a flexural strength improvement of over 30%, a notable enhancement in 

the material's toughness. In contrast, the effect of graphene powder (GP) on flexural 

strength is less pronounced and can even reduce strength under certain conditions. For 

example, Tragazikis et al. found a significant reduction in the flexural strength of GP-

modified mortar (Tragazikis et al., 2019). 

The flexural strength improvement with GO is dose-dependent. Wang et al. reported that 

the flexural strength increases with GO dosage up to a certain point (0.02-0.04 %), after 

which it begins to decrease (Juan Wang et al., 2020). This suggests an optimal range for 

GO concentration that maximizes strength without causing adverse effects due to 

agglomeration or other factors. Studies by Long et al. further support these findings, 

showing that GO-modified recycled fine aggregate mortar exhibits significant 

improvements in strength. For example, GO additions of 0.02-0.04 % can lead to 

substantial enhancements in flexural strength, highlighting GO's effectiveness in 

improving the mechanical properties of cementitious materials (Long et al., 2018b, 2018c, 

2017). Ganesh et al. reported similar trends, noting that the optimum GO percentage for 

flexural strength enhancement in mortar with GO paste and powder is around 0.03 %. 

The maximum increase in flexural strength was around 44% for mortar with GO paste 

and 80 % for mortar with GO powder. The higher performance of GO powder is attributed 

to differences in water-to-cement ratios and the presence of a polycarboxylate ether (PCE) 
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superplasticizer, which further improves dispersion and performance (Ganesh et al., 

2023). 

The tensile strength of GO-modified cementitious materials also shows significant 

improvements, though fewer studies have been conducted in this area compared to 

flexural strength. Lv et al. observed that a 0.03 % GO addition can increase the tensile 

strength by 78.6 %. This enhancement is substantial, indicating that GO can significantly 

boost the tensile properties of cementitious composites (Lv et al., 2013). Ganesh et al. 

also noted improvements in splitting tensile strength with GO additions. The maximum 

increase observed was 84 % for mortar with GO paste at a 0.03 % concentration, while 

the increase was 62 % for mortar with GO powder. Despite the differences in 

enhancement levels, the trend remains consistent: GO improves tensile strength up to an 

optimal concentration, after which further increases in GO content may lead to diminished 

returns or even reductions in strength due to potential agglomeration issues. Comparing 

the effects of GO on flexural and tensile strength, it is clear that GO has a substantial 

impact on both properties, though the degree of improvement can vary. The maximum 

reported improvements in tensile and flexural strength are 178.6 % and 178.3 %, 

respectively, indicating that GO can significantly enhance the mechanical performance 

of cementitious materials across different strength parameters (Kireitseu et al., 2008; X. 

Li et al., 2017). 

In summary, incorporating GO into cementitious materials greatly enhances their flexural 

and tensile strengths, with optimal improvements typically observed at GO dosages of 

0.02 % to 0.05 %. These enhancements are attributed to GO's ability to improve the 

microstructure and mechanical properties of the cement matrix, thereby increasing the 

material's overall toughness and durability. 
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2.5 Conclusion: Identification of the research gaps in experimental 

investigations  

2.5.1 Nano-silica-modified cement-based systems 

Experimental investigations of nano-silica cement systems have been pivotal in 

advancing our understanding of cementitious materials at the nanoscale. However, 

notable research gaps warrant attention and exploration amidst the progress made. One 

such gap lies in identifying and characterising the properties of C-S-H phases or the Ca/Si 

ratio in nano-silica cement systems. The importance of studying the properties of C-S-H 

phases or the Ca/Si ratio cannot be overstated. These parameters are crucial in dictating 

cementitious materials' mechanical, physical, and chemical properties. Understanding the 

nano-scale structure and composition of C-S-H phases is essential to elucidate the 

mechanisms underlying the hydration process and develop material properties. Moreover, 

variations in the Ca/Si ratio can significantly influence the microstructure and 

performance of cementitious systems, making it imperative to investigate their effects in 

nano-silica cement systems comprehensively.  

Another critical research gap pertains to the reaction rate of nano-silica in cement systems. 

Despite the widespread use of nano-silica as a supplementary cementitious material, there 

remains ambiguity regarding its reaction kinetics and mechanisms. Investigating the rate 

of nano-silica reaction is crucial for determining its optimal dosage, ensuring proper 

incorporation into cement matrices, and predicting the long-term performance of nano-

silica cement systems. Furthermore, there is a need to verify the actual effects of nano-

silica in cementitious materials through systematic experimental investigations. While 

numerous studies have reported enhancements in mechanical properties and durability 

attributes with the addition of nano-silica, there exists a lack of consensus due to 

contradictory findings across different research works. Addressing this gap requires 

rigorous experimentation under controlled conditions to accurately assess the impact of 

nano-silica on various properties of cement systems. Moreover, validating proposed 
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models that predict the behaviour of nano-silica cement systems is essential for advancing 

predictive capabilities and enhancing the understanding of structure-property 

relationships. Many existing models rely on assumptions about the chemical composition, 

curing conditions, and other factors, which may not always align with experimental 

observations. By validating these models through experimental data, researchers can 

refine and improve predictive tools, thereby facilitating the design and optimization of 

nano-silica cement systems for specific applications. 

In conclusion, the identification of research gaps in experimental investigations of nano-

silica cement systems underscores the need for comprehensive studies aimed at 

elucidating the properties of C-S-H phases, understanding nano-silica reaction kinetics, 

verifying actual effects, resolving contradictory findings, and validating predictive 

models. Addressing these gaps will deepen our understanding of nano-silica cement 

systems and contribute to developing more efficient and sustainable construction 

materials. 

2.5.2 GO-modified cement-based systems. 

Experimental investigations of GO cement systems have garnered significant attention 

due to GO nanosheets' potential mechanical properties and durability enhancements. 

However, several research gaps persist in this burgeoning field, requiring further 

exploration and clarification. One critical aspect that warrants attention is characterising 

C-S-H properties or the Ca/Si ratio in GO cement systems. Understanding the properties 

of C-S-H phases or the Ca/Si ratio is paramount in elucidating the fundamental 

mechanisms underlying the performance of cementitious materials modified with GO. 

These parameters profoundly influence the microstructure, hydration kinetics, and 

mechanical strength of cement composites. Investigating the nano-scale structure and 

composition of C-S-H phases in GO-modified cement systems can provide insights into 

the interaction mechanisms between GO nanosheets and cementitious matrices, thereby 
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facilitating the optimization of GO dosage and dispersion for enhanced material 

properties. 

Moreover, there is a pressing need to verify the actual reinforcing effect of GO in 

cementitious materials through systematic experimental investigations. While numerous 

studies have reported improvements in mechanical properties such as compressive 

strength, tensile strength, and flexural strength with the incorporation of GO, 

discrepancies and contradictory findings exist across different research works. 

Addressing this gap requires comprehensive experimental studies under standardized 

conditions to accurately assess the impact of GO on the mechanical performance of 

cement systems. Furthermore, validating proposed models that predict the behaviour of 

GO cement systems is essential for advancing predictive capabilities and optimizing 

material design. Many existing models rely on assumptions regarding the chemical 

composition, curing conditions, dispersion quality, and interaction mechanisms between 

GO and cement phases. Validating these models through experimental data can enhance 

their reliability and applicability, enabling more accurate predictions of GO-modified 

cementitious materials' mechanical and durability properties. 

In conclusion, the identification of research gaps in experimental investigations of GO 

cement systems underscores the need for focused studies aimed at characterizing C-S-H 

properties, verifying the reinforcing effect of GO, resolving discrepancies in research 

findings, and validating predictive models. Addressing these gaps will advance our 

understanding of the interaction mechanisms between GO nanosheets and cement 

matrices and facilitate the development of high-performance cement-based composites 

with tailored mechanical and durability properties. 
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CHAPTER 3  

LITERATURE REVIEW ON  MODELING APPROACHES 

FOR PREDICTING THE PERFORMANCE OF CEMENT -

BASED MATERIALS   

3.1  Introduction  

Understanding the performance of nano-modified concrete is crucial both academically 

and practically. Academically, the complexity of cement hydration and microstructural 

development poses challenges in isolating individual mechanisms and parameters. 

Relating these characteristics to concrete performance requires extensive experimental 

analysis and advanced theoretical modelling techniques.  From an academic perspective, 

studying concrete performance, including nano-modified concrete, involves examining 

hydration chemistry and microstructural development. These factors impact concrete's 

mechanical properties and durability. Numerical modelling plays a vital role in 

deciphering these relationships by simulating hydration and microstructure development. 

This enables researchers to predict how variations in composition, such as the inclusion 

of nanomaterials, affect concrete performance. 

From a practical perspective, despite the potential benefits, nano-modified concrete has 

not yet seen widespread adoption in the construction industry. One of the barriers to its 

broader use is the lack of a robust methodology for predicting the strength characteristics 

of nano-modified concrete. Developing a reliable modelling framework is crucial for 

designing more sustainable, high-performance concrete materials with complex mix 

designs. Accurate predictive models can guide the proportioning of mixtures to optimize 

both the mechanical properties and durability of the final product, thereby fostering 

confidence in using nanomaterials in construction. 
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Numerical modelling of concrete performance is inherently complex due to the multiscale 

nature of its components, which range from the nano to macro scales. The exact 

behavioural characteristics and the relationships between chemical and microstructural 

features and mechanical performance are not yet fully established, even for ordinary 

concrete. Therefore, a comprehensive understanding of existing theories and models is 

essential before significantly advancing in this area. The current review of literature and 

research focuses on three main areas. First, it examines studies that model the 

performance of cement systems, which provide a foundational understanding of how 

cementitious materials behave under various conditions. Second, it discusses the 

modelling of cement hydration, including the various models available to simulate this 

crucial process. Third, it analyzes studies on modelling the mechanical properties of nano-

silica and GO-modified concrete. Numerous factors, including chemical composition, 

microstructural development, and environmental conditions, influence the performance 

of ordinary and nano-modified cement systems. Numerical models help predict how these 

factors interact and affect the material's performance. These models can simulate the 

hydration process, the development of the microstructure, and the resulting mechanical 

properties, providing valuable insights into the optimization of cementitious materials. 

In conclusion, the importance of numerical modelling in the study of ordinary and nano-

modified concrete cannot be overstated. These models provide a framework for 

understanding the complex interactions between chemical, microstructural, and 

mechanical properties. They enable researchers to predict the performance of concrete 

under various conditions, thereby facilitating the development of more sustainable and 

high-performance construction materials. 
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The predictive precise of the analytical models of Chidiac et al. (Chidiac et al., 2013), 

Mechling et al. (Mechling et al., 2009), de Larrard (De Larrard, 1999), Tango (Tango, 

2000), Pann (Pann et al., 2003), Popovics (Popovics, 1998), Karni (Karni, 1974), 

Popovics (Popovics and Ujhelyi, 2008), Powers and Brownyard (Powers and Brownyard, 

1946), Popovics (Popovics, 1985) and Feret (Feret, 1892) were assessed using over 250 

experimental concrete strength results from different concrete mixtures, by Moutassem et 

al. (Moutassem and Chidiac, 2016). The compressive strength at different ages (i.e., 3, 7, 

28 and 191 days) and mixture proportions of regular concrete were collected from seven 

works of literature (Chidiac et al., 2013; Gardner, 1990; Kim et al., 1998; Namyong et al., 

2004; Popovics et al., 2005; Walker and Bloem, 1960; Zain and Abd, 2009). The constant 

parameters in each model were calibrated according to the experimental data as a different 

aggregate type was used for different works of literature. The 28th-day compressive 

strength of all mixes and models was computed using the calibrated parameters and 

theoretical variables. The authors have determined the correlation coefficient (R2) to 

measure the goodness of the results from each model and experimental data. The 

assessment results revealed that among the other models, the Chidiac model, which 

mathematically accounts for the effect of APT, provided very close values to the 

experimental data. Also, the R2 computed for the Chidiac model was the highest value 

equal to 0.89. 

