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ABSTRACT 

Optimal Dispersion of Graphene in Cement-Based Composites for Improved Mechanical and 

Durability Performance   

 

Zhangfan Jiang 

B.Sc. Harbin Institute of Technology 

M.S. University of Virginia 

 

Advisor: Dr. Osman E. Ozbulut 

Associate Professor, Department of Engineering Systems and Environment 

University of Virginia 

 

Cementitious materials are the most widely used materials in our built environment even 

though the production of cement requires considerable energy and causes significant global 

carbon dioxide emissions, leading to various environmental and social impacts. As the 

performance of cement-based composites is strongly affected by their nano-scale properties, one 

potentially transformative approach to introduce superior performance in these composites is 

nanoengineering. Graphene, which offers outstanding mechanical properties at a low-cost, can 

serve as an exceptional nano-reinforcement in cement composites. However, certain challenges 

currently hinder the use of graphene in cement composites. In particular, graphene sheets often 

aggregate into flakes of weakly interacting monolayered sheets due to their strong 

hydrophobicity and van der Waals attraction. To leverage the excellent mechanical properties of 

graphene in cement-based composites, its dispersion problem needs to be addressed. In addition, 

though there have been various studies where the graphene-based nanomaterials have been used 

in either cement paste or mortar composites to improve their mechanical properties, only a few 

studies have explored the effects of graphene in cementitious composites with coarse aggregates 

that possess different physico-mechanical behavior. 
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This study investigates an effective dispersion method and an optimal morphology and 

concentration of graphene-based nanomaterials for the incorporation into cement composites. 

First, the use of commercially available graphene nanoplatelets (GNPs) in concrete mixtures is 

investigated. For the dispersion of GNPs, high shear mixing at different durations with and 

without additional ultrasonication is used. A polycarboxylate-based superplasticizer (PCE) is 

utilized to assist the dispersion. The compression and flexural strength are evaluated on concrete 

mixtures, while direct tensile tests are conducted on mortar specimens to evaluate tensile 

properties of GNP-reinforced cement composites. As the performance enhancement obtained 

from PCE-assisted dispersion of GNP into cement composites have remained modest, the use of 

several other surfactants, including two ionic surfactants, one non-ionic surfactant, and 

ultrasonication are explored for the fabrication of graphene-reinforced cement composites. 

Taguchi method of experimental design is employed to minimize the number of experiments 

needed to assess the effects of selected factors on the dispersion process. Two multi-criteria 

decision making methods, namely Technique for Order Preference by Similarity to an Ideal 

Solution (TOPSIS) and Principle Component Analysis (PCA) methods, are employed to 

determine the optimal values of experimental factors. The findings of the optimal dispersion 

study are used to fabricate GNP-reinforced mortar composites. The mechanical and durability 

properties of the graphene-reinforced cement composites is thoroughly investigated. Finally, a 

life-cycle assessment framework is used to evaluate environmental performance of the developed 

cement composites over stages from “cradle-to-gate”. Results show that the incorporation of 

GNPs at 0.1 wt.% of cement can increase the compression strength by 36%, tensile strength by 

48%, and significantly reduce permeability and sorptivity of mortar composites.    
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1. INTRODUCTION 

1. 1. Problem Statement 

Cementitious composites are the most widely used materials for the design of civil 

structures. They are produced from raw materials that are low-cost and readily available. They 

exhibit high compressive strengths, good fire resistance, and can be considered as more durable 

compared to other construction materials. However, cementitious materials also face a number of 

challenges [1]. Present and future durability challenges for reinforced concrete structures. The 

production of cement requires considerable energy and causes significant global carbon dioxide 

emissions, leading to various environmental and social impacts [2]. In addition, conventional 

cementitious composites are inherently brittle and susceptible to cracking, which render them 

vulnerable especially under harsh operating conditions. Cementitious materials with improved 

mechanical performance and durability can provide substantial improvement in damage 

resistance and service life of future concrete infrastructure. This will lower the energy and 

emissions for concrete materials and structures, leading to more sustainable built environment.    

1. 2. Research Motivation 

As performance of cementitious composites is strongly affected by their nano-scale 

properties, one potentially transformative approach to introduce superior performance in cement 

composite materials is nanoengineering. Since early 1990s, numerous research studies have been 

conducted to explore behavior of cementitious composites with different functional fillers such 

as carbon fiber (CF), carbon nanofiber (CNF), carbon nanotubes (CNTs), colloidal nano silica, 

iron oxide nanoparticles, and nickel powder [3–10]. Among these different fillers, CNTs have 

been the most widely used filler in cement matrix to develop advanced cementitious composites 

[11]. CNTs are molecular-scale tubes of graphene, which is a single-layer sp2-bonded carbon 

sheet. CNTs have a tensile strength of 11 to 63 GPa and a Young’s modulus of 0.3 to 0.9 TPa 

[12]. CNTs can exist as single-walled (SWCNT) or multi-walled carbon nanotubes (MWCNT). 

Depending on their quality and type, the cost of SWNTs ranges from $37,500 to $160,000 per kg 

and the cost of MWCNTs ranges from $600 to $15,000 per kg [13]. Although MWCNTs have 

considerably higher costs compared to other nanostructured carbons such as carbon black and 
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CNF, they have been extensively studied as reinforcing nanomaterial in cementitious composites 

due to their advantageous mechanical and electrical properties [14–19]. Numerous studies have 

been conducted to develop advanced cementitious composites by incorporating CNTs in cement 

matrix and considerable improvements in various mechanical properties have been reported [20]. 

However, most of these nano-reinforced composites could not be utilized at commercial scale, 

mainly due to their cost and/or the difficulties in their processing. In addition, previous research 

has mainly focused on the use of carbon nanomaterials in cement paste and mortar composites, 

while only very limited studies have explored the role of these nanomaterials in concrete 

composites that possess different physico-mechanical behavior [20].      

Graphene, as the strongest material ever measured with a tensile strength of 130 GPa and 

Young’s modulus of about 1 TPa, is expected to serve as an exceptional nano reinforcement in 

composite materials [21]. Compared to quasi-one-dimensional (1D) CNTs, graphene sheets are 

two-dimensional (2D), and both sides of the atomic lattice contact the matrix of a composite 

system, thereby generating more sites for potential chemical and physical bonding with the host 

material. Most importantly, graphene sheets and their derivatives can be synthesized in large 

quantities from inexpensive graphite powder [22] and can be produced at large-scale for 

industrial demand at low-cost. 

Graphene-based nanomaterials can enhance nucleation effect and promote cement 

hydration reaction, refine the microstructure and improve the compactness of cement composite, 

and constrain the propagation of microcracks. These enhancements can help to reduce cement 

content and develop more sustainable concrete materials. However, the agglomeration effect due 

to the strong van der Waals force between graphene sheets makes the uniform dispersion 

difficult and limit the efficacy of graphene [21]. Graphene sheets tend to recombine due to 

attractive van der Waals forces after the energy supplied by mechanical agitation through 

ultrasonication or high shear mixing. The re-clustering of graphene sheets is to be avoided either 

by decreasing the van der Waals forces between the nanoparticles or by introducing a carrier 

medium with induced repulsive forces (steric, or electrostatic forces) between nanoparticles.  

Pristine graphene sheets are not dispersible in water due to a large mismatch between the 

low surface energy of graphene, high surface tension of water, and limited mobility. An effective 

approach to increase the dispersion of graphene in any medium can be through the surface 
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modification of pristine graphene to reduce the nanoparticle after oxidation and exfoliation; 

however, this method will introduce structural defects into graphene and help pick up residual 

oxygen-containing groups, which leads to loss of desired physical and mechanical properties. An 

alternative and relatively simple approach could be the stabilization of graphene through non-

covalent modifications using surfactants. However, strong alkaline environment of cement 

hydration affects the adsorption behavior of surfactants and the stable suspensions of graphene 

re-agglomerate after being introduced to cement pore solution due to the adverse effects of high 

pH environment to surfactant-graphene interface. Therefore, to leverage the excellent mechanical 

properties of graphene in cement-based composites, there is still a need to address its dispersion 

problem.  

1. 3. Research Objectives  

This research aims to formulate graphene-reinforced cementitious materials that are 

intrinsically resilient and durable, and as a result, can extend the service life of concrete 

structures. The graphene, which possesses a large surface area and a high aspect ratio, offers 

outstanding mechanical, electrical and thermal properties at relatively low cost. It is therefore 

considered as ideal nanomaterial for the development of advanced composite materials. 

However, its use in concrete industry at large scales requires low fabrication costs while 

preserving its exceptional structural properties. In addition, only when graphene sheets are 

homogeneously dispersed within the cementitious matrix, significant enhancement on 

mechanical properties and durability can be obtained. In this research, the use graphene 

nanoplatelets (GNPs) in cement-based composites is explored. An efficient dispersion of 

graphene sheets without damaging their unique structural integrity into the cement matrix is 

aimed to be developed. A multi-scale characterization is carried out to reveal the effects and 

reinforcing mechanism of graphene to cementitious matrix with and without coarse aggregates. 

The durability of the developed composites is analyzed through assessing porosity and capillary 

water absorption. Then, an environmental life cycle analysis is performed to assess the energy 

and emissions related to production of the developed graphene-reinforced cement composites.  

1. 4. Organization of This Dissertation 

This dissertation is organized into the following sections:  
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Chapter 1 describes the motivation for the research and the scope of the research. It also 

gives a brief description of this dissertation.  

Chapter 2 presents a concise summary of the application of nanomaterials in cement 

composite and its advantages. It then provides some background information of graphene-based 

nanomaterials and the dispersion of graphene-based nanomaterials. Furthermore, the literature 

review of graphene-based cement composites is presented.  

Chapter 3 investigates the effects of GNPs on the mechanical properties of concrete. The 

wet dispersion technique which employs high shear mixing and polycarboxylate-based 

superplasticizer is utilized to disperse GNPs. The effects of sonication time and dispersion 

equipment on the dispersion of GNPs are studied. The dispersion quality is assessed through 

optical microscopy, Raman spectroscopy and SEM. Mechanical properties are evaluated through 

compressive and flexural strength tests. The microstructure of GNP-reinforced concrete is 

investigated through SEM. 

Chapter 4 characterizes the tensile behavior of GNP-reinforced mortar using acoustic 

emission. The specimens are tested under direct tensile test. AE parameters such as AF and RA 

are used to analyze the cracking mode. Average RA is analyzed to explore the effect of GNPs 

reinforcement. A correlation between average acoustic energy and the tensile strength is 

established.   

Chapter 5 optimizes the parameters of the surfactant-assisted dispersion process of GNPs 

using TOPSIS-based and PCA-based Taguchi method. The effects of sonication parameters (time 

and amplitude), sample volume, surfactant type, surfactant/GNPs ratio, GNPs concentration on 

the dispersion and stability of GNPs are investigated. Average particle size, the absolute value of 

zeta potential, UV-vis absorbency in aqueous and alkaline environments, the absolute value of 

zeta potential in alkaline environment, the residual absorbance after 24 h in aqueous and alkaline 

environments serves as criteria to characterize the dispersion quality of GNPs. ANOVA is 

performed to assess the relative importance of each parameter. 

Chapter 6 explores the influence of two types of GNPs on mechanical properties and 

durability of cement composites. The optimal dispersion procedure found in Chapter 5 is applied 

to disperse GNPs. The mechanical properties are assessed by compressive strength. The 



26 

 

sorptivity and permeable porosity tests are performed to evaluate durability. Thermogravimetric 

analysis (TGA) and scanning electron microscopy (SEM) analysis are performed to study the 

hydration process and microstructure of GNP-reinforced cement composites.  

Chapter 7 studies the environment impact of GNP-reinforced mortar by means of Life 

Cycle Impact Assessment (LCIA) and Life Cycle Cost Analysis (LCCA).  

Chapter 8 summarizes the dissertation work and presents its major findings. It also 

provides some recommendations for future research.    
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2. LITERATURE REVIEW AND BACKGROUND  

2. 1. Graphene and Graphene-based Nanomaterials 

Graphene, a two-dimensional material comprised of a monolayer of carbon atoms, is the 

basis of all graphitic materials. Graphene can be wrapped up in a ball to form fullerenes, rolled 

into CNTs or stacked to form graphite [23]. In each layer, the carbon atoms are connected by 

staggered single and double covalent bonds to form a planar hexagonal, or honeycomb, lattice 

structure (Figure 2-1). Each carbon atom contains four valence electrons, which includes three 

electrons in sp2 hybrid orbitals [24]. Graphene possesses unique properties making it a promising 

candidate for a multitude of applications [25]. Graphene is the thinnest material currently known 

with a thickness of only .335 nm [25,26]. Other unique physical properties include a large 

specific surface area, measured to be as high as 2360 m2g-1 [27] and aspect ratios from 6,000 – 

600,000 [12,28]. Furthermore, the mechanical properties of graphene are also unique, as 

graphene is considered to be the strongest material ever measured [25]. Graphene has a tensile 

strength of 130 GPa and a modulus of elasticity of 1000 GPa [28,29]. The excellent mechanical 

properties have sparked research into graphene’s use as a method of self-reinforcement in 

cements, with several studies showing increased flexural, tensile and compressive strength with 

the inclusion of graphene and its derivatives [30–34]. In addition, the structure of graphene gives 

it unusual thermal properties. Several researchers have measured the thermal conductivity of 

graphene and found values in the range from 3000 to 5300 Wm-1K-1  [35–39]. The electrical 

properties of graphene, includes an intrinsic electron mobility of 200,000 cm2V-1s-1 [40] and an 

electronic conductivity of between 107 and 108 Sm-1 [41]. These properties have made graphene 

a popular choice for use in self-sensing cements, as their high electrical conductivity allows for 

the formation of conductive pathways.  
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Figure 2-1. Structure of graphene. 

While the basic unit of graphene is a single monolayer, it can be very difficult to obtain 

large amounts of single layer graphene. A 2018 study found that out of 60 companies, none of 

them were producing pure monolayer graphene [42]. As such, other types of graphene containing 

multiple layers are often studied and considered for future applications. As the properties of 

graphene are influenced by its thickness, the material is characterized by the number of layers in 

the flakes. ISO standard ISO/TS 80004-13:2017 defines the different types of graphene, as a 

function of their layer number [43]. The most relevant categories are graphene, bilayer graphene, 

few layer graphene and graphene nanoplatelets, which are defined as:  

• Graphene (G) refers to a single layer of carbon atoms and represents a building block of 

all other graphitic materials.  

• Bilayer graphene (BG) is simply a graphene flake with two well defined layers.  

• Few layer graphene (FLG) is defined as having in-between 3 and 10 well defined stacked 

graphene layers.  

• Graphene nanoplatelets (GNPs) are graphene stacks with thicknesses typically ranging 1 

to 3 nm, with a lateral size between 100 nm and 100 µm. 

In addition to pure graphene with different number of layers, there are multiple other 

graphitic materials that contain elements other than carbon and present different characteristics, 

such as graphene oxide and reduced graphene oxide. Graphene oxide (GO) is a material 

comprised of graphene layers with attached oxygen-containing functional groups, such as 

hydroxyl, epoxide, carboxyl and carbonyl groups [44]. GO is typically synthesized by exposing 

graphite to an oxidant and then exfoliating the oxidized graphite to form few layer oxidized 
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graphene [24]. During the oxidation process a large number of defects can be introduced to the 

GO layers and, thus, GO is an amorphous material [42]. This loss of crystallinity causes it to be 

electrically insulating and have reduced mechanical properties [45]. However, while pure 

graphene is hydrophobic, the oxygen containing functional groups cause GO to be hydrophilic 

resulting in a high dispersibility in water, as compared to graphene [42,46].  

In order to recover some of the lost electrical and mechanical properties of graphene 

oxide, the material can undergo several processes to form a material with fewer oxide functional 

groups, known as reduced graphene oxide (rGO). The structure of rGO is similar to that of GO. 

The material still contains the structural defects that are present in graphene oxide after reduction 

and, thus, has an amorphous structure [42]. The properties rGO displays are typically in between 

that of graphene and graphene oxide. It is partially dispersible in water, with the exact ease of 

dispersion dependent on the amount of remaining oxide functional groups after reduction [46]. 

The mechanical and electrical conductivities are increased compared to that GO, but lower than 

that of graphene [42,46].  