The comprehensive literature review reveals that compressive strength models have been 

developed in various forms over the years but are mostly limited to conventional concrete 

or normal concrete. Therefore, further research should be carried out to formulate a model 

which realistically predicts the strength of concrete based on the microstructure of the 

hardened cement paste along with other strength influencing factors for full-spectrum 

(short and long term), as the structure of the hardened cement paste has been identified as 

the main controlling factor on concrete strength in the recent years (Bentz, 1999). 
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3.2.2 Machine learning 

It is well known that concrete constituents such as cement paste, aggregates and additives 

possess great chemical and physical complexity. Thus, developing a strength prediction 

model that simultaneously accounts for the effect of essential influence factors such as 

chemical and physical properties of cement, aggregate bond strength, aggregate 

properties, cement hydration, etc., is a great challenge using an analytical or mathematical 

approach. Therefore, in recent years, researchers have started using machine learning 

(ML) techniques to estimate concrete strength as ML has already proven its extraordinary 

complex problem-solving ability in the construction field, including quality management, 

optimizations in design, fracture mechanics, structural health monitoring and risk control 

(Cheng et al., 2014; Shahin, 2016; Taffese and Sistonen, 2017). Machine learning, a 

subset of Artificial Intelligence (AI), works on algorithms that allow computers to learn 

from a given data set without being programmed explicitly (Marsland, 2011). It should 

be noted that many studies have been carried out to predict the compressive strength using 

ML techniques for particular types of concrete, such as ultra-high-performance concrete, 

recycled aggregate concrete, self-consolidating concrete, fibre-reinforced concrete, etc., 

as novel concrete requires complex mixture design due to the large number of mixture 

components, which led to complex non-linear relationships (Abuodeh et al., 2020; 

Cascardi et al., 2017; Deng et al., 2018; Ke and Duan, 2021). On the other hand, ML is 

not popular for predicting the compressive strength of conventional concrete because the 

correlation between concrete strength and mixture contents could be modelled simply by 

applying traditional statistical procedures such as linear and non-linear regression 

analyses, and those models have shown prediction accuracy satisfactorily (Chou and 

Pham, 2013; Ni and Wang, 2000; Unanwa and Mahan, 2014). 

The machine learning model is established by dividing the input data for training, 

validation, and testing. In the training step, the model learns the underlying patterns in the 

data. The validation step helps to assert the results predicted during training, and 

eventually, at the testing step, testing or new data that was not included in the training 
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compressive strength of rice husk ash concrete, Ultra-High-Performance Concrete and 

fibre-reinforced high-strength self-compacting concrete concluded that ANN 

outperformed other ML models and measured the highest overall coefficient of 

determination (R2). Therefore, the ANN approach is highly recommended to predict the 

compressive strength of concrete, especially for novel concretes, due to its versatility and 

simplicity without being written for heavy programming (Cascardi et al., 2017; Khademi 

et al., 2016; Xu et al., 2019). In addition, ANN has several merits, such as being able to 

predict accurately even with poor or corrupted data sets, being a self-adapting model to 

different environmental conditions, having parallel processing capabilities, and having 

highly non-linear mapping properties. In comparison, the lack of clarity in their predicting 

process (black box system) limits its wide application (Nunez et al., 2021). 

 

Figure 3.1: Schematic representative of Artificial Neural Network (Sampaio et al., 

2021). 

An SVM, commonly used for classification and regression analysis, is also employed to 

predict the compressive strength of high-performance concrete [64,84]. It should be noted 

that SVMs help find the global minimum, whereas other models, including ANN, find 

undesirable local minima (Lin et al., 2006). However, the prediction accuracy of SVM 

models depends on optimising hyperparameters such as the regularization parameters and 
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other regression models for estimating the compressive strength of high-performance 

concrete. Their study considered water, cement, blast furnace, slag, fly ash, 

superplasticizer, coarse aggregate, fine aggregate, and age of specimens. 

 

Figure 3.2: A simple representation of the GEP algorithm (Mousavi et al., 2012). 

Tree-based ensembles, including random forest, extra trees, and gradient boosting, have 

been successfully used to estimate the compressive strength of different types of concrete, 

such as high-performance and ultra-high-performance concrete. Such ensembles are 

recommended due to their enhanced performance with reduced variables and over-fittings. 

Kaloop et al. (Kaloop et al., 2020) deployed a gradient tree boosting model to evaluate 

the compressive strength of high-performance concrete using 1030 data sets along with 

nine variables. They noticed that ensembles could estimate the concrete strength with 
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superior accuracy where the correlation coefficient and mean absolute error (MAE) were 

0.965 and 0.037 MPa, respectively. However, tree-based ensembles deliver significantly 

less accurate results than ANN and SVM models. 

Furthermore, to address the demerits of each ML model discussed above, hybrid 

procedures have been introduced to improve the functionality of the ML models, where 

two different algorithms or ML models are coupled. Coupling is executed in either way: 

1) an optimization algorithm is deployed to tune the hyperparameters of the base ML 

model, or 2) tuned ML models are coupled with an optimization algorithm to get the 

optimum mix design of concrete incorporating several optimization considerations, 

including cost, workability, and environmental impact (Ke and Duan, 2021; Vakhshouri 

and Nejadi, 2018). Hybrid models were studied using a different combination of optimum 

algorithms and ML models in the literature, which is proven effective (Erdal, 2013). 

Overall, ML techniques have successfully predicted the compressive strength of different 

types of novel concretes. Since ML algorithms are most efficient in data analysis, they 

can be utilized to conduct a parametric study of mixture proportions for different types of 

concretes without extensive experimental programs. In addition, such a study by ML 

models reduces the significant cost associated with laborious trail mixes, the need for 

human resources and material wastage. However, the performance of the ML models 

highly relies on the sample data set and hyper-parameters, not based on the hydration 

process and concrete microstructure. There is no definite rule yet for selecting appropriate 

hyper-parameters and the size of data sets for model training and validation (Raudys and 

Jain, 1991). Thus, assessing the performance of ML modes adopted in similar studies is 

difficult. 

3.2.3 Cement hydration model 

In recent years, efforts have been carried out to simulate the hydration of complex 

cementitious materials realistically and their fresh and hardened multi-phase 

microstructure using high-performance computers as a virtual experimental tool (Bentz, 
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Figure 3.6: A schematic representation of the multi-scale approach in the DuCOM 

model (Ishida and Maekawa, 2013). 

 

3.3 Current approaches for predicting the performance of nano 

silica-modified cement composites 

3.3.1 Homogenization Model by Kim et al. (2010) 

Kim et al. proposed a homogenization model to investigate the effects of nano-silica on 

the strength and stiffness of concrete. This study utilized a composite homogenization 

method to model nano-silica reinforced cement paste, considering a four-phase system: 

hydrated cement paste, unhydrated cement paste, capillary pores, and unreacted nano-

silica (J. J. Kim et al., 2010a). The volume fractions of these four phases within the 

representative volume elements (RVEs) were determined using cement hydration models. 

Nano-silica was integrated into the model by treating it as micro-silica with an equivalent 

surface area. Existing models for micro-silica hydration were applied to predict the 
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pozzolanic behaviour of nano-silica. Constitutive models for the four phases were derived 

from literature data. The cement paste was modelled as randomly distributed spherical 

particles of these four phases, and RVEs were developed accordingly. Suitable boundary 

conditions were applied to obtain the nano-modified cement pastes' compressive strengths 

and elastic properties. The modelling results indicated that increasing the nano-silica 

content (up to 10 % of the cement content) enhanced the strength and stiffness of the 

cement paste, as illustrated in Figure 3.7. 

 

Figure 3.7: Effect of nano silica on the behaviour of cement paste: (a) stress-strain 

relationship and (b) toughness calculated as the area under the stress-strain curve. 

While the proposed model is a valuable method for evaluating the characteristics of nano-

silica-modified cement paste, it has several drawbacks. One significant issue is the 

incorporation of nano-silica reactivity. The authors used pozzolanic reaction models 

available for micro-silica to predict nano-silica performance, which is problematic 

because nano-silica and micro-silica do not behave identically during the hydration 

process (Mondal et al., 2010). Using pozzolanic reaction models designed for micro-silica 

may not accurately simulate the characteristics of nano-silica within the paste, potentially 

leading to errors in the final results.  
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Moreover, the authors did not validate the model for volume fraction calculation using 

experimental techniques, which would have strengthened their findings. Additionally, the 

model's predictions for compressive strength were not validated against experimental 

results or values from the literature. The study only modelled the cement paste without 

considering the mortar and concrete stages. Although the behaviour of nano-silica within 

cement paste can be indicative of its behaviour in concrete with similar nano-

silica/cement proportions, it would have been beneficial for the authors to suggest a 

modelling approach for predicting the properties of nano-silica reinforced mortar and 

concrete or to conduct experimental analyses to relate the performance of cement paste 

to mortar and concrete. 

3.3.2 Machine learning-based compressive strength estimation of nano silica-

modified concrete. 

Several researchers have employed ML models to predict the properties of nano-silica 

(NS)-modified concrete. The primary goal of this study is to enhance the accuracy of 

predicting compressive strength (CS) in NS-modified concrete, aiming to improve design 

efficiency and reduce costs. Traditional methods for determining concrete strength are 

labour-intensive, time-consuming, and costly. By providing quick and accurate 

predictions, ML techniques reduce the need for extensive physical testing, saving labour, 

time, and costs. Incorporating NS in concrete enhances its strength and durability, 

contributing to sustainable construction practices. The application of ML in analyzing 

concrete has garnered growing attention. However, a significant research gap exists in 

applying ML approaches in NS-modified concrete. Zaman et al. proposed ML models to 

predict the CS of cement paste, excluding the effects of fine and coarse aggregates 

(Zaman et al., 2023). 

On the other hand, Garg et al. conducted ML analysis on NS-modified concrete using a 

relatively limited dataset of 100 samples (Garg et al., 2022). It is well-known that larger 

datasets typically yield more reliable results for ML models (Wang et al., 2020; Zhou, 
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2022). In this study, seven ML techniques are developed and evaluated using a larger 

dataset of 1143 samples, providing a comprehensive understanding of the interactions 

among various parameters in NS-modified concrete. The results and corresponding 

graphs are presented to exhibit their performance. The ML workflow in this study 

includes six stages: problem definition, data collection, data pre-processing, model 

development, model evaluation, and model deployment. The dataset comprises 1143 data 

points from 39 peer-reviewed research papers focusing on the CS of concrete containing 

NS. Key parameters influencing CS, such as cement content, water content, fly ash (FA), 

ground granulated blast-furnace slag (GGBS), silica fume (SF), NS, coarse aggregate (C-

Agg), fine aggregate (F-Agg), superplasticizer (SP), water to binder ratio (W/B), age, and 

specific surface area (SSA) of NS, are included in the analysis. For consistency, CS values 

of different sample sizes were normalized to 150x150x150 mm cubes.  

While the study makes significant strides in using ML to predict CS in NS-modified 

concrete, it has limitations. The models' capabilities are constrained by the dataset derived 

from existing literature, limiting their generalizability. The study's reliance on available 

data means that the ML models are only as robust as the dataset used for training. The 

study focuses primarily on CS without addressing other critical properties, such as 

durability and mechanical characteristics beyond compressive strength. This narrow 

focus may limit the practical applicability of the findings in real-world scenarios where a 

comprehensive understanding of concrete performance is necessary.  