2. 2. Dispersion of Graphene-based Nanomaterials into Cement Composites 

One of the largest barriers to the widespread incorporation of graphene in cement-based 

composites is its poor dispersion in aqueous solutions. This difficulty in obtaining a homogenous 

suspension is caused by its high surface energy and strong van der Waal forces, combined with 

its hydrophobic nature [28]. As a result, graphene tends to agglomerate and form aggregates in 

water, which results in an uneven distribution of properties. This can be especially detrimental to 

the electrical properties of graphene reinforced cements, as a continuous pathway is needed for 

electrical conductivity. It has been observed that at higher GNPs concentrations that display 

aggregates, also show a reduction in piezoresistive effects [47]. GO has an easier time dispersing 

in water, due to its hydrophilic nature and oxide functional groups. However, the alkaline and 

ionic nature of cement and its pore solutions can cause GO to form irregular agglomerates, due 

to crosslinking with Ca2+ and reduction of GO to a less-dispersible rGO [48,49]. To address this 

problem and realize the full potential of graphene-based materials, several methods exist to 

increase the dispersion in water and cements. Physical methods, such as ultrasonication, high 

shear mixing, and ball milling, have been employed, as well as chemical methods, such as 

covalent and noncovalent functionalization.  
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2.2.1. Physical dispersion methods 

The most widely employed method for increasing the dispersion of graphene-based 

materials is sonication. Sonication is a method during which an acoustic field is used to agitate 

the suspension. When the frequencies applied are greater than 20 kHz, it is referred to as 

ultrasonication, which serves to separate the  graphene layers by creating cavitation bubbles that 

quickly collapse and generate shockwaves [50,51]. A majority of studies use sonication in 

conjunction with other chemical dispersive methods, such as surfactants [52–56].  

High shear mixing and ball milling are other types of physical dispersion methods. High 

shear mixing can be used to combine surfactants with graphene-based materials or it can be used 

when mixing the suspension with cement to prevent re-agglomeration [46,48]. Similarly, ball 

milling can be used in various ways to improve dispersion [30]. Furthermore, another study, has 

utilized ball milling to assist in the production of edge-oxidized graphene oxide [57]. 

2.2.2. Chemical functionalization methods 

Covalent functionalization of a graphene-based material refers to the process of adding a 

new functional group to the graphene layer by covalently bonding it to the graphene. This 

functionalization can add a range of properties and characteristics, such as increased ease of 

dispersion and changes in the conductivity. It is easier to attach new functional groups to GO, as 

a result of its increased reactivity due the attached oxygen functional groups [24]. This method 

has several advantages as it creates strong covalent between the functional groups and the 

graphene sheet. However, covalent functionalization introduces defects to the material, which 

results in a partial loss of electrical conductivity [58]. This method has been shown to be 

beneficial for increasing dispersion and improving properties in graphene and graphene oxide 

reinforced cementitious composites [59,60].  

Non-covalent functionalization of a graphene-based material refers to the modification of 

the material by hydrogen bonds, ionic bonds and electrostatic forces between graphene and 

functional molecules [24]. This method has distinct advantages over covalent functionalization, 

as it does not change the bulk structure of the graphene [58]. However, the bonds connecting the 

functional groups and the graphene are weaker than that of covalently functionalized graphene. 

One of the most common ways to achieve improved dispersion with noncovalent 
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functionalization is through the use of surfactants. Superplasticizers are commonly used as 

surfactants in the literature, especially polycarboxylate-based superplasticizer (PCE) [55,61,62]. 

The molecular structure of PCE consists of an adsorbing anionic backbone and non-ionic side 

chains and looks like a comb, as shown in Figure 2-2. It has been shown that anionic surfactants 

can effectively disperse graphene in water [63], while non-ionic surfactants can successfully 

stabilize and disperse graphene in aqueous solutions [64]. PCE has been shown to be an effective 

surfactant for GNP, GO and rGO, as it has both anionic and non-ionic components [65]. The 

backbone will absorb onto the graphene sheet, while the negatively charged side chains will 

serve to separate the layers [56]. Their ability to disperse graphene has been largely attributed to 

steric hinderance and electrostatic repulsion that suppresses the van der Waal forces between the 

graphene layers [54,61]. Other types of superplasticizers, such as naphthalene-based (NS) and 

melamine-based (MS) superplasticizers have also been studied.   

 

Figure 2-2. Schematic representation of typical molecular structure of PCE. 

2.2.3. Dispersion Using Sonication 

To fabricate a cogent aqueous dispersion of GNPs, the ultrasonication with the aid of 

surfactants is widely utilized [66]. During the dispersion process, there are many factors needed 

to be decided. For example, ultrasonication setup, surfactants, solution volume, GNPs dosage, 

etc.   

Zou et. al. [67] explored the effects of  ultrasonication energy (UE) on the dispersion of 

CNT and engineering properties of CNT cement paste. The CNT was dispersed in water by 

ultrasonication with different UE varying from 25 to 400 J/mL. The amount of dispersed CNT in 

water was effectively improved by more intense UE. The optimum UE to obtain a uniform 

dispersion is found to be dependent on the CNT dosage. 
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Table 2-1 summarized the dispersion process of GNPs in aqueous. It can be seen that the 

ultrasonication duration varies from 5 to 60 min. The ultrasonication type and output power are 

not reported in some papers. Thus, the UE is not able to be calculated. Researcher commonly 

dispersed the amount of GNPs into the mixing water. Due to the different mix design, the 

resulted GNPs dosage in water are also different. Thereby, it is difficult to select an optimal 

dispersion process for GNPs to achieve uniform dispersion.  

Table 2-1. Dispersion process of GNPs in aqueous 

Ultrasonication Surfactant GNP  

(wt%) 

Solution volume 

(mL) 

Ref. 

Type Power 

(W) 

Duration 

 (min) 

Type S/GNP 

Probe 360 10 SDBS 1.33-4 0.03-0.09 Mixing water [31] 

Probe 300 60 PCE 7.5-30 1 Mixing water [56] 

Bath 100 60 SP 1.5-22 0.15-0.5 13.5 [68] 

Probe 360 30 PCE, NS, MS 8-16 0.03-0.12 Mixing water [54] 

-- -- 60 Silane coupling agent 10 0.1* 100 [69] 

-- 400 30 -- -- 0.08-0.24 Half of mixing water [70] 

Bath -- 30 PCE 0.05-0.12 20* Mixing water [71] 

Tip 100 15 -- -- 2.22* -- [72] 

Probe -- 60 PCE 0.27-1.6 0.5-3.0 Mixing water [73] 

-- -- 5 PCE 3-6 0.25-0.5 Mixing water [74] 

-- -- 60 PCE 0.13-14 0.07-2.59 Mixing water [75] 

-- 300 5 SDBS 0.06-0.18 0.4-1.2 Mixing water [76] 

* g/L 

2.2.4. Characterization of Graphene Dispersion 

As discussed in the previous sections, one major challenge of utilizing graphene in 

cement composite is achieving adequate dispersion. Thus, several characterization methods that 

analyze the morphology of graphene and stability of graphene solutions have been used to 

examine the dispersion quality.  

Raman spectroscopy is a non-destructive tool that can characterize structural quality of 

graphene-based nanomaterials [77]. The most common features in Raman spectra of graphitic 

materials are a low intensity D band (~1350 cm-1), a strong intensity G band (1582 cm-1) and a 
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moderate intensity 2D band (2726 cm-1). A typical Raman spectra for graphite is shown in Figure 

2-3.  

 

Figure 2-3. Raman spectra for graphite. 

The G band is attributed to the sp2 carbon network, while the D band is ascribed to 

defects and disorder [78]. However, the presence of the D band does not directly indicate 

structural defects (sp3 or vacancy defects). The edge of graphene sheets, i.e., the number of C-

atoms with dangling bonds, also acts as defects. Therefore, the intensity ratio of D band and G 

band (ID/IG) can provide information about particle size. A larger ID/IG indicates a larger fraction 

of edge defects, i.e., smaller particle size [79]. 

Usually, the shape and intensity of the 2D band can inform about the number of graphene 

layers, i.e. thickness. For monolayer graphene, the 2D band exhibits a single Lorentzian feature 

with a full width at half maximum from 20 ~ 30 cm-1, with an intensity ratio of 2D band to G 

band (I2D/IG) of approximately 2.0 [80–82]. As the number of graphene layers increases, the 2D 

band shifts to the right with a lower I2D/IG [83,84]. In some cases, another band, called D' band, 

can also be observed at ~1620 cm-1, relating to the defect-induced process [85]. The intensity 

ratio of D band to D' band (ID/ID') can be computed to identify the type of defects. A value of 

ID/ID' below 3.5 indicates that the nature of defects is edge or boundary related, whereas a ID/ID' 

up to ~7 reflects vacancy basal plane point defects and a ID/ID' up to ~13 represents sp3 defects 

[86]. 
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Ultraviolet-visible (UV-vis) spectroscopy can be used to evaluate the dispersion quality 

and stability of graphene in aqueous media [56,87,88]. The transmittance of solution is measured 

over a set of wavelengths, which can be converted to the absorbance [89]. The absorbance peak 

appears at the wavelength of ~260 nm for graphene nanoplatelets and ~230 nm for a monolayer 

GO [31,88,90,91]. According to the Beer-Lambert law, the absorbance at the peak is 

proportional to the concentration of graphene [92]. The higher absorbance indicates the better 

dispersion of graphene in aqueous media [93]. Thus, the reduction in absorbance will directly 

imply the degree of deterioration of the dispersion, indicating the stability of graphene in 

aqueous media [94].  