A notable drawback of this study lies in the method used to quantify the hydration 

characteristics of nano-silica concrete. Nano-silica's direct interaction with the cement 

paste in the reaction highlights the limited prominence of its effects on aggregate particles. 

For a more accurate modelling of nano-silica performance in concrete, separating the 

aggregate particles and focusing solely on analyzing the cement paste would have been 

advantageous. Subsequently, introducing the aggregate particles in a secondary step could 

have yielded more promising and reliable results than the proposed method. 
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Future research endeavours should prioritize the expansion of datasets to enhance the 

robustness and reliability of ML models. Researchers can improve the models' predictive 

power and generalizability by collecting more extensive and diverse datasets. 

Additionally, future studies should incorporate analyses of other essential concrete 

properties, such as durability and mechanical characteristics, using ML modelling 

techniques. This broader scope of analysis would enable the development of more 

comprehensive models for predicting the performance of NS-modified concrete in 

various applications. Furthermore, empirical validation of ML model predictions through 

extensive experimental testing is crucial to strengthen the credibility and applicability of 

the findings. 

3.3.3 Multiscale approach to predict the compressive strength of nano-silica 

incorporated cement systems 

The study by Rupasinghe et al. is significant as it addresses the need for a deeper 

understanding of the chemical characteristics of nano-silica integrated concrete and how 

these characteristics influence the material's mechanical properties (Rupasinghe et al., 

2017a). By integrating experimental analysis with numerical modelling, the research aims 

to predict the performance of nano-silica-modified cementitious materials more 

accurately. Due to its high reactivity and small particle size, Nano-silica has the potential 

to enhance concrete's mechanical properties and durability significantly. Understanding 

these enhancements at multiple scales (cement paste, mortar, and concrete) is crucial for 

optimizing concrete formulations for various structural applications.  

The methodology employs a multiscale modelling approach combined with experimental 

investigations to predict the compressive strength characteristics of nano-silica-modified 

concrete. Cement paste samples with varying levels of nano-silica replacement were 

observed using SEM under BSE mode. The BSE images were analyzed to quantify the 

unhydrated cement and capillary pore phases using image processing software and 

energy-dispersive X-ray spectroscopy (EDS) data. The volume fractions of different 
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phases (unhydrated cement, capillary pores, unreacted nano-silica, and hydrated phase) 

were quantified. This quantification was used to compute the hydrated phase volume 

directly related to the material's strength. RVEs were developed for cement paste (micro-

scale), mortar (meso-scale), and concrete (macro-scale). The finite element method was 

used to analyze these RVEs, with properties determined from microstructural 

investigations feeding into models at higher scales. Compressive strength tests were 

conducted at 7 and 28 days for cement paste, mortar, and concrete samples. The 

experimental results were compared with the model predictions to validate the multiscale 

model.  

Significant findings include the observation that increasing the nano-silica content up to 

8 % enhances the fraction of the hydrated phase and reduces porosity. The hydrated phase 

is the main strength-carrying component, and its increase results in higher compressive 

strength. The study identified that 8% nano-silica content is optimal for maximum 

strength enhancement. Beyond this percentage, the dilution effect of replacing too much 

cement with nano-silica reduces the production of strength-carrying C-S-H, leading to no 

further strength gains. The compressive strength of samples with 8% nano-silica content 

increased by approximately 20 % at 7 and 28 days compared to control samples. This 

increase is attributed to the pozzolanic reactivity of nano-silica, which produces 

additional C-S-H. The proposed multiscale model accurately predicted the compressive 

strength of cement paste, mortar, and concrete, with predictions closely matching the 

experimental results. However, the study has some drawbacks. The quantification of 

phases from microstructural analysis and image processing may not be entirely realistic, 

leading to potential errors in the volume fraction calculations. The study did not consider 

the ITZ, a crucial factor influencing the strength of mortar and concrete. Nano-silica is 

known to improve the ITZ characteristics, and omitting it from the model could lead to 

an incomplete understanding of the material's performance. While the study found that 

2D and 3D models show similar stress-strain responses, using 2D models for mortar and 

concrete might still overlook some three-dimensional effects in real-world applications. 
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Future studies should employ advanced phase quantification techniques to improve 

volume fraction calculation accuracy. Combining multiple analytical methods could 

provide a more comprehensive understanding of microstructural changes. The ITZ should 

be explicitly included in future models to capture its impact on the overall mechanical 

properties of nano-silica integrated concrete. This inclusion would provide a more 

detailed and accurate prediction of material performance. In addition to compressive 

strength, future research should focus on the long-term durability of nano-silica-modified 

concrete, including resistance to environmental factors such as freeze-thaw cycles, 

chemical attack, and abrasion. Conducting experiments at larger scales and under 

different environmental conditions would help validate the multiscale model further and 

ensure its applicability to real-world scenarios. While 8 % was found to be optimal in this 

study, the optimum content might vary with different types of cement and nano-silica. 

More studies are needed to determine the best composition for different applications. 

In conclusion, this study provides valuable insights into the effects of nano-silica on 

cementitious materials through a comprehensive multiscale modelling approach. By 

addressing the identified drawbacks and following the recommendations, future research 

can build on these findings to enhance the performance and applicability of nano-silica-

integrated concrete. 

3.4 Current approaches for predicting the performance of GO-

modified cement composites 

3.4.1 Analytical modelling of mechanical properties of graphene-oxide cement 

composites 

GO has emerged as a promising additive for enhancing the mechanical properties of 

cementitious composites due to its excellent dispersion properties and high surface area. 

Enhancing mechanical properties such as the elastic modulus is crucial for developing 

more durable and resilient construction materials. Despite extensive experimental 
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3.4.2 A machine learning approach for assessing the compressive strength of 

cementitious composites reinforced by graphene derivatives 

The existing predictive models for evaluating the impact of graphene derivatives (GDs)  

on cementitious composites (CC) compressive strength are mainly based on machine 

learning. The study by (Montazerian et al., 2023) addressed a substantial gap in the 

application of ML models to predict the compressive strength of graphene derivative-

reinforced cementitious composites (GDRCCs). Traditional experimental methods are 

labour-intensive, time-consuming, and costly. By developing tailored ML models, this 

research offered a reliable and efficient alternative capable of investigating the combined 

influence of various factors on the compressive strength of CCs. This approach enhances 

the current understanding of the reinforcing effects of GDs and paves the way for more 

cost-effective and time-efficient future studies in this field.  

The research began with a comprehensive literature survey to compile a unique dataset 

that includes continuous and discontinuous factors affecting the compressive strength of 

GDRCCs. The dataset was designed to capture the typical mixture design properties of 

CCs and the properties and fabrication details of GDs. Machine learning models were 

employed, including ANN, SVR, decision trees (DT), and linear regression (LR). The 

dataset featured nine continuous and four discontinuous parameters, such as GD type, 

size, thickness, cement strength grades, and curing methods. The backward elimination 

technique refined the dataset by identifying and removing redundant properties. The 

predictive performance of the ML models was assessed using the coefficient of 

determination (R²), root mean square error (RMSE), and normalized root mean square 

error (NRMSE). A sensitivity analysis was conducted to identify the most influential 

factors affecting the compressive strength of GDRCCs. 

The study found that GDs significantly enhance the compressive strength of CCs, with 

their efficiency depending on a combination of factors, including GD properties, mixture 

design properties, and fabrication conditions. The ANN model showed superior 
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prediction performance with an RMSE of 3.66 MPa, R² of 0.91, and an NRMSE of 0.08. 

The sensitivity analysis revealed that the lateral size of GDs had the highest impact on 

compressive strength, with smaller GDs providing greater enhancement. Among the 

fabrication conditions, the dispersion technique was the most influential factor. Overall, 

the water-to-cement ratio was identified as the most critical parameter, significantly 

affecting GD dispersion and, consequently, the compressive strength enhancement. 

One drawback of the study is the inherent complexity of accurately modelling the diverse 

properties of GDs and their interactions within the cement matrix. The assumption that 

the ML models could generalize across different experimental setups and conditions may 

not hold true in all cases. Additionally, the study did not account for certain GD properties, 

such as functional groups and specific surface area, which could further influence the 

compressive strength of GDRCCs. Furthermore, the ML models did not consider the 

actual hydration and microstructure development, relying instead on correlations within 

the input dataset. This approach can be seen as a "black box" procedure, potentially 

overlooking crucial mechanistic insights. 

Future research should incorporate a broader range of influential factors, including the 

specific functional groups and surface areas of GDs and detailed manufacturing 

parameters like sonication energy, mixing time, and speed. Integrating ML models with 

experimental design could help validate and refine the predictions. Moreover, expanding 

the dataset to include more variations in GD properties and fabrication conditions would 

enhance the models' robustness and accuracy. This study lays the foundation for future 

research, encouraging exploring the intricate relationships between GD properties, 

manufacturing details, and the compressive strength of GDRCCs. 
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3.5 Concluding remarks on predicting the performance of cement-

based materials 

Numerous studies have investigated the hydration characteristics of ordinary cement 

paste, mortar, and concrete and numerically modelled their mechanical performance. 

However, adding nano-silica and GO to cement-based materials is a relatively new area 

of research, with limited analytical work on modelling their performance. The models 

available for predicting the performance characteristics of nano-silica and GO were 

discussed in Sections 3.3 and 3.4 of this chapter, along with their strengths and 

weaknesses. A clear research gap exists in quantifying the pozzolanic reactivity of nano-

silica and the actual effect of GO and integrating these into numerical models to predict 

performance.  

An analysis of models for simulating cement hydration kinetics makes a modelling 

approach based on cement hydration more suitable for the present study. Among the 

techniques discussed, cement hydration models are the only methods that can predict the 

mechanical properties of the system. This research aims to evaluate the behaviour of 

nano-silica and GO in cement-based materials and determine their effects on mechanical 

properties, using cement hydration models as the foundation appropriate. This approach 

allows for the precise integration of the pozzolanic reaction effects of nano-silica, unlike 

other modelling methods. Similarly, the impact of GO on cement hydration needs to be 

determined and incorporated into the cement hydration model. Different methodologies 

for predicting the mechanical properties of cement systems (cement paste, mortar, 

concrete) were discussed in Sections 3.3 and 3.4. It was concluded that a multiscale-based 

approach is the most effective way to model the characteristics of cement systems. 

Concrete is a composite material with components ranging from the nanometre to the 

macroscale. A multiscale-based technique is more suitable than modelling performance 

solely at the macroscale, as it addresses characteristics at each length scale in detail, 

making model predictions more accurate and reflective of realistic behaviour. 
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The literature review on modelling the performance of nano-modified cement systems 

concluded that a cement hydration model will be used as the base to model the mechanical 

properties of nano-silica and GO-reinforced cement systems in the present research. The 

pozzolanic reactivity of nano-silica and the reactivity of GO will be integrated into the 

cement hydration model. A multiscale-based approach will then be employed to predict 

the mechanical properties of nano-modified cement-based materials. 
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CHAPTER 4  

EXPERIMENTAL INVESTIGATION OF NANO -SILICA 

EFFECTS ON CEMENT PASTE PROPERTIES  

4.1  Introduction  

The growing demand for durable and sustainable construction of buildings and 

infrastructure has spurred a focus on high-performance cement-based materials (Makul, 

2020). SCMs such as nano-silica are gaining popularity in the construction industry 

because they enhance durability, strength, and sustainability (Lothenbach et al., 2011). 

The high reactivity and small particle size make nano-silica attractive for applications 

requiring rapid strength development (Akhnoukh and Elia, 2019). Nano-silica in cement-

based materials acts as a nucleation site, which promotes the hydration of clinker minerals 

and pozzolanic materials; during this process, calcium hydroxide reacts with nano-silica 

to form C-S-H gel (Khan et al., 2022). Consequently, the microstructure becomes denser, 

possessing a higher strength than that without incorporating nano-silica (Snehal et al., 

2020).  

Nano-silica has been effectively combined with various additives and SCMs, such as fly 

ash (Praveen Kumar and Dey, 2023; Singh et al., 2019), slag (Chithra et al., 2016b; X. 

Liu et al., 2021), glass powder (Cai et al., 2019), metakaolin clay (Raheem et al., 2021), 

and calcined clay (Lin et al., 2022), in construction industries to enhance the performance 

of cement-based materials. For instance, Hou et al. (Hou et al., 2013a) demonstrated that 

the pozzolanic reaction of colloidal nano-silica and its nucleation occurred rapidly in fly 

ash mortar, particularly at a very early age, compared with the addition of the same 

quantity of silica fume. The addition of 5 % colloidal nano-silica increased the 

compressive strength of the fly ash mortar by 45 and 12 % on days 7 and 28, respectively. 

However, at later ages, the acceleration effect of nano-silica diminished. Therefore, the 
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effectiveness of nano-silica in cement-based materials varies depending on its properties, 

such as particle size and morphology, specific dosage, and incorporation method. For 

instance, Meng et al. (Meng et al., 2020) examined the microstructural transformation of 

cement pastes with different nano-silica particle sizes (15 and 50 nm) using XRD, SEM 

and TGA. The results revealed that larger nano-silica particles demonstrated superior 

compressive strength compared to smaller nano-silica particles. In addition, nano-silica 

with a smaller particle size resulted in a denser microstructure with a reduced average 

pore size. Moreover, nano-silica morphology affects the characteristics of cement 

mixtures. Colloidal nano-silica considerably lowered the workability of cement mixtures 

compared to silica gel and silica fume, owing to the high absorption of free water and 

agglomeration of nano-silica particles in the cement composite (Kooshafar and Madani, 

2020). 

Appropriate quantities of nano-silica are required to achieve excellent outcomes and 

compatibility with the other cementitious materials used in cement composites (Khan et 

al., 2022). According to literature, nano-silica has been utilised as an additive or 

replacement in cementitious materials at various dosages, ranging from 0.5 % to 7 % in 

cement pastes (Qing et al., 2007; Senff et al., 2009; Stefanidou and Papayianni, 2012), 

1 % to 12 % in mortar (Haruehansapong et al., 2014; Hou et al., 2013a; Senff et al., 2009), 

and 0.5 % to 10 % in concrete (Abhilash et al., 2021; Khan et al., 2022). However, 

determining the ideal replacement level and properties of nano-silica combined with 

different SCMs is laborious and time-consuming. This study uses several experimental 

techniques to study nano silica's effect on hydration and cement paste's mechanical 

performance. 
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4.2 Experimental procedures 

4.2.1 Materials and sample preparation 

OPC, which conforms to the Japan Industrial Standard JIS R 5201:2015, was acquired 

from the Japan Cement Association. Nano-silica, with an average particle size of 18.5 nm 

and 99.9 % purity, was purchased from Kanto Chemical. Co., Inc. The XRD pattern in 

Figure 4.1 confirms the amorphous phase of the nano-silica. The chemical and physical 

properties of the cement and nano-silica are listed in Table 4.1. 

 
Figure 4.1: XRD pattern verifying the amorphous phase of nano-silica. 

Nano-silica was incorporated into cement pastes at replacement levels of 0, 2, and 4 % 

by weight while maintaining a consistent water-binder ratio of 0.40 across all mixtures. 

The workability of each mixture was evaluated by measuring the flow diameter at 

intervals of 0, 20, 60, and 120 min, as outlined in JASS15M-103. Figure 4.2 illustrates a 

substantial decrease in slump compared to the control sample, with flow reductions of 

33.9 and 38.1 % observed for the 2 and 4 % replacement levels, respectively, at the initial 

stage (zero minutes). This decrease in workability associated with nano-silica 

incorporation was attributed to its high water retention capacity (Quercia et al., 2012), 
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stemming from its high surface area and reactivity. This characteristic reduces the amount 

of free water necessary for fluidity in the mixture, thereby increasing viscosity and 

decreasing workability. Previous research has revealed similar findings with 

nanoparticles possessing high surface areas (Elkady et al., 2013; X. Liu et al., 2021). The 

water demand associated with the incorporation of nano-silica in cement pastes can be 

effectively managed by introducing appropriate quantities of superplasticisers to achieve 

the desired workability (Wang et al., 2016). Notably, this study did not use 

superplasticisers, as it falls beyond the scope of the present investigation. The 

compositions of the mixtures are listed in Table 4.2. 

Table 4.1: Chemical composition and physical characteristics of utilised cement and 

nano-silica (wt. %) 

Properties Cement Nano-Silica 

SiO2  21.42 >99.5 

Al 2O 5.52 - 

Fe2O3 2.81 - 

CaO 64.23 - 

MgO 1.42 - 

SO3 2.17 - 

Na2O 0.25 - 

K 2O 0.58 - 

TiO 2 0.27 - 

P2O5 0.42 - 

MnO 0.04 - 

Cl 0.015 - 

Density (kg/m3) 3160 2200 

Specific surface area (m2/kg) 339 33700 
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Figure 4.2: Changes of flow with time for all the pastes 

Table 4.2: Composition of the paste mixtures 

Sample ID Cement (g) Nano-silica (g) Water (g) 

CO 100 0 40 

CO+NS2 98 2 40 

CO+NS4 96 4 40 

Owing to the ultrafine nature of nano-silica particles and their strong van der Waals forces 

(Xu et al., 2021), which can result in particle agglomeration, a specified quantity of 

deionised water and nano-silica was combined in a beaker. The resulting mixture was 

ultrasonically dispersed for 10 min. The dispersed solution was subsequently introduced 

into a cement blend using a Hobart N50 5-quart mixer. The mixing process involved an 

initial one-minute period at low speed and another 1 minute at high speed. After pausing 

the mixing, the bowl's surface was cleared using a spatula, following which a two-minute 

high-speed mixing was implemented to ensure the pastes' uniformity. The prepared pastes 
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normalised values were plotted against the hydration age, as shown in Figure 4.4. Figure 

4.4 distinctly illustrates the CO+NS4 sample, exhibiting a reduced CH content at all ages. 

This can be attributed to the dominant influence of the pozzolanic effect on the nucleation 

effect at higher replacement levels (Abhilash et al., 2021; Khan et al., 2022). 

Additionally, the aggregation effect of nano-silica, owing to its substantial surface area, 

may hinder the hydration process, thereby highlighting this reduction. This observation 

is further supported by Figure 4.3d, which shows significant decomposition of C-S-H. 

The tendency for aggregation could potentially limit the reactivity and hinder the 

diffusion of clinker minerals, consequently affecting the overall CH production during 

hydration (Singh et al., 2016a). Certain studies (Rupasinghe et al., 2017b; Singh et al., 

2017) have presented conflicting findings, indicating a reduction in CH content upon 

introducing nano-silica during the initial stages of hydration. However, these 

investigations did not distinctly explain the effects of the nucleation sites and pozzolanic 

reactions (Rupasinghe et al., 2017b, 2017a). 

In contrast, the results of the present study clarify the actual influence of nano-silica on 

cement paste hydration (Flores et al., 2017). These observations suggest an optimal level 

of cement replacement with nano-silica. Below this optimal threshold, free CH remains 

in the mixture, and the quantity of nano-silica within the paste is insufficient to react with 

CH fully. Conversely, surpassing the optimal nano-silica content results in a lack of 

available CH for interaction with nano-silica, causing the nanoparticles to primarily 

function as inert fillers without actively participating in the pozzolanic reactions. 

Considering the specific experimental parameters and type of nano-silica employed, the 

analysis conducted in this study advocates a 2 % replacement level of nano-silica as the 

optimal configuration to achieve maximum benefits through nucleation and pozzolanic 

reactivity. 
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Figure 4.3: TGA and DTA curves of the cement pastes at (a) one, (b) three, (c) seven, 

(d) 28, and (e) 56 days. 

(a) (b) 

  
(c) (d) 

  
(e) 
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representation of the hydration reactions within individual clinker minerals (C3S, C2S, 

C3A, and C4AF) and the overall degree of cement hydration, as determined by the 

XRD/Rietveld analysis. Although the hydration degree of C3A remained unchanged, the 

presence of nano-silica significantly affected the hydration degrees of C3S, C2S, and 

C4AF. This effect can be attributed to the apparent pozzolanic reactivity and nucleation 

effect caused by nano-silica. However, these alterations in the degree of hydration did not 

affect the overall degree of cement hydration (Figure 4.6 (e)).  

4.3.2 Analysis of microstructure 

SEM utilising backscattered electron (SEM-BSE) imaging was employed to analyse the 

cement paste with (2 % by weight) and without nano-silica at three and seven-day ageing 

intervals. This investigation aims to determine the influence of nano-silica on the 

microstructures of cement pastes. The SEM micrographs of the pastes are shown in 

Figure 4.7. The increase in nucleation sites facilitated by nano-silica substitution is 

prominent in the initial stages, as indicated by the degradation of the portlandite (CH) 

surface in Figure 4.7(b). Moreover, replacing nano-silica yielded a more compact 

microstructure within the cement paste. This microstructural change is due to the 

pozzolanic effect of nano-silica (Sargam and Wang, 2021a), which triggers a secondary 

hydration reaction. Consequently, this secondary reaction leads to the formation of 

supplementary C-S-H through the consumption of portlandite (Figure 4.7(d)). The 

increased microstructure density can also be attributed to the filling effect of nano-silica. 

Considering ultrafine particles, nano-silica effectively occupied the pores within the 

cement paste, contributing to the overall densification. 

The impact of substituting nano-silica on the chemical composition of the resulting 

hydrates was investigated using elemental composition analysis (SEM-EDS). EDS 

analysis points were chosen by visual distinctions in the grey scale intensities within the 

BSE images and significant elevations in the intensities of the major elements (Ca, Si, 

and Al) in the EDS maps. Approximately 50 specific points were targeted during EDS 
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Figure 4.6: Reaction degree of clinker minerals in the cement pastes: (a) C3S, (b) C2S, 

(c) C3A, and (d) C4AF. (e) Overall hydration degree of cement pastes. 

(a) (b) 

 
 

(c) (d) 

  
(e) 
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Figure 4.7: SEM-BSE micrographs of (a and b) control paste, at days one and seven, 

respectively, and (c and d) 2% nano-silica substituted paste at days one and seven. 

Furthermore, an increase in the Al/Ca ratio, which was noted within additional secondary 

C-S-H formations, was attributed to the pozzolanic reaction of nano-silica. In this 

scenario, the C-S-H structure absorbs Al in place of Si. This finding aligns with the prior 

literature (Lothenbach et al., 2011; Richardson, 2004; Sargam and Wang, 2021b), 

demonstrating the emergence of C-S-H structures at elevated Si/Ca ratios reminiscent of 

tobermorite-like structures. Therefore, the Si/Ca ratios of the nano-silica substituted 

samples were considered to be 0.67, slightly higher than that of the control sample (0.58). 

Furthermore, partially reacted nano-silica was characterised by elevated Si/Ca and 

reduced Al/Ca ratios (Figure 4.8) (Sargam and Wang, 2021b). 