Dynamic light scattering (DLS) is a non-invasive and in situ method to measure the size 

distribution of graphene in liquid solutions. By contrast with other methods, DLS has the 

significant advantages of larger statistics, quick measurement and no need for drying dispersion 

solution [95]. DLS probes the Brownian motion of the particles in a liquid solution and measures 

the translational and rotational diffusion, determining the dimensions of dispersed particles [96–

98]. 

Zeta potential (ζ) from electrophoretic mobility is a strength index that gives an 

indication of the stability of the colloidal system [99]. The stability of the colloidal system 

depends on the net summation of attractive van der Waals forces and repulsive pressure from 

repulsive double layer. The electric double layer consists of two layers, the Stern layer (the inner 

layer) and the diffuse layer (the outer layer). A repulsive force is generated between dispersed 

particles when these two layers overlap [87,100–102]. Zeta potential is defined as the potential at 

the plane of shear that is immediately outside the Stern layer [103–105]. Zeta potential is 

dependent on both dispersed particles and medium [106]. The greater absolute value of zeta 

potential (|ζ|) implies the better stability of the dispersion system. The dispersed particles might 

tend to aggregate and coagulate when |ζ| is low. When |ζ| is greater than 30 mV, it is considered 

to gain sufficient repulsion force between adjacent particles for stable dispersion [107–109].  

Optical microscopy with a high magnification can be used to visualize the dispersion of 

graphene sheets and measure the lateral size distribution of the graphene sheets. The images 

obtained from optical microcopy can be enhanced with suitable filters and converted to a binary 
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image. Then, an image processing/analysis code can be used to compute the lateral size of each 

particle shown in the image. 

2. 3. Graphene-based Cement Composites 

There have been various studies where the few layer graphene or GNPs were used in 

either cement paste or mortar composites to improve their mechanical properties 

[31,32,93,110,111] or to provide self-sensing characteristics [71,112–116]. On the other hand, 

only a few studies have explored the effects of GNPs in cementitious composites with coarse 

aggregates that possess different physio-mechanical behavior [117–120]. Du et al. [117] 

prepared concrete mixtures with GNP concentrations varying from 0.5% to 2.5% by weight of 

cement. The GNPs were first added into water and a naphthalene sulfonate-based surfactant and 

ultrasonicated for two hours. Then, the aqueous suspension was added to dry materials and 

mixed for three minutes. Various tests were conducted to investigate mechanical and transport 

properties of the developed composites. They found that GNPs do not have any significant effect 

on the mechanical properties of the concrete, while the water permeability and chloride diffusion 

coefficient decrease by 80% with the addition of 1.5% GNPs.       

Chen et al. [118] also fabricated GNP-reinforced concrete specimens with GNP ratios 

from 0.02% to 0.4% and evaluated the freeze-thaw resistance and compressive strength of the 

developed concrete mixtures. The GNPs were in ethanol aqueous solution and this solution was 

first added to water. Then, cement and aggregates were added into suspension and mechanically 

mixed to prepare the concrete mixtures. They found that adding GNPs at a ratio of 0.05% 

increases the compressive strength of concrete 22% but further increasing the GNP content 

results in a decrease.     

Peyvandi et al. [119] investigated the effects of nano-scale (GNP and CNF) and micro-

scale (polyvinyl alcohol or PVA) fibers in high-performance concrete. The mixture consisted of 

Portland cement, silica fume, coarse and fine aggregates, and a polycarboxylate-based 

superplasticizer. To improve the dispersion, polyacrylic acid (PAA) was used as surfactant. The 

GNPs were first mixed with the water and PAA and ultrasonicated for about an hour prior to 

their addition into dry materials. A modest increase of 12% and 14% in compressive and flexural 
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strength, respectively was reported for a mixture with 0.045 vol.% GNPs and 0.6 vol.% PVA 

fibers. It was also found that the GNPs considerably improves the moisture sorption resistance.    

Liu et al. [120] also developed concrete mixtures with 4.5% GNP content. The GNPs 

were combined with polycarboxylate-based superplasticizer and the aqueous suspension was 

ultrasonicated for 30 min prior to mixing with dry materials. This study focused on the damage 

sensing of the GNP-reinforced cementitious composites. The electrical measurements were 

carried out while the specimens were tested under compressive loading. The obtained results 

suggest that damage evolution process of the developed concrete can be monitored through 

resistivity measurements.  

In contrast to above-mentioned studies where no significant effect of GNPs was observed 

on the mechanical properties of the concrete, Dimov et al. [121] reported an increase of 146% in 

the compressive strength and 80% in the flexural strength of the concrete for the graphene-

reinforced concrete. In that study, both commercially available GNPs and graphene sheets 

obtained through liquid-phase exfoliation of graphite powder was used. The GNPs were 

dispersed in the water using two hours of high shear mixing at 5000 rpm and then incorporated 

into concrete mixture. In addition to very high increases in the mechanical properties, a 

significant improvement in water permeability was reported for the developed concrete 

composites with 0.7 g of GNPs in 1 liter of mixing water. This reported concentration of the 

GNPs corresponds to a GNP ratio of 0.04% by weight of cement.   

Besides, no previous studies explored the effects of GNPs on mortar composites through 

direct tensile testing. There was one earlier study where the influence of multi-layer graphene on 

the tensile behavior of mortar composites was studied [122]. In that study, splitting tensile tests 

were conducted to indirectly assess the tensile strength of the mortar composites. The samples 

with 0.033% multilayer graphene achieved the optimal tensile strength, for which the 

corresponding increment was 131.6% at 28days, comparing with the plain samples.  

GNPs used in earlier studies have different particle size, thickness and surface area. 

These characteristics of GNPs have shown to significantly affect the reinforcing capability of 

GNPs in other composites such as polymers [123–125].  However, there have been limited 

studies to systematically explore the effects of particle size and surface area on the mechanical 

and permeability properties of GNP reinforced cementitious composites.  
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Dong et. al. [126] explored the lateral size effect of graphene on the nano/micro-

structures and mechanical properties of ultra-high performance concrete (UHPC). Graphene with 

lateral size of 3 µm, 10 µm, and 50 µm was incorporated. The graphene with lateral size of > 50 

µm was found to improve the C-S-H structure due to the nucleation site effect and the formation 

of core-shell elements during hydration process. With the increasing graphene lateral size, the 

compressive strength, toughness and three-point bending modulus of UHPC is increased. It can 

be concluded that the lateral size of graphene visibly influences the nano/micro-structure of 

UHPC, resulting in obviously different reinforcement on properties of UHPC.  

From above discussions, it can be concluded that there is limited information on the 

effects of few layer graphene or GNPs on the mechanical properties of cementitious composites 

with coarse aggregates, i.e. concrete. Furthermore, from available studies, there are conflicting 

conclusions: either a limited /no increase [117–119], or very high increase [121] in mechanical 

properties was reported. 

2. 4. Life Cycle Assessment  

The cement industry accounts for approximately 5% of anthropogenic carbon dioxide 

(CO2) emission worldwide [127]. Approximately 900 kg of CO2 are released into the atmosphere 

to produce 1 ton of cement [128]. Life cycle assessment (LCA) is an important tool to assess 

environment impact. It enables to estimate the cumulative potential environment impact under 

the categories of global warming, ozone depletion and so on, during a product life cycle [129].  

Generally, the LCA framework contains four phases, according to ISO 14040: 

• Goal and scope definition: statement of intent for study.  

• Inventory analysis: collect and document data. 

• Impact assessment: transit from simple inventory results to impacts. 

• Interpretation: put results into perspective and recommend improvement.  

The LCA can be performed at three system boundaries: (1) cradle-to-gate, i.e., consider 

the raw material extraction and material production; (2) cradle-to-grave, which includes the raw 

material extraction, material production, the exit of the final product from the factory, and the 

use, demolition, and waste phase; (3) cradle-to-cradle, which is cradle-to-grave phase add 

recycling and extensive reuse of the waste phase [130].  
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3. EFFECTS OF GNPs ON COMPRESSION AND FLEXURAL 

STRENGTH OF CONCRETE COMPOSITES 

3. 1. Overview 

In this chapter, an experimental investigation is carried out to study the effects of 

graphene nanoplatelets (GNPs) on the mechanical properties of cementitious composites with 

coarse aggregates. The concrete mixtures with GNPs concentrations ranging from 0.025% to 

0.10% by weight of the cement are prepared, where a wet dispersion technique that employs high 

shear mixing and polycarboxylate-based superplasticizer to disperse GNPs in water.  The effects 

of various dispersion parameters including different high shear mixing durations as well as the 

use of ultrasonication together with high shear mixing on the dispersion of GNPs are studied. 