In contrast, fully reacted nano-silica created an additional secondary C-S-H phase through 

pozzolanic reactions. This variant of secondary C-S-H demonstrated a tendency to absorb 

  

  
 

(c) (d) 

(a) (b) 
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or incorporate a greater quantity of alkali, which was attributed to the negative surface 

charge of C-S-H. Collectively, the results obtained through TGA, XRD, and SEM assays 

validate the favourable influence of nano-silica substitution on the characteristics of 

cement paste. This advantageous impact can be attributed to the synergistic effects of the 

nucleation and pozzolanic reactions induced by nano-silica. This phenomenon was 

carefully incorporated into the coupled hydration and thermodynamic model, as explained 

in Section 3.1, to comprehensively capture and simulate this phenomenon and ensure a 

realistic representation of the intricate influence exerted by nano-silica. 

 

Figure 4.8: Variation of Al/Ca and Si/Ca ratios of C-S-H structure found in control 

paste and 2% nano-silica containing paste at 7 days. 

4.3.3 Mechanical properties 

All tested cylinders failed by exhibiting columnar vertical cracking extending through 

both ends. No well-formed cones were observed. Since the mix lacks aggregates, the 

likelihood of shear crack formation or conical failure is minimal. Consequently, columnar 

vertical cracking was consistently observed in all cylindrical samples, as shown in Figure 

4.9. 



110 

  

 

Figure 4.9: (a) Columnar vertical cracks were observed in all the cylindrical samples. 

(b) Columnar vertical cracks were similar to those described in ASTM C39/39M-10 

(2011). 

The effect of nano-silica replacement on the compressive strength of cement pastes, 

specifically at 2 % and 4 % substitution levels, is depicted in Figure 4.10, which presents 

the compressive strengths of all cement pastes at various ages. A notable improvement in 

strength compared to the control paste was observed with increasing concentrations of 

nano-silica substitution, particularly during the early stages of hydration. This 

enhancement is attributed to nano-silica's nucleation and pozzolanic effects, as confirmed 

by TGA and XRD analyses. These effects lead to a significant presence of hydrated 

phases, primarily C-S-H, which are crucial for strength development in cement pastes. 

However, it was observed that a 4% substitution of nano-silica resulted in a lower 

compressive strength than the 2% substitution. This decrease can be attributed to the 

agglomeration of nano-silica particles, as discussed in Section 4.3. Agglomeration 

impedes the   such as C-S-H formation. 

Experimental results demonstrate that substituting 2 % nano-silica increases the 

compressive strength by 35.2 %, 21.2 %, and 17.2 % at one, three, and seven days, 

respectively. In contrast, a 4% nano-silica substitution increases compressive strength by 

17.8 %, 7.6 %, and 15.9 % at the same respective ages. These findings suggest that while 
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nano-silica significantly enhances compressive strength at an optimal substitution level, 

excessive amounts can lead to diminished returns due to particle agglomeration hindering 

adequate hydration. 

 

Figure 4.10: Compressive strength variation over time for different nano-silica 

replacement levels. 

4.4 Summary 

The incorporation of nano-silica in cementitious materials has a significant impact on 

hydration and mechanical properties. Due to its nucleation effect, nano-silica initially 

increases CH content, especially within the first three days. This enhancement is most 

effective at a 2 % replacement level. Beyond three days, the CH content decreases due to 

the pozzolanic reaction, which consumes CH and reduces its free content in the cement 

matrix. Our study identifies 2 % as the optimal nano-silica substitution level, balancing 

nucleation and pozzolanic effects for maximum strength improvement. At higher dosages, 

nano-silica leads to particle agglomeration, impeding hydration and diminishing returns 

on strength gains. XRD and SEM analyses confirm that nano-silica accelerates cement 
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hydration and promotes the formation of additional C-S-H, resulting in a more compact 

microstructure. The optimal 2 % substitution increases compressive strength by 35.2 %, 

21.2 %, and 17.2 % at one, three, and seven days, respectively, while a 4 % substitution 

shows lower gains. Additionally, XRD results revealed that replacing nano-silica did not 

affect the reaction rates of clinker minerals such as C3S, C2S, C3A, and C4AF.  

In summary, a 2 % nano-silica replacement optimally enhances flow and compressive 

strength without altering the reaction rates of key clinker minerals. Future research should 

focus on nano-silica's pore refinement effects to further improve cement-based materials' 

performance and durability. 
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CHAPTER 5  

EXPERIMENTAL INVESTIGATION OF GO -MODIFIED 

PROPERTIES OF CEMENT PASTE 

5.1  Effect of Graphene Oxide on cement paste 

5.1.1 Introduction  

The demand for enhanced mechanical properties and durability in cement-based materials 

has grown significantly, driven by the increasing necessity for sustainable and resilient 

infrastructure (Zhang et al., 2017). Traditional cement-based materials frequently face 

challenges related to strength, durability, and environmental impact, prompting the 

exploration of advanced materials (Afroughsabet et al., 2016; Aïtcin, 2003). Various 

methods have been employed to address these limitations, including chemical additives, 

fibre reinforcements, and mineral admixtures (Nithurshan and Elakneswaran, 2023). 

While these approaches have demonstrated some efficacy, they often have drawbacks, 

such as limited effectiveness, high cost, and adverse environmental impacts (Ferraris et 

al., 2001; Karapati et al., 2014; Shao et al., 2017). In recent years, integrating 

nanomaterials into cementitious composites has emerged as a promising strategy to 

enhance their mechanical properties and durability (Li et al., 2004; Z. Li et al., 2006; 

Manzur and Yazdani, 2016; Nithurshan et al., 2024). Nanomaterials, owing to their nano 

size and high surface area, offer unique properties that can significantly improve the 

performance of cement-based materials (Kedir et al., 2023; Khan et al., 2022; Zhang et 

al., 2021). However, incorporating nanomaterials into cement-based materials presents 

several challenges, including dispersion, agglomeration, and compatibility with the 

cement matrix (Afroughsabet et al., 2016; Shao et al., 2017). 
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Figure 5.1: Characterisation of GO; (a) a simplified molecular structure of GO, (b) 

XRD patterns of GO, and (c) FTIR spectra of GO 

The cement pastes were prepared using a planetary-type mixer (Hobart N50 5-quart 

mixer). Initially, water or the GO solution was introduced into the cement within the 

mixer at low speed for 1 min, which was succeeded by an additional 1-min duration at 

high speed. After a momentary pause in mixing, the surface of the mixture was cleared 

using a spatula. Subsequently, a 2-min high-speed mixing phase ensued to ensure the 

uniformity of the pastes. The resulting pastes were poured into cylindrical moulds 

measuring 50 mm in diameter and 100 mm in height, adopting a two-layer configuration. 

Each layer underwent 20 s of vibration to eliminate larger pores that could arise from 

reduced workability. Once moulded, the specimens were hermetically sealed and 

positioned in a curing environment at a constant temperature of 20 ± 2°C. Following a 

curing period of 24 h, the specimens were carefully extracted from the moulds, enveloped 

in polyester film, and stored under controlled conditions at 20 ± 2°C. 



118 

  

Additionally, to prepare samples for 1H NMR analysis, another set of cement paste with 

and without GO was prepared using the same method as before, but with white cement. 

White cement was chosen because it is free of iron ions, which can interfere with NMR 

signals. After one day of curing, samples for 1H NMR were cored using a core driller with 

a 7 mm diameter (as shown in Figure 5.2), and the cored samples were approximately 20 

mm in height. The samples were then immediately transferred to NMR sample tubes with 

a 10 mm diameter (Figure 5.3). The tubes were sealed with plastic caps and secured with 

parafilm to prevent moisture transfer. 

 

Figure 5.2: Sample extraction using core drilling 
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Figure 5.6: XRD patterns of control and GO pastes at 7 days (a), 14 days (b) and 28 

days (c), and Phase quantification by Rietveld analysis (d). 
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Figure 5.7: SEM images; (a) control paste, and (b) GO paste 
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Figure 5.8: Chemical interaction between functional groups (Carboxylic acid/hydroxyl) 

in GO and the hydration products (portlandite and C-S-H) 

5.1.3.5 1H NMR Analysis 

Figure 5.9 illustrates the T2 distribution map for the cored sample at curing ages 1, 3, 7, 

and 28 days. On one day (Figure 5.9a), the control sample exhibits a combined curve 

representing intrerhydrate water (free water) and interlayer water, whereas the GO paste 

displays two distinct peaks corresponding to intrerhydrate water and gel water. This effect 

can be attributed to GO adsorbing water molecules on its surface, temporarily forming a 

water reservoir between C-S-H layers, thereby increasing the gel pore water detected in 

the paste. It should be noted that capillary water was not detected in any of the samples 

at any age, likely because it evaporated during core drilling due to exposure to the 

environment, even at room temperature. By 3 days of hydration (Figure 5.9b), the control 

sample shows a broad peak centred at 0.67 ms, representing intralayer, gel, and 

interhydrate pores as a single unit. In contrast, the GO paste exhibits a resultant curve 

with a comparatively larger amount of interlayer water and pore water, suggesting that 
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Figure 5.9: T2 distribution of control paste and GO paste at 1 day (a), 3 days (b), 7 days 

(c), and 28 days(d) 

5.1.4 Conclusions 

The impact of GO on cement pastes was systematically explored by assessing both 

hydration processes and microstructural changes. The characterisation analysis 

effectively verified the presence of functional groups within the GO. TGA further 

clarified the influence of GO on clinker hydration, demonstrating an accelerated process 

that resulted in higher production of portlandite compared to the control. TGA further 

clarified the influence of GO on clinker hydration, demonstrating an accelerated process 

that resulted in higher production of portlandite compared to the control. This finding was 

confirmed by a Rietveld analysis of X-ray diffraction patterns, revealing distinct 

variations in the intensities of hydration products upon adding GO. The X-ray diffraction 

patterns displayed typical hydration products, with differing intensities indicating the 
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functional groups, such as hydroxyl, carboxyl, and epoxy(Miao et al., 2023). Moreover, 

above 170 °C, the dehydration of CSH in the CSH-GO composite occurred more rapidly 

(steep-slope) compared to samples with lower GO content or pure C-S-H. This 

observation confirms that the polymerisation degree of C-S-H is increased with GO 

incorporation. This increased polymerisation of C-S-H can be attributed to the adsorption 

of Ca2+ ions on the surface of GO, facilitated by its active functional groups, which 

promote nucleation (Basquiroto de Souza et al., 2022). 

Furthermore, the formation of calcite was observed upon the incorporation of GO. This 

phenomenon cannot be attributed to sample preparation procedures; instead, it is 

attributed to the decomposition of oxygen functional groups on the surface of GO in 

alkaline media (Yaseen et al., 2018). This decomposition releases CO, CO2, and water, 

vital in forming Calcite. However, the amount of Calcite formed was small, accounting 

for less than 1 % of the total mass. 
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Figure 5.13: FTIR analysis of pure C-S-H and C-S-H with GO incorporation. 

(d) SEM 

Pure C-S-H with a Ca/Si ratio of 1.0 exhibited a nanostructure characterised by thin foils 

arranged in a random configuration (Basquiroto de Souza et al., 2022), as depicted in 

Figure 5.14(a). This structure includes out-of-plane defectives. Consequently, their 

assembly appears disordered, leading to the commonly observed loose, crumpled 

mesoscale packing of C-S-H (Basquiroto de Souza et al., 2022), with pores ranging from 

nano-to micron-sized. In contrast, in C-S-H with a Ca/Si ratio of 1.5, a plate-like or 

laminar structure was formed due to the higher amount of calcium ions readily binding 

with water and hydroxide ions to form sheets or layers (Kang et al., 2019). This plate-like 

structure results in a more dispersed and less interconnected C-S-H, leading to finer pores, 

as shown in Figure 5.14(b). The excess calcium available for hydration also forms these 

finer pores. 