The dispersion quality of GNPs is assessed through optical microscopy, Raman spectroscopy, 

and Scanning Electron Microscopy tests. Compressive strength and flexural strength tests are 

conducted to assess the effects of GNPs on mechanical properties of the fabricated GNP-

reinforced concrete specimens. Results show that all the dispersion procedures considered in this 

study can disperse GNPs in water without causing any basal or vacancy defects in graphene 

sheets and reduce the size of graphene flakes. The use of ultrasonication together with high shear 

mixing leads to the smallest size graphene sheets. When the GNPs are added to the concrete 

mixture at a dosage of 0.025%, a maximum increase of 17% in compressive strength is observed, 

while no significant effect of GNPs on the flexural strength is noticed. 

3. 2. Materials 

Portland cement type I/II, natural sand, and coarse aggregates with a maximum size of 

12.5 mm are used to prepare concrete samples. Table 3-1 shows the chemical composition of the 

cement used in this study. Grade M-25 GNP manufactured through mechanical exfoliation is 

used as nano reinforcement. Table 3-2 shows various properties of the M-25 GNPs. A 

polycarboxylate-based superplasticizer is utilized to help dispersion of the GNPs and achieve the 

desired workability.  
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Table 3-1. Chemical composition of cement 

Chemical composition (%) Cement 

SiO2 21.0 

Al2O3 4.9 

Fe2O3 2.3 

CaO 64.8 

MgO 1.7 

Na2O 0.3 

 

Table 3-2. Properties of GNP M-25 

Properties Values 

Surface Area (m2/g) 120~150 

Diameter (μm) 25 

Thickness (nm) 6-8 

Density (g/cc) 2.2 

Carbon Content (%) >99.5 

Tensile Modulus (GPa) 1000 

Tensile Strength (GPa) 5 

 

3. 3. Dispersion and Mixing Procedures 

In this study, the wet dispersion of GNPs is considered for the fabrication of GNP-

reinforced-cement composites. To improve stability and dispersion of GNPs in water, a 

polycarboxylate-based superplasticizer is used as surfactant. Polycarboxylate-based 

superplasticizer consists of a main carbon chain with carboxylate groups and polyethylene oxide 

(PEO) side chains. When superplasticizer is dissolved in water, the main carbon chains are 

absorbed at the interface between GNPs and water and the PEO side chains extend out from 

GNPs. These side chains can help GNPs to be apart from each other and allow water to surround 

particles, which is called steric hinderance. Besides of the physical separation generated from 

long side chains, the main chain imparts a slight negative charge that make GNPs particles repel 
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each other  [131]. Since polycarboxylate-based superplasticizer are already used in cementitious 

composites and have shown to be effective in dispersion of carbon-based materials in cement 

matrix [66,132], they are selected to serve as surfactant in this study.   

For the treatment of the suspension that consists of water, superplasticizer, and GNPs, 

either only high shear mixing or combination of high shear mixing and ultrasonication is 

considered. Table 3-3 shows a total of six dispersion methods studied here. Since a dispersion 

procedure that involves only high shear mixing can be more practical for industrial applications, 

the first three dispersion techniques involve only high shear mixing with a rotating speed of 5000 

rpm for different durations (30 min, 60 min or 90 min). The next three methods follow the same 

high mixing durations with earlier methods but combine them with 15 minutes of probe 

ultrasonication at 240 Watts at and amplitude of 40%, and using a probe frequency of 10 kHz. 

As discussed above, ultrasonication can further facilitate and improve the dispersion of GNPs.  

Table 3-3. Different dispersion procedures 

Dispersion case High-shear mixing Probe ultrasonication 

H1 30 min 0 

H2 60 min 0 

H3 90 min 0 

HU1 30 min 15 min 

HU2 60 min 15 min 

HU3 90 min 15 min 

 

Once the dispersion of GNPs into water is completed, all dry materials including cement, 

sand and coarse aggregates are added into concrete mixer and are mixed for 30 s. Then, the GNP 

suspension is added and all materials are mixed for three min and then cast into molds.  
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3. 4. Sample Preparation 

Control concrete mixture is designed as per ACI 211 [133] and then modified to explore 

the effect of GNPs on the strength properties of concrete. Water : binder ratio of concrete 

remains constant at 0.5 in all batches and binder : fine aggregates : coarse aggregates ratio is 

taken as 1:2:2. First, four concrete mixtures with GNP concentrations ranging from 0.025% to 

0.10% by weight of cement are prepared to study the influence GNP ratio. In all of these GNP-

reinforced concrete mixtures, the amount of superplasticizer is set to be 0.3 mL per kilogram of 

cementitious materials and the GNPs are dispersed into water and superplasticizer suspension 

through high shear mixing for 30 min (dispersion case H1). To evaluate performance of various 

GNP dispersion techniques, GNP-reinforced concrete specimens with 0.05% GNP ratio are also 

prepared with five other dispersion methods listed in Table 3-3. A summary of the mixing 

proportions for different mixes described above is provided in Table 3-4.   

For each batch, three 76.2×76.2×279.4 mm prismatic specimens and three Φ101.6×203.2 

mm cylindrical specimens are cast for flexural strength tests and compressive strength tests, 

respectively. All specimens are removed from molds after 24h and stored under a curing 

condition with a temperature of 23.0 ± 2C and a relative humidity greater than 95%.  

Table 3-4. Mixing plan with different GNPs ratios 

Mix name Dispersion 

case 

Cement 

(kg/m3) 

Water 

(kg/m3) 

GNP 

(g) 

Coarse 

Aggregates 

(kg/m3) 

Fine 

aggregates 

(kg/m3) 

Control - 433.1 216.5 0 870.4 811.3 

GC1-0.025 H1 433.1 216.5 108.3 870.4 811.3 

GC1-0.05 H1 433.1 216.5 216.5 870.4 811.3 

GC1-0.075 H1 433.1 216.5 324.8 870.4 811.3 

GC1-0.10 H1 433.1 216.5 433.1 870.4 811.3 

GC2 H2 433.1 216.5 216.5 870.4 811.3 

GC3 H3 433.1 216.5 216.5 870.4 811.3 

GC4 HU1 433.1 216.5 216.5 870.4 811.3 

GC5 HU2 433.1 216.5 216.5 870.4 811.3 
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GC6 HU3 433.1 216.5 216.5 870.4 811.3 

 

3. 5. Test Methods 

To evaluate the effectiveness of different GNP dispersion methods listed in Table 3, the 

droplets are extracted from the GNP suspension using a pipette and placed on silica dioxide 

substrates and glass substrates. A control case for the dispersion is also prepared by adding as-

received GNPs into water and stirring them for 15 s. Scanning electron microscopy (SEM) 

images are obtained after natural drying of GNP samples on silica dioxide substrates with a 10 

kV beam and magnification varying from 500× to 5000×. Raman spectroscopy of these samples 

are acquired by Renishaw Raman Spectroscopy with a 514 nm excitation laser and an 1800 

g/mm grating, and spectra are recorded with a 50× lens. For each sample, typically six spectra 

are recorded and averaged.  

In addition, GNPs flakes are visualized using optical microscopy with a high 

magnification to measure the lateral size distribution of the flakes. At least 1000 flakes are 

measured and the contrast of images is enhanced with suitable filters. A MATLAB code is used 

to first convert the original images to a binary base image as shown in Figure 3-1 and then 

compute the lateral size of each particle present in the image. 

 

(a) (b) 

Figure 3-1. (a) Original optical microscopy image of exfoliated graphene flakes; and (b) its 

binary base image obtained with MATLAB. 

 

Compressive strength test and flexural strength test are performed at 28 days as per 

ASTM C 39 and ASTM C 78, respectively. For compressive tests, three prismatic specimens are 
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tested at a loading rate of 0.25 MPa/s. A four-point bending set up is used for the flexural 

strength tests. The load is applied at a constant rate such that the tensile stress at the bottom face 

of the specimens increases at a rate of 1.2 MPa/min. The flexural strength of the specimen is 

calculated as: 

R=
PL

bd
2
 

3-1 

 

where R is the modulus of rupture (MPa), P is maximum applied load (N), L is span 

length (mm), b is average width of specimen (mm), and d is the average depth of specimen 

(mm). 