Furthermore, in CSH-GO 0.5 (Figure 5.14(c)), the C-S-H gels grew larger, and finer 

nano-foils with folding structures were observed, attributable to the maximised nucleation 
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effect of GO (Miao et al., 2023). These foils exhibited a 2D geometry and were aligned 

with the GO nanosheet (Basquiroto de Souza et al., 2022). Notably, deformations, 

wrinkles, or sudden changes in direction, commonly seen in foil-like pure C-S-H products, 

were absent. In addition, the C-S-H products covered the surface of the GO, forming a 

dense 2D layer with only tiny gel pores. This is because Ca2+ ions, which neutralise the 

high negative charge density of C-S-H, are attracted to and chemically react with the 

negatively charged GO surface via the ring-opening of epoxide/alkoxy groups 

(Basquiroto de Souza et al., 2021). This finding suggests that GO acted as a structure-

directing platform, facilitating more efficient stacking of foils and the formation of dense 

C-S-H microplates. At higher GO mass ratios (Figure 5.14(d)), the C-S-H foils began to 

grow outwardly from the surface of the C-S-H microplate, appearing as folded foils. 

Consequently, they exhibited a flat rather than spherical geometry, indicating that the 

growth of C-S-H proceeded in the plane directions of GO. Therefore, the microstructure 

of C-S-H is well-regulated, exhibiting relatively higher crystal growth, and is more 

compact and denser with the addition of GO.  A network of closely packed C-S-H 

microplates is anticipated to absorb and distribute mechanical stresses throughout the 

matrix effectively. 
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Figure 5.14: SEM images of pure C-S-H with different Ca/Si ratios (a and b) and C-S-

H incorporating GO at different weight percentages (c and d). 

(e) Si NMR 

29Si MAS NMR is a highly effective method for analysing the silicate structure of solid 

materials, particularly for characterising the amorphous C-S-H gel formed in hydrated 

cement (Kang et al., 2019; Wang et al., 2019b). Variations in chemical shifts and peak 

intensities observed in 29Si NMR spectra provide valuable insights into the structural 

changes occurring in C-S-H gels. Silicate tetrahedra with n shared oxygen atoms are 

denoted as Qn, where n represents the number of bridging oxygen atoms linked to other 

SiO4 units. Specifically, Q0 corresponds to discrete SiO4 tetrahedra, Q1 relates to dimers 
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Additionally, the hydroxyl groups (-OH) on GO can interact with the silicate chain length 

of C-S-H, leading to fewer partially polymerised silicate chains and a decrease in the Q2p 

silicon state, thereby decreasing the MCL from 6.44 to 6.09 (Chiang and Chang, 2021). 

Moreover, as the mass of graphene oxide (GO) increases from 0.5 wt% to 1.0 wt%, there 

is a significant decrease in the Q2b state and an increase in the Q0 and Q2p states. This can 

be attributed to the higher concentration of nucleation sites for the formation of C-S-H 

with an increase in the mass of GO. The study can explain this (Chiang and Chang, 2021). 

The excessive pairing of tetrahedral vacancies could accommodate more silanol groups 

in silicate chains. Additionally, the hydroxyl groups on GO protonate non-bridging 

oxygen sites at the end of silicate chains, promoting the formation of partially 

polymerised silicate chains (Q2p state) in C-S-H (Thomas et al., 2003). Therefore, the Q0 

and Q2p silicon states increase with the addition of GO. These observed changes in the 

silicon states (Q0, Q1, Q2b, and Q2p) with increasing GO mass from 0.5 wt% to 1.0 wt% 

are consistent with SEM observations, which demonstrate the formation of a denser 

microstructure with short-layered C-S-H sheets. 
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Figure 5.15: Deconvolution of 29Si MAS NMR spectra for C-S-H 1.0 (a), C-S-H-GO 

0.5 (b), and C-S-H-GO 1.0 (c). 
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Table 5.3: Silicate Chemical Shift percentages and MCL from 29Si MAS NMR 

deconvolution analysis 

Sample 
Integral intensity of Qn (%) 

Q2/Q1 MCL  
Q0 Q1 Q2b Q2p 

CSH 1.0 13.61 26.82 26.69 32.88 2.22 6.44 

CSH-GO 0.5 19.57 26.40 47.43 6.60 2.05 6.09 

CSH-GO 1.0 25.55 24.08 15.51 34.86 2.09 6.18 

(f) 1H NMR 

The 1H-NMR relaxometry is the best technique to study the C-S-H structural change and 

analyse the pore structure of among the existing other experimental techniques such as 

mercury intrusion porosimetry (MIP) and nitrogen sorption isotherms as it requires pre-

treatment of drying, which causes the inevitable microstructure changes due to colloidal 

nature of C-S-H. (Kiran et al., 2020; Arnaud C.A. Muller et al., 2013). Figure 5.16 

illustrates three principal peaks corresponding to interlayer water (from 0.1 to 0.5 ms), 

gel water (up to 1.0 ms), and inter hydrate water (up to 10 ms), arranged from shortest to 

longer T2 relaxation time (Gajewicz et al., 2016; Kojima et al., 2023; A. C.A. Muller et 

al., 2013). It should be noted that with the addition of GO, the peaks below 1 ms (Figure 

5.16(b)) became broader. This is because the interlayer and gel voids appear to be a single 

unit, and the centre of the peak moves leftward with the increasing GO wt%, suggesting 

that the interlayer becomes narrower (Kojima et al., 2023). 

The amount of each state of water detected in the C-S-H samples was calculated based 

on the individual peak intensity relative to the total intensity. In C-S-H with a Ca/Si ratio 

of 1.0, approximately 93.2 % gel water and 6.8 % interhydrate water were detected. 

However, with an increase in the Ca/Si ratio (CSH 1.5), inter-hydrate water disappeared, 

and the percentage of gel water increased from 93.2 % to 96.1 %. In addition, 3.9 % of 
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reduces the overall porosity of the material, leading to fewer weak points where cracks 

can initiate and propagate. 

In terms of durability, the dense microstructure restricts the penetration of chemically 

vulnerable ions, such as chloride and sulfate ions, by reducing the size and connectivity 

of pores. This minimizes the risk of chemical degradation processes like corrosion and 

sulfate attack. Additionally, higher density in the material makes it less permeable to 

aggressive agents from the environment, prolonging its service life. The enhanced 

interaction between GO and C-S-H contributes to mechanical reinforcement and 

improves the composite's chemical stability(Baskoro et al., 2018). This is supported by 

evidence of a lower decalcification rate, indicating that the material is less susceptible to 

chemical breakdown (Arnaud C.A. Muller et al., 2013). 

 

Figure 5.17: Illustration for the microstructural changes of C-S-H: (a) gel pore water 

entrapped by mono C-S-H layers, (b) gel pore water becomes interlayer water by the C-

S-H layers attraction, and (c) tightly stacked mono C-S-H layers with interlayer water 

5.2.5 Conclusion 

This study employed a co-precipitation method to synthesize C-S-H with and without GO 

to investigate the microstructural changes induced by GO incorporation. TGA revealed a 

higher water loss in GO-incorporated C-S-H, indicating increased polymerization of C-

S-H due to the active functional groups of GO acting as nucleation sites. XRD analysis, 
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CHAPTER 6  

DEVELOPMENT OF A MULTISCALE MODEL FOR 

PREDICTING THE MECHANICAL PROPERTIES OF 

NANO SILICA -REINFORCED CEMENT PASTE   

6.1  Introduction  

Cement paste, the binding component in concrete, is crucial for the material's overall 

strength and durability. Understanding the characteristics and behaviour of cement paste 

is essential for predicting and enhancing the performance of concrete. Since concrete is a 

multi-scale material, studying cement paste is fundamental in examining nano-modified 

concrete. Aggregates in concrete function as inert fillers, leaving cement paste as the sole 

chemically reactive component. Consequently, any modifications to the cement paste, 

such as integrating nano-silica, directly impact the concrete's properties. Nano-silica 

influences the hydration process, leading to changes in the microstructure and, ultimately, 

the mechanical and durability characteristics of the concrete. 

In this research, the focus on cement paste allows for a detailed analysis of how nano-

silica affects the hydration and evolution of the cementitious matrix. By isolating the 

cement paste, researchers can better understand the mechanisms at play without the 

confounding effects of aggregates. This approach facilitates the development of an 

integrated hydration model for cement/nano-silica systems, providing a clearer picture of 

how nano-silica enhances or alters the performance of cement paste. This foundational 

understanding is pivotal because the behaviour observed in the cement paste phase will 

directly influence the overall performance of nano-modified concrete. Therefore, the 

study of nano-silica in cement paste is not just an isolated investigation but a critical step 
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6.3.2 Prediction of volume fraction of main phases of nano-silica modified cement 

paste with hydration time 

Following the discussion in Section 6.3.1, the volume fractions of the phases, namely 

hydrated, unhydrated, unreacted nano-silica, chemical shrinkage, and capillary pores, 

were estimated as functions of the hydration age. The predictions are shown in Figure 

6.2. The most significant increase in the volume fractions of the hydrates, particularly C-

S-H, was observed with the substitution of 2% nano-silica (Figure 6.2(a)), regardless of 

the hydration age. Figure 6.2(b) shows a gradual reduction in the unhydrated phases in 

all pastes (CO, CO + NS2, and CO + NS4) as hydration progressed. Notably, there is a 

linear relationship between the volume fractions of the unhydrated phases in the mixtures. 

These results indicate that the hydration of clinker minerals remained independent of the 

nano-silica reactivity; instead, it was solely governed by the initial cement content present 

in each specific mixture. The changes in the volume fractions of the pore phases with 

hydration age are illustrated in Figure 6.2(c), as discussed in Section 6.3.1. The findings 

reveal a steady reduction in the pores within the cement paste containing nano-silica, 

compared to those without nano-silica, at all stages of hydration. This phenomenon was 

attributed to the denser microstructure resulting from incorporating nano-silica. 

The ultra-fine nano-silica particles acted as a filler material, contributing to decreased 

porosity within the cement paste. Figure 6.2(d) illustrates the relationship between the 

unreacted nano-silica volume fraction and the different pastes' hydration age. Unreacted 

nano-silica increased proportionally to the initial nano-silica content in the cement paste. 

However, within a specific cement paste, the unreacted nano-silica content diminished as 

hydration progressed, owing to the increasing contribution of nano-silica to the 

pozzolanic reactions over time. Considering the overall reactivity of nano-silica in the 

cement paste, the optimal replacement ratio was determined to be 2%.  
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based on the selected values for unhydrated cement particles, pores, and the 100 µm RVE 

size, corresponding to seven-day aged cement pastes with a water-cement ratio of 0.4. 

 

Figure 6.3: Geometry of the RVE of seven-day aged cement pastes: (a) CO, (b) 

CO+NS2, and (c) CO+NS4 (Orange, magenta, black, and white colours represent the 

hydrated phase, unhydrated cement particles, unreacted nano-silica particles, and pores, 

respectively). 

6.5 Numerical investigation of the RVE 

6.5.1 Materials modelling, loading conditions, and boundary constraints. 

The finite element analysis of the RVE for cement pastes, developed in Section 3.3, was 

performed using the structural mechanics module in COMSOL Multiphysics 6.0 (BV and 

OY, 1998). As shown in Figure 6.3, the RVE generated in MATLAB is transferred to 

COMSOL using the LiveLink of the MATLAB tool (COMSOL Multiphysics, 2018). To 

determine the homogenised mechanical properties of the cement paste, the material 

behaviour of each phase was defined using COMSOL. In a previous study by Rupasinghe 

et al. (Rupasinghe et al., 2017b), hydrated products and unhydrated clinkers were 

modelled as linearly elastic perfectly plastic materials, and it was demonstrated that these 

simplifications had a negligible influence on the homogenised elastic modulus and 

strength. However, considering the nonlinear behaviour of cementitious materials, this 
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in Figure 6.5. This comparison illustrates the remarkable reliability of the coupled models 

in accurately reproducing the realistic evolution of the clinker mineral reactions over the 

hydration age.  

 

Figure 6.5: Reaction degree of clinker minerals in the cement pastes: (a) C3S, (b) C2S, 

(c) C3A, and (d) C4AF. (e) Overall hydration degree of cement pastes. 

 

(a) (b) 

  
(c) (d) 

  
(e) 
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6.6.2 Predictability of the proposed Finite element model  

As outlined in Section 3.4, the numerical microstructure (RVE) generated for the seven-

day aged cement paste without nano-silica incorporation was examined using various 

mesh sizes. The predicted compressive strengths are shown in Figure 6.6. The 

simulations revealed that the compressive strength of the cement paste exhibited limited 

sensitivity to changes in the mesh size (Figure 6.6). Nevertheless, reducing the mesh size 

led to decreased variability in the predicted compressive strengths, consistent with 

theoretical expectations (Kanit et al., 2003). Therefore, unless otherwise stated, a fine 

mesh was selected for all the analyses in this study for the sake of result consistency. 

 

Figure 6.6: Results of the mesh convergency study of the control paste at day seven. 

Because the homogenisation of materials with randomly distributed inclusions affects 

localised deformation and leads to inaccurate computation of mechanical properties, 

stress-strain responses were simulated for five distinct configurations of unhydrated 

particles and pores within the hydrated paste. Figure 6.7 depicts the stress-strain 

responses of these random configurations with the mean stress-strain response, revealing 







175 

  

 

Figure 6.9: Stress distribution (plastic potential) of seven-day aged pastes: (a) control, 

(b) 2 % nano-silica containing, and (c) 4 % nano-silica containing pastes at strain values 

of 0.002 and (d) control, (e) 2 % nano-silica containing, and (f) 4 % nano-silica 

containing pastes at strain values of 0.004. 

As the experimental compression tests in this study focused solely on capturing the 

ultimate compressive strength, the entire stress-strain response was comprehensively 

compared with those in other studies (Dede and Ayvaz, 2010; Nithurshan et al., 2023) 

that reported similar compressive behaviours. The compressive strengths of all cement 

pastes across different ages are shown in Figure 6.10. Notably, a significant improvement 

in strength compared to the control paste was observed with increasing concentrations of 

nano-silica substitution. This effect, particularly prominent during the early stages of 

hydration, was attributed to nucleation and pozzolanic influences. This effect resulted in 

the significant presence of hydrated phases (C-S-H), the primary contributors to strength 

development in cement pastes (Praveen Kumar and Dey, 2023). However, when 

substituted with 4 % nano-silica, the compressive strength decreased compared to 2 % 
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6. Refining the proposed models to accurately depict the dispersion and agglomeration 

of nano-silica in numerical simulations offered a more intricate and comprehensive 

understanding of the material behaviour. This enhancement enabled a more precise 

assessment of the impact of nano-silica on the mechanical properties of cement paste, 

leading to further insights and advancements in material science. 
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CHAPTER 7  

EXTENSION OF THE PROPOSED MODEL TO PREDICT 

THE MECHANICAL PROPERTIES OF PLAIN MORTAR   

7.1  Introduction  

Concrete is a multi-scale material with properties ranging from the nanoscale to the 

macro-scale. The previous chapter introduced a model to predict the mechanical 

properties of cement paste, focusing on the micro-scale. In this chapter, we extend this 

model to predict the properties of mortar, which operates at the mesoscale, as shown in 

Figure 7.1. In modelling cement paste, the RVE included a higher number of phases: the 

hydrated phase, unhydrated cement phase, capillary pore phase, and unreacted nano-silica 

phase. This detailed approach allowed for a comprehensive understanding of the 

microstructural interactions within the cement paste. 

The RVE is simplified into three phases for mortar: aggregates, cement paste, and ITZ. 

Voids are not included in this RVE, reflecting the composite nature of mortar at the 

mesoscale. Including aggregates and ITZ is crucial, as they significantly influence 

mortar's mechanical properties and durability. By extending the proposed model to mortar, 

we bridge the gap between the micro-scale properties of cement paste and the meso-scale 

behaviour of mortar. This transition is essential for developing a more holistic 

understanding of nano-modified concrete and its performance. The refined model 

provides insights into how the modifications at the micro-scale influence the overall 

properties of mortar, paving the way for improved predictive capabilities and more 

effective material design. 
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Figure 7.1: Multiscale modelling approach for nano-modified Cement Systems 

7.2 Generation of RVE for mortar  

In creating the RVE for mortar, we adopted the same procedure described in Section 6.4, 

applying it to a two-dimensional scale. The RVE is defined as a 10 mm × 10 mm square. 

The matrix material is the cement paste, and the aggregates are represented as circular 

particles. The fine aggregate volume fraction of the mortar used in the experiments is 

30% (Siventhirarajah, 2022). Therefore, the total area fraction of the aggregates in the 

RVE is set to 30%. The fine aggregate particle sizes are 0.7 mm and 1 mm, and their 

proportions in the RVE are determined based on Fuller's formula (Eq. 7.1), which is 

widely recognized for achieving optimal density and strength in the modelling of mortar 

and concrete (Schlangen, 2022, 1993; Van Mier et al., 2002; Wittmann et al., 1993). 
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7.3 Material Properties of the Phases 

Over the past few years, the numerical simulation of damage and fracture processes in 

mortar and concrete has significantly improved. Understanding the fracture behaviour of 

concrete under various external loads is crucial for developing more efficient concrete 

materials for engineering applications. It is widely recognized that mortar and concrete 

deformation involves highly complex progressive failures characterized by microcracks 

initiation, propagation, and coalescence due to its heterogeneous nature (Lemaitre, 2001; 

Lemaitre and Sermage, 1997). Historically, classical mathematical models based on 

elasticity, plasticity, and viscoelasticity formulations have been used to describe the 

nonlinearity of concrete. In the 1970s, models based on nonlinear fracture mechanics and 

continuum damage mechanics were developed to simulate crack propagation and the 

degradation of material stiffness in concrete. However, these classical models treat 

concrete as a homogenized material, neglecting its heterogeneity. Such homogenization 

fails to capture the entire fracture process, from the initiation and propagation of 

microcracks to the formation of macrocracks. Furthermore, these models do not account 

for the randomness of concrete's microstructural properties, which is essential for a 

comprehensive understanding of the fracture process (Wriggers and Moftah, 2006). 

Various numerical models have been proposed to address these limitations and simulate 

the fracture process in concrete at the mesoscale. For instance, Bazant et al.(Bazant et al., 

1991) introduced a random particle model for the fracture of brittle aggregate composite 

materials. This model uses a softening stress-strain relationship for the matrix material, 

corresponding to a prescribed microscopic interparticle fracture energy. In the lattice 

models developed by Schlangen and Garboczi (Schlangen and Garboczi, 1997) and 

Schlangen and van Mier (Schlangen, 2022), tensile strengths are assigned to lattice 

elements to simulate the fracture mechanism in heterogeneous materials like concrete. 

Lilliu and van Mier (Lilliu and van Mier, 2003) extended the lattice model for three-

dimensional analyses. Eckardt et al. (Schrader et al., 2009) used the smeared crack 
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capturing the complex behaviour of the material and provides more accurate predictions 

of mechanical properties. Additionally, it ensures that the numerical solution is less 

sensitive to changes in mesh density, thereby enhancing the reliability of the simulation 

results. 

Figure 7.4 depicts the RVE meshed using a fine element size, demonstrating the level of 

detail achieved in capturing the internal structure and heterogeneity of the mortar. A fine 

mesh enables the simulation to accurately represent the intricate interactions between the 

mortar constituents, including the aggregates and cement paste. 

 

Figure 7.3: Variation of stress-strain behaviour of mortar RVE with different mesh size 
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Figure 7.4: Mortar RVE meshed with fine mesh size. 

7.4.2 The importance of incorporating the ITZ 

Many studies have disregarded the distinct properties of the ITZ, often treating it as part 

of the homogeneous aggregates. In contrast, this study explicitly accounted for the ITZ in 

the analysis of the RVE. The stress-strain behaviour of the mortar was examined with and 

without the ITZ's consideration, as illustrated in Figure 7.5. When the ITZ was not 

considered, the mortar exhibited brittle behaviour after reaching maximum stress, which 

does not accurately reflect real-world conditions. However, with the inclusion of the ITZ, 

the model accurately predicted the softening behaviour of the mortar after reaching 

maximum stress or initial cracking. Additionally, without considering the ITZ, the model 

overestimated the strength by assuming complete bonding between the aggregates and 

cement paste, which is unrealistic. 

In contrast, incorporating the ITZ into the model led to predictions of compressive 

strength that closely aligned with experimental results (Figure 7.6). Therefore, the 
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Figure 7.7: Stress-strain curve predicted with varying ITZ thickness. 

7.4.4 Effect of multiple sizes of aggregates 

Many studies have often utilized single-size aggregates in their modelling procedures to 

simplify the process, yet this approach may not accurately reflect the actual packing 

density of the RVE. To address this limitation, our study incorporated two different sizes 

of aggregates, with their proportions determined from Fuller's curve. The stress-strain 

behaviour of the RVEs containing two aggregate sizes was compared with that of RVEs 

containing a single aggregate size, as illustrated in Figure 7.8. While both types of RVEs 

predicted similar strengths, there were notable differences in their behaviour. The RVE 

with a single aggregate size tended to overestimate the strain at maximum stress due to 

the lower packing density of the aggregates, which delayed stress propagation. 

Conversely, the RVE with multiple aggregate sizes exhibited denser aggregate packing, 

allowing for comparatively quicker crack propagation and, thus, lower stress at maximum 

stress. This study underscores the significance of considering multiple sizes of aggregates 

when modelling mortar or concrete, as it can significantly influence the predicted 

mechanical behaviour and ultimately enhance the accuracy of simulation results. 
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Figure 7.8: Stress-strain behaviour with single and multiple-sized aggregates 

7.4.5 Effect of aggregate configuration 

To assess the impact of random aggregate distribution on the predictive capability of our 

proposed model regarding stress-strain behaviour, aggregates were positioned within the 

RVE using four distinct configurations and analysed under identical conditions. The 

resulting stress-strain behaviour is illustrated in Figure 7.9. The proposed model 

consistently predicted the same strength across all configurations. However, a slight 

deviation was observed in the softening region, which was predominantly influenced by 

stress concentration due to the initiation and propagation of microcracks within the mortar 

resulting from the arrangement of the aggregates. This underscores the robustness of the 

model in predicting the mechanical properties of mortar despite variations in aggregate 

distribution within the RVE. 
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Figure 7.9: Stress-strain curve for different aggregate configurations. 

7.4.6 Effect of aggregate shape 

The shape of aggregates in mortar varies widely based on their nature and production 

methods, ranging from rounded and angular to irregular, flaky, elongated, and crushed. 