3. 6. Structural Characterization of Dispersed of GNPs 

According to manufacturer’s datasheet, the GNPs used in this study have a mean 

diameter of 25 𝜇m, with 10% of them have a diameter less than 6 𝜇m, and an average thickness 

of 6-8 nm. Figure 3-2(a) shows the morphology of the GNPs provided by the manufacturer. The 

image shows the GNPs with a diameter ranging from 3 to 25 𝜇m and with thin layers. Note that 

the GNPs are provided in dry powder form. However, when the GNPs are dispersed in water, 

they tend to flocculate due to hydrophobic nature of graphene sheets. The GNPs are formed face 

to face with large contact area and strong bonding force, leading to agglomerates with maximum 

dimensions about 100 𝜇m and those larger than 150 𝜇m as shown in Figures 3-2(b) and 3-2(c).  

  

(a) 
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(b) (c) 

Figure 3-2. (a) Morphology of GNPs obtained from manufacturer; (b) and (c) SEM images 

of GNPs dispersed in water. 

 

To explore the effectiveness of different GNP dispersion procedures, lateral sizes of 

graphene flakes obtained from each dispersion case are computed by analyzing the optical 

microscopy images. In order to better analyze size distribution and effectively compare the 

results, the histograms of lateral sizes are plotted and then fitted with different statistic models 

[134–136]. In particular, the experimental data are fitted by 15 commonly used distribution 

models such as generalized extreme value (GEV), log-logistic, and log-normal distributions. 

Using Bayesian Information Criterion (BIC), the GEV distribution model is found to be the best-

fit model for all dispersion cases and employed to fit the experimental data as shown in Figure 3-

3. The GEV model is a probability density function (PDF) described by parameters µ, 𝜎 and k. 

Table 3-5 presents the GEV distribution parameters and the comparison of experimental data and 

the fitted data. For some dispersion cases, the models very closely predict both the average size 

of flakes and the median of flake size. However, in some other cases such as HU2, H3, and HU3 

cases, the fitted data is more accurately described with the median flake size compared to the 

average flake size. Thus, the median value of obtained GEV distributions is more robust in 

describing the experimental data. 
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(a) (b) 

Figure 3-3. A comparison of different distribution models and the experimental data for (a) as 

received GNP; and (b) GNPs suspension with high shear mixing of 90 min. 

 

Table 3-5. GEV distribution parameters and comparison of experimental data with fitted data 

Dispersion 

case 

Distribution parameters Average of flake size 

(𝝁m) 

Median of flake size 

(𝝁m) 

𝝁 𝝈 k Exp. data Fit data Exp. data Fit data 

Control 6.017 5.685 0.645 14.4 14.3 7.8 8.0 

H1 5.478 3.879 0.492 11.2 11.4 7.2 7.0 

H2 4.964 3.524 0.556 11.4 11.3 6.4 6.4 

H3 4.102 3.154 0.646 9.6 11.5 5.5 5.4 

HU1 4.118 2.671 0.510 8.2 8.4 5.3 5.2 

HU2 2.024 1.490 0.665 4.7 5.8 2.7 2.6 

HU3 1.854 1.318 0.703 4.4 5.6 2.5 2.4 

 

Figure 3-4(a) compares the size distribution curves for the control dispersion case, which 

consists of addition of GNPs into water and hand stirring, as well as different dispersion cases 

where GNPs are dispersed into water and superplasticizer suspension through different durations 

of high shear mixing and ultrasonication. It can be seen that increasing high shear mixing 

duration both decreases the median flake size and increases the amount of smaller size flakes. 
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Compared to median flake size of 7.8 𝜇m for the control case, the high shear mixing with 30 

min, 60 min or 90 min produce median graphene flake sizes of 7.2 𝜇m, 6.4 𝜇m, and 5.5 𝜇m. 

Figure 3-4(b), 3-4(c) and 3-4(d) compare the lateral size distributions of graphene flakes 

obtained with different duration of high shear mixing and with or without additional 15 min 

probe ultrasonication. It can be seen that when the probe ultrasonication is applied, considerably 

more flakes with smaller size are produced, especially in dispersion cases with 60 min and 90 

min high shear mixing. In these cases, the median flake size also decreases largely. In particular, 

when the 60 min high shear mixing is combined with 15 min probe ultrasonication, the median 

flake size reduces to 2.7 𝜇m compared to flake size of 6.4 𝜇m obtained from 60 min high shear 

mixing. Similarly, the median flake size decreases from 5.5 𝜇m to 2.5 𝜇m when 90 min high 

shear mixing is combined with 15 min probe ultrasonication.  

 

  

(a) (b) 
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(c) (d) 

Figure 3-4. Probability distribution of flake size for (a) GNPs dispersed with different high shear 

mixing durations and control case; GNPs dispersed with (b) 30 min (c) 60 min (d) 90 min high 

shear mixing and with and without 15 min probe ultrasonication. 

 

Raman spectroscopy is a non-destructive tool that can provide a quick and facile 

structural and quality characterization of graphene-based materials [42]. The most common 

features in Raman spectra of graphitic materials are a low intensity D band (~1350 cm-1), a 

strong intensity G band (1582 cm-1) and a moderate intensity 2D band (2726 cm-1). The size and 

layers of GNPs particles can be analyzed by evaluating the intensity, shape and position of these 

bands. Raman spectra of all samples are presented in Figure 3-5 with normalized intensity in y-

axis.  

  

(a) (b) 
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(c) (d) 

Figure 3-5. Raman spectroscopy results comparing (a) GNPs dispersed with different high shear 

mixing durations and control case; GNPs dispersed with (b) 30 min (c) 60 min (d) 90 min high 

shear mixing and with and without 15 min probe ultrasonication. 

 

The G band that indicates the sp2 carbon network (C-C atoms) appears at 1582 cm-1 in all 

samples. A higher intensity of G band implies a high crystallinity of graphene. In addition, the 

full width at half maximum (FWHM) of G band can inform about the disorder degree of carbon 

atom distribution [137]. The D bands in Raman spectra of graphitic materials are features 

associated with the presence of defects and disorders in C-C bonds (sp3 defects) [78]. The 

presence of D band does not directly indicate structural defects (sp3 or vacancy defects). The 

edge of graphene sheets, i.e., the number of C-atoms with dangling bonds also acts as defects. 

The ratio of D band and G band intensities (ID/IG) is commonly used to evaluate the presence of 

defects but it does not inform about the type of the defect. Compared to control dispersion of 

GNPs, ID/IG ratio increases when the GNPs are treated with high shear mixing and 

ultrasonication, indicating edge defects are introduced. When only high shear mixing is used for 

the dispersion (cases H1 to H3), the ID/IG ratio always increases for a larger duration of high 

shear mixing as can be seen from Figure 3-6(a). The addition of 15 min sonication to each high 

shear mixing dispersion cases increased the ID/IG in HU1 and HU2 dispersion cases compared to 

H1 and H2 cases but resulted a slightly lower value for HU3 case compared to H3. However, 

ID/IG remains considerably lower than one with values in the range of 0.11 – 0.24 for all 

dispersion cases, indicating the quality of graphene sheets is preserved.  
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To identify the type of defects observed in this study, the ratio of D band intensity to D' 

band intensity (ID/ID') is computed. D' band occurs as a shoulder on the G band and is also related 

to defect. A value of ID/ID' below 3.5 indicates that the nature of defects is edge or boundary 

related [86]. From Figure 3-6(a), it can be concluded that there are no shear-induced vacancy 

defects or basal defects in any of GNP suspensions since the ID/ID' ratio is below 3.5 for all cases. 

This can be also confirmed with the examination of FWHM of G band for the studied dispersion 

cases. If the sp3 defects are present, then the FWHM of G band considerably increases [138]. 

Here, in all dispersion cases, the FWHM of G band remained in the range of 16 – 19 cm-1. A 

slight decrease in the FWHM of G in most of dispersion cases where high shear mixing with and 

without sonication compared to control case suggests an improvement in disorder degree of C-

atom distribution [137]. Overall, increase in defects, i.e. in the ID/IG ratio, is due to the 

fragmentation of GNPs, which increased the number of particles and edge defects [79]. This 

indicates smaller flake size are obtained with increasing duration of high shear mixing or 

ultrasonication, which confirms the findings obtained from optical microscopy analyses. 

 

   

(a) (b) 
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(c) 

Figure 3-6. The variation of (a) ID/IG, (b) ID/ID' and (c) FWHM of G band variation with 

GNP dispersion method. 

 

Studying the shape, intensity, and position of 2D band provides information on the 

exfoliation degree and the number of layers in dispersed GNPs. For single layer graphene, the 

2D band, which occurs at less than 2700 cm-1, exhibits a single Lorentzian feature with a FWHM 

from 20 ~ 25 cm-1 and an intensity ratio of 2D band to G band (I2D/IG) of approximately 2.0 [80–

82]. As the number of graphene layers increases, the 2D band can be fitted by multiple 

Lorentzian features, resulting in a wider, shorter band with lower I2D/IG [83,84].  

Here, the position of 2D band in all dispersion cases is either 2726 or 2727 cm-1 and the 

FWHM of 2D band ranges from 57 to 75 cm-1. In addition, I2D/IG for all GNP suspensions is in 

the range of 0.43-0.50, which is lower than 2.0 as shown in Figure 3-7. Therefore, the graphene 

flakes obtained after the treatment of GNPs in all dispersion cases consist of multi-layer 

graphene sheets [139,140]. The I2D/IG ratio did not change considerably compared to control case 

in all the dispersion cases except dispersion case HU3, indicating no significant exfoliation of the 

GNPs occurred in most cases. A relatively lower value of I2D/IG ratio observed for the HU3 

dispersion case could be due to re-agglomeration and restacking of smaller size but larger 

quantity graphene sheets produced with this dispersion method [138].  
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Figure 3-7. I2D/IG for all GNP dispersion cases. 

 

Figures 3-8 to 3-10 show the SEM images of the GNPs prepared with different dispersion 

methods. In these images, the GNP particles with lateral sizes varying from 6 𝜇m to 183 𝜇m are 

observed. In each GNPs suspension, large GNP agglomerates still exist. However, with 

increasing duration of high shear mixing (dispersion cases H1, H2, and H3), more GNP particles 

with smaller size appear in the images. In addition, comparing the SEM images of the GNPs with 

and without probe ultrasonication, it can be concluded that the GNP suspensions where probe 

ultrasonication is combined with high shear mixing contain smaller GNPs. These observations 

are in line with the results obtained from optical microscopy and Raman spectra. 
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(b) 

Figure 3-8. SEM images of GNPs for dispersion cases (a) H1 and (b) HU1. 

 

  

(a) 

  

(b) 

Figure 3-9. SEM images of GNPs for dispersion cases (a) H2 and (b) HU2. 
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(a) 

  

(b) 

Figure 3-10. SEM images of GNPs for dispersion cases (a) H3 and (b) HU3. 

 

3. 7. Mechanical Properties of GNP-reinforced Concrete 

Earlier studies have identified potential mechanisms that lead an enhancement in 

mechanical properties of cementitious composites, mostly cement pastes and mortars, with the 

addition of GNPs. Two mechanisms mentioned frequently are nucleation effect and filling effect. 

The graphene sheets can serve as nucleation sites for the C-S-H crystals, and promote the 

hydration reactions. As graphene sheets bond to C-S-H crystals, they can also increase the 

strength of C-S-H gels [141]. In addition, incorporating GNPs into cementitious matrix can 

eliminate the weak cement hydration crystals, which are mostly disorderedly stacked needle-

shaped and bar-shaped crystals, and produce finer and denser microstructure [142]. This decrease 

in porosity leads to an improvement in mechanical properties. 

Figure 3-11 shows the compressive strength and flexural strength test results for the 

concrete specimens with different GNP concentrations. As can be seen in Figure 3-11(a), with 
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the addition of 0.025% and 0.05% GNPs the compressive strength of concrete increased by 17% 

and 12%, respectively. However, when GNP ratio is further increased to 0.075% and 0.1%, the 

compressive strength of concrete decreased by 12% and 13%, respectively, compared to the 

control specimen. As discussed above, the improvements at lower GNP ratios could be attributed 

to the role of graphene as nucleation site during the hydration and improvement in the 

microstructure and porosity of concrete. This results in considerably tight cross-linking structures, 

which are also shown in SEM images of specimens with 0.05% GNPs in Figure 1-12. However, 

at higher GNP reinforcement ratios, more agglomerations of GNPs reduce available nucleation 

sites for hydration and creates weak zone inside concrete thereby decrease the strength. Note that 

the results obtained this study are in agreement with those obtained in Chen [118] where a 

maximum increase of 22% in compressive strength of concrete observed for a GNP ratio of 

0.05% and then a decrease in compressive strength reported for increasing GNP ratios.     

  

(a) (b) 

Figure 3-11. (a) Compressive strength and (b) flexural strength of GNP-reinforced concrete 

with different GNP ratios. 
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Figure 3-12. SEM images of specimens with 0.05% GNPs. 

 

Due to the bridging effects of graphene sheets, an increase in flexural strength of cement 

pastes or mortar composites have mostly been reported in the literature. However, the flexural 

strength of concrete is not affected considerably by GNP addition in this study. In particular, the 

flexural strength of concrete specimens with various GNP concentrations increased only by up to 

6% compared to the control mixture. A similar almost null effect of GNPs on the flexural 

strength of concrete composites was also observed in [117]. Although GNPs are planar materials 

and have high tensile strength, the full advantages of GNP reinforcement in flexural 

strengthening can be obtained when GNPs with high aspect ratios are used. The interfacial 

transition zone (ITZ) between coarse aggregates and cement matrix plays a critical role in 

mechanical properties of concrete. The size of graphene sheets might not be sufficient to offer 

strengthening effect to the microstructure of the ITZ in concrete composites, while the GNPs 

may mitigate the weak zone in cement paste and mortar composites [117]. In addition, a recent 

study [143] reported only 5.5% increase in interfacial bond strength between coarse aggregates 
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and mortar matrix in three-point bending tests when multi-layer graphene sheets were added at 

0.1% concentration ratio. However, when the reinforcement ratio was increased to 0.3%, the 

enhancement in the bond strength was reached to its maximum value of 28%. Therefore, small 

particle size and insufficient reinforcement could be the reason for only slight increases in 

flexural strength observed in this study.     

Figure 3-13 presents test results for the concrete specimens containing 0.05% GNPs and 

fabricated with different dispersion procedures. When the results obtained from the specimens 

prepared only high shear mixing of GNPs (specimens GC1 to GC3) are compared, it can be seen 

that increasing high shear mixing duration from 30 min to 60 min then to 90 min does not have 

any important effect on compressive strength and flexural strength of the GNP-reinforced 

concrete specimens. When 15 min ultrasonication is combined with 30 min or 60 min high shear 

mixing when preparing the GNP suspension, this additional sonication does not change the 

compressive strength of GNP-reinforced concrete (specimens GC4 and GC5) compared to those 

prepared only by high shear mixing of GNPs (specimens GC1 and GC2). On the other hand, the 

specimens prepared by 90 min high shear mixing and 15 minutes ultrasonication of GNPs 

(specimen GC6) exhibit a 17% decrease in compressive strength compared to the specimens 

prepared by only 90 min high shear mixing of GNPs (specimen GC3). Note that this dispersion 

case results in the smallest size for the GNPs, as confirmed by the characterization results 

presented in previous section, and a higher chance of re-agglomeration was reported in literature 

for smaller size graphene sheets [138]. Therefore, the decrease in specific surface area due 

agglomeration and the decrease in aspect ratio as a result of fragmentation of GNPs in specimen 

GC6 might be the reason for the observed reduction in the compressive strength of this 

specimen. Also, note that the lowest value of the flexural strength of GNP-reinforced concrete 

specimens was observed for the specimen with the smallest graphene flake size (specimen GC6). 

There was no significant change in flexural strength with different dispersion techniques 

considered here. This can be attributed to the fact that the size and aspect ratio of the graphene 

sheets obtained with these dispersion cases and the used GNP concentration (0.05%) may not be 

optimal for flexural strengthening as discussed earlier.   
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(a) (b) 

Figure 3-13. (a) Compressive strength and flexural strength of GNP-reinforced concrete 

prepared by different dispersion procedures. 

 

3. 8. Summary 

In this study, an effective dispersion method and an optimal concentration for the 

incorporation of GNPs into concrete mixtures are investigated. To this end, the concrete 

specimens with varying concentrations of GNPs are prepared and different dispersion methods 

for the addition of GNPs into concrete mixtures are considered. Various characterization 

techniques based on optical microscopy and Raman spectroscopy are used to assess the 

dispersion of GNPs in water, while the SEM is used to evaluate the dispersion of GNPs both in 

water and cementitious matrix. The effects of GNPs on the hardened properties of the concrete 

mixtures are evaluated through compressive strength and flexural strength. The key outcomes of 

the study are as follows: 

• The dispersion of GNPs into water in the presence of polycarboxylate-based 

superplasticizer through only high shear mixing or together with ultrasonication produces 

smaller size graphene sheets and exhibits good dispersion performance in water.  