However, fine aggregates are typically circular or elliptical. To capture this variability, 

we developed Mortar RVEs with circular and elliptical-shaped aggregates randomly 

distributed within the RVE. When positioning the elliptical aggregates, we considered 

arbitrary major and minor axis values and their inclination relative to the horizontal plane 

to achieve a realistic random distribution. In both RVEs, the aggregate volume remained 

constant, and the ITZ was considered for both aggregates. The derived stress-strain 

behaviour is depicted in Figure 7.10. The proposed model underestimates the stress-strain 

behaviour of the RVE with elliptical-shaped aggregates. This discrepancy may be 

attributed to stress concentrations occurring at the tips of the elliptical aggregates (Figure 

7.11), leading to strain localization and reducing their load-carrying capacity. However, 

the proposed model predicts the stress-strain behaviour of mortar fairly well with circular 

aggregates. 
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Figure 7.10: Stress-strain behaviour with different aggregate shapes 

 

 

Figure 7.11: Stress distribution (plastic potential) with circular and elliptical aggregates 
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7.5 Conclusions  

The successful extension of the multi-stage model from cement paste to mortar, including 

the ITZ, marks a significant advancement in predictive modelling for concrete materials. 

The model's robustness was thoroughly examined through sensitivity analyses 

encompassing various parameters such as aggregate size, ITZ thickness, aggregate shape, 

and Randomly Varying Element (RVE) configurations. It reliably predicted the 

mechanical properties of mortar, particularly when considering multi-sized circular 

aggregates and the presence of ITZ. However, calibration of Mazar's material parameters 

against experimental results at different mortar ages is necessary to enhance the model's 

accuracy further. This iterative process ensures that the model accurately captures the 

dynamic evolution of mechanical properties over time. 

Overall, the developed multi-stage model, incorporating the complexities of ITZ, has 

demonstrated its efficacy in predicting the mechanical behaviour of mortar. Its successful 

validation against experimental results underscores its potential as a valuable tool in 

advancing our understanding and design capabilities in concrete materials engineering. 

 

 

 



198 

  

CHAPTER 8  

CONCLUSIONS AND FUTURE WORKS 

8.1  Introduction  

This dissertation analyses the performance enhancement of nano additives in 

cementitious materials. The objectives of the research are to address the contradictory 

findings related to nano additives, such as nano silica and GO, in cementitious materials 

and to develop a new model capable of determining the optimum quantity of nano 

additives and predicting the nonlinear behaviour resulting from their impact on 

microstructure evolution with fewer assumptions. From the perspective of Material 

Engineering, significant effort has been dedicated to understanding the microstructural, 

mechanical, and durability responses of cementitious materials. Various factors have been 

considered, including different types of cement (clinker composition), water-to-cement 

ratio (w/c), aggregate content, hydration processes, and exposure periods. 

The research work comprises several major components. First, an overview of 

experimental studies on nano-modified cement-based materials using nano silica and GO 

is provided, focusing on cement hydration, microstructure development, and mechanical 

properties evolution (Chapter 2). Second, a review of the available techniques to simulate 

cement hydration, predict microstructure development, and compute the mechanical 

behaviour of cement-based materials is presented (Chapter 3). Third, the research 

experimentally explores the effects of nano-silica on cement hydration and mechanical 

properties (Chapter 4). Fourth, it investigates the effects of GO on cement hydration and 

the formation of C-S-H (Chapter 5). Fifth, a new model is developed to predict the 

mechanical properties of nano silica-modified cement paste based on hydration products 

and matrix porosity (Chapter 6). Finally, the proposed cement paste model is extended to 

predict the mechanical properties of mortar. 
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8.2 Effect of nano-silica on the clinker hydration, microstructural  

development and mechanical properties evolution. 

In this part of the study, cement paste was prepared by replacing the cement with 2 % and 

4 % by weight of nano silica. A control cement paste was also prepared to quantify the 

effects of nano-silica on cement hydration and the enhancement of mechanical properties. 

TGA, XRD, and SEM were employed to characterize the microstructural changes. The 

conclusions of this experimental program are as follows: 

1. TGA analysis confirmed that nano-silica promotes cement hydration in the initial 

stages. 

2. Nano silica replacement levels beyond 2 % show no significant difference in the 

amount of portlandite. 

3. At early ages (1 and 3 days), the pozzolanic reactivity of nano silica is 

predominantly due to the nucleation effect. 

4. After 7 days, a significant reduction in portlandite is observed up to a 4 % 

replacement level due to the pozzolanic reaction. 

5. Rietveld analysis of XRD curves reveals that incorporating nano silica slightly 

affects the hydration degree of C3S, C2S, and C4AF, while it does not affect the 

hydration of C3A. However, the overall hydration degree of clinker is not 

significantly affected. 

6. Visual observation of SEM images indicates that replacing cement with nano 

silica results in a denser microstructure at specific ages, with more compact C-S-

H observed. 

7. EDS analysis revealed that replacing cement with nano silica forms tobermorite 

C-S-H, while ordinary cement produces jennite C-S-H. 

8. The compressive strength increased maximally with a 2 % replacement level up 

to 7 days, compared to the control sample and the 4 % replacement level. 

9. Overall, the optimum cement replacement level with nano silica is around 2 % 

for maximum strength increase. 
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8.3 Chemical and microstructural analysis of graphene oxide 

incorporated cement paste and synthesised C-S-H 

This study prepared two cement pastes, one incorporating GO at 0.06 wt.% and the other 

without GO. The as-received GO was characterized using FTIR and XRD before 

preparing the cement paste. The compatibility of GO with the pore solution was 

determined using a Zeta potential analyser. The effects of GO on clinker hydration and 

microstructural development were characterized using TGA, XRD, SEM, and H NMR. 

Additionally, C-S-H was synthesized with and without GO to study microstructural 

changes at the nanoscale, characterized using Si NMR along with other techniques. The 

conclusions from these experiments are as follows: 

1. The characterization of GO confirmed the presence of active oxygen-containing 

functional groups. 

2. Zeta potential results indicate that GO particles show a stronger affinity for 

calcium ions. 

3. TGA results showed a continuous increase in portlandite in GO composites 

compared to the control up to 28 days, attributed to the nucleation effect of GO 

and further hydration promoted by the release of adsorbed water. 

4. Rietveld analysis of XRD diffraction curves is consistent with TGA results, 

confirming the formation of more amorphous C-S-H. 

5. SEM analysis reveals that with the addition of GO, micropores are sealed with 

amorphous C-S-H, and the C-S-H density is increased. 

6. TGA, XRD, and FTIR analyses of synthesized C-S-H confirm that incorporating 

GO promotes the formation of more ordered C-S-H crystals. 

7. SEM images indicate that larger pores in pure C-S-H are sealed with finer nano-

foils with folding structures. 

8. 29Si NMR results show that incorporating GO promotes C-S-H's polymerisation. 

9. 1H NMR suggests that adding GO decreases gel pores, increases interlayer water, 

and facilitates the formation of more ordered C-S-H crystals. 
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8.4 Developing a multiscale model for predicting the mechanical 

properties of nano-silica-modified cement paste 

In this part of the study, a multiscale model has been developed to predict the mechanical 

properties of nano silica-modified cement paste, such as compressive strength and 

Young's modulus, based on microstructure development during the hydration process. 

The research followed a systematic approach: firstly, the reaction degree of nano silica 

was analytically integrated into an existing cement hydration and thermodynamic model. 

This integration allowed for the systematic output of the integrated hydration model's 

volume fractions of hydrates, unhydrates, shrinkage, and pores. Using these volume 

fractions, the mechanical properties were predicted through a numerical approach and 

validated against experimental results. The conclusions drawn from this modelling 

approach and the model predictions are as follows: 

1. The reaction degree of nano silica was successfully integrated into the coupled 

cement hydration and thermodynamic models. 

2. The integrated model accurately reproduces the actual reaction degree of clinker 

minerals with nano silica replacement. 

3. The integrated model systematically computed volume fractions of hydrates, 

unhydrates, shrinkage, and pores. 

4. Based on these volume fractions, a representative volume element (RVE) was 

successfully developed for cement paste at the microscale (100 µm) using 

MATLAB.  

5. The developed RVE was successfully transferred to the finite element software 

COMSOL Multiphysics. 

6. Actual loading conditions were simulated, and the numerical analysis resulted in 

the nonlinear behaviour of the hardened cement pastes with curing age, validated 

by experimental results. 

7. The proposed model also predicts that the optimum nano silica replacement level 

is 2 %. 
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Overall, the proposed multiscale model effectively captures the complex interactions 

between nano silica and cement hydration, providing a reliable tool for predicting the 

mechanical properties of nano silica-modified cement paste. This model can significantly 

aid in optimizing nano silica content for enhanced performance in cementitious materials. 

8.5 Extending the proposed cement paste model to predict the 

mechanical properties of mortar 

In this chapter, the mechanical properties of mortar were reliably predicted by modifying 

the developed multiscale model initially designed for cement paste. Mortars and concretes 

were treated as three-phase composites, with the ITZ for fine aggregate accurately 

considered in the RVE. The ITZ properties were assumed to be lower than the cement 

pastes. The proposed model for mortar was validated against experimental results, and 

sensitivity analysis was conducted considering various ITZ thicknesses, multiple 

aggregate sizes, aggregate placement in the RVE, and aggregate shape. The conclusions 

from this modelling approach and the model predictions are as follows: 

1. The ITZ was successfully introduced into the mortar RVE, and reliable material 

properties were assigned. 

2. The proposed model emphasizes the importance of considering the ITZ in 

predictive models for mortar and concrete. 

3. Aggregates were modelled using a linear material model, while the cement paste 

and the ITZ were modelled using the Mazars damage model, with parameters 

extracted from the literature. 

4. The proposed model accurately predicts the compressive strength of mortar made 

with 30 % aggregate content. 

5. Sensitivity analysis suggests that the most feasible ITZ thickness is 50 µm and 

that considering multiple aggregate sizes leads to more reliable predictions. 

6. The random placement of aggregates in the RVE did not influence the strength 

prediction capacity of the proposed model. 
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7. Including aggregates as circular inclusions provides more accurate results than 

using elliptical-shaped aggregates. 

Overall, this chapter demonstrates that the modified multiscale model effectively captures 

the mechanical behaviour of mortar, highlighting the critical role of the ITZ and the need 

for precise modelling of aggregate characteristics. This model provides a robust tool for 

predicting the mechanical properties of mortar and can be extended to more complex 

concrete systems for enhanced performance prediction. 

8.6 Recommendations for future research 

This section provides recommendations for future research to enhance and optimize the 

findings of this study. Future research should explore several types of nano-silica, 

particularly colloidal forms with different concentrations, to broadly generalize the 

enhancements provided by nano-silica in cement paste, as this study only investigated 

one type. Determining the optimal replacement level of nano silica for mortar and 

concrete is necessary. The results can be used for model validation for nano-modified 

mortar and concrete, expanding beyond this study's limited scope of cement paste. 

Nanoindentation methods should be used to evaluate the mechanical properties of cement 

paste, mortar, and the ITZ. Incorporating these measured values into the proposed model 

will increase its robustness and predictability. Effective mixing procedures must be 

developed to disperse GO in cementitious materials to achieve repeatability. The effects 

of GO in mortar and concrete should also be studied to integrate these findings into the 

predictive model, extending the scope beyond the cement paste covered in this study. 

Conducting nanoindentation tests on GO composites will help establish a correlation 

between GO dosage and the mechanical properties of HD C-S-H. This data can be used 

to extend the proposed model to predict the mechanical properties of GO-reinforced 

cement paste. Furthermore, methods to incorporate unreacted nanoparticles into the 

numerical RVE for reliable prediction should be explored. 
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Finally, it is essential to investigate other significant aspects, such as durability, ductility, 

and rheological properties of nano-silica and GO/cement systems. This would improve 

the overall understanding of these innovative materials and increase their applicability in 

the construction sector, complementing the primary focus on strength characteristics in 

this research. 

 

 

 

 

 

 

 

 

 

 

 

 




























































