• Both increasing duration of high shear mixing or combining high shear mixing with 15-

minute probe ultrasonication reduce the mean flake size. However, probe ultrasonication 

is more prominent in reducing the flake size of GNPs.  
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• None of the dispersion durations considered in this study produces shear-induced 

vacancy defects or basal defects in graphene sheets. However, the considered dispersion 

methods also could not exfoliate GNPs into few-layer graphene sheets.   

• The compressive strength of concrete is improved at low dosages of GNPs (0.025% and 

0.05%) as GNPs can eliminate the weak cement hydration crystals with tight cross-

linking structures. However, higher ratios of GNPs result in a decrease in the 

compressive strength, which might be attributed to the weak zone in the concrete matrix 

created by agglomeration of GNPs.   

• GNPs at any concentration considered in this study do not have a significant influence on 

the flexural strength. This could be attributed to small size and aspect ratio of graphene 

sheets obtained in this study after dispersion in water.   

• Although the considered GNP dispersion techniques produces uniform dispersion of 

GNPs in water, their effectiveness in creating strong bonds between cement hydration 

products and graphene sheets as well as in preventing agglomerates in alkaline 

cementitious environment is limited. Future studies are needed to develop a dispersion 

approach that can lead to consistent and higher improvements in mechanical properties of 

concrete composites.  
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4. EFFECTS OF GNPs ON TENSILE STRENGTH OF MORTAR 

COMPOSITES 

4. 1. Overview 

This study characterizes tensile behavior of graphene nanoplatelets (GNPs) reinforced 

cementitious composites using acoustic emissions (AE). Two acoustic sensors were attached to 

dog-bone specimens that were cast using GNP nano-reinforced mortar composites at 

concentration levels of 0% to 0.5 % by weight of cement. The specimens were tested under 

direct tensile loading and the average tensile strength was calculated. AE parameters such as 

average frequency (AF) and rise time over amplitude (RA) were used to analyze the cracking 

mode. Average RA was studied to investigate the effect of GNPs reinforcement. A correlation 

between average acoustic energy and the tensile strength was established. In addition, the 

acoustic emissions data was analyzed for the localization of cracks along the length of the 

specimens. Results indicated that the addition of GNPs increased the tensile strength of the 

cementitious composites by 8%–48%. In addition, the AE analysis revealed a delay in crack 

initiation shear stress transfer on the matrix -GNPs interface for mortar composites with GNPs 

and was able to localize cracks as they are initiated. 

4. 2. Materials 

Portland cement type I/II and ASTM graded sand were used to prepare mortar mixtures. 

GNP M-25 produced by XG Science was employed as nanofillers to reinforce the cementitious 

matrix. Table 4-1 illustrates the properties of GNP M-25. A superplasticizer, ViscoCrete® Ferro-

1000, was used to disperse the GNPs into the mixing water and to increase the workability of the 

GNP reinforced cementitious composite. 

Table 4-1. Properties of GNP M-25 

Properties Values 

Surface Area (m2/g) 120~150 

Diameter (μm) 25 

Thickness (nm) 6~8 

Density (g/cc) 2.2 
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Carbon Content (%) >99.5 

Tensile Modulus (GPa) 1000 

Tensile Strength (GPa) 5 

4. 3. Sample Preparation 

Initially, the required weight ratios of GNPs and superplasticizer were measured and 

added to the mixing water. A probe ultrasonicator was utilized to mix the GNP suspension for 10 

min. During this time, the cement and sand were mixed in a Hobart commercial mixer at 125 

rpm for 2 min. The GNP suspension was then added to the mixer over 10 seconds and the mixing 

continued for an additional 5 min at 300 rpm. The mortar was then cast into dog-bone molds for 

tensile testing. Six separate batches of cementitious composites containing different GNP ratios 

were prepared using the mixing method mentioned above. Each batch of mortar was prepared in 

accordance with ASTM C109 [144], and a water to cement ratio of 0.485 was maintained. 

Superplasticizer was used at a dosage of 1.0% in each batch. Each batch had six dog-bone 

specimens that were casted and tested. 

 

Figure 4-1. Typical mixing procedure for GNP reinforced cementitious composites. 

 

4. 4. Test Methods 

A uniaxial tensile test, configured in displacement-control, was conducted to evaluate the 

tensile performance of GNP-reinforced cementitious composites. The displacement rate was 

chosen to be 5 mm/min as per ASTM C307-03. As the mortar specimens cannot be directly fitted 

into the MTS machine, a set of metal clamps were designed to grip to the specimens. Figure 4-
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2(a) illustrates the test setup for the GNP-reinforced cementitious composites with AE sensors. 

An acoustic emission sensor was attached by wax to the specimen at each end of dog-bone 

specimens. The AE sensors were narrow band resonant sensors with a sensitivity of 80 dB and 

resonant frequency of 75 kHz. The linear distance between the two sensors is 203.2 mm. Figure 

4-2(b) illustrates the dimensions of the dog-bone specimen with the attached sensors. The 

thickness of the dog-bone specimens was 12.7 mm and the whole surface of the sensor was in 

contact with the specimen. 

  
(a) (b) 

Figure 4-2. (a) Experimental tensile test setup with acoustic emission sensors attached to 

cementitious composite specimen and (b) Schematic drawings of cementitious composite dog-

bone specimen dimensions (unit in mm). 

 

4. 5. Tensile Properties of GNP-reinforced Mortar Composites 

Figure 4-3 illustrates the average tensile strength of the control specimen and specimens 

reinforced with GNP. In general, the addition of GNPs at various dosages increased the tensile 

strength of the specimens. Specimens with 0.1 wt.% GNPs reached the highest average strength, 

whereas specimens reinforced with 0.5 wt.% GNPs had the lowest increase in tensile strength. 

GNPs can bridge and block the cracks attributing to its platelet shapes as micro-cracks initiate in 

the matrix as load is applied. This mechanism impedes and slows the crack propagations. In 
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addition, GNPs can improve interfacial bond strength between GNPs and the matrix due to Van 

der Waals forces. This enhances the efficiency of stress transfer and enhances the tensile strength 

[145–148]. In particular, the average tensile strength of the mortar specimens with 0.1 wt.% 

GNPs was 3.72 MPa, which indicates a 48% increase compared to the control specimen that had 

a tensile strength of 2.52 MPa. Further increasing GNP concentration did not result in additional 

enhancement over 0.1% GNP-reinforced mortar composites. This could be attributed to 

difficulties in dispersion of GNPs at higher dosages as GNP agglomerations forms weak zones 

inside matrix, leading to stress concentration [118,149]. However, the specimens with 0.2%, 

0.3%, and 0.4% GNPs also exhibited 29%, 26%, and 37% increase in tensile strength compared 

to the control specimen without any GNPs. The specimen with 0.5% GNPs attained a tensile 

strength of 2.73 MPa, which was only 8% higher than the control specimen. The results indicate 

that low dosages of GNPs can considerably improve tensile strength.  

 

Figure 4-3. Average tensile strength of control specimens and GNP-reinforced cementitious 

composites. 

 

4. 6. Acoustic Emissions and Ib-value Analysis 

Figure 4-4 illustrates a typical acoustic signal with the acoustic parameters such as 

amplitude, rise time, duration and counts. First, to eliminate the influence of noise due to the 

surrounding environment a threshold is set. The maximum measured voltage in a waveform is 

called amplitude (A). The time interval between the first threshold crossing and the peak voltage 

of the signal is known as rise time (RT). Duration (D) is the time difference between the first and 
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last threshold crossing, while counts (n) refers to the number of AE signals crossing the 

threshold. Average frequency (AF) is calculated as AE counts (n) divided by duration (D). 

 

Figure 4-4. A typical acoustic emission signal and its characteristics. 

 

The b-value analysis applies Gutenberg-Richter law, and expresses the relationship 

between the magnitude and total number of earthquakes in any given period, which is usually 

used in seismology. The formula is given as: 

𝑙𝑜𝑔10𝑁 = 𝑎 − 𝑏𝑀 4-1 

where M is the Richer magnitude of earthquakes; N is the total number of the earthquake with a 

magnitude larger than M; a and b are empirical constants. The parameter b is also known as b-

value which is commonly selected to be close to 1.0 in seismology. The Richer magnitude of an 

earthquake is proportional to the logarithm of the maximum amplitude, Amax, recorded by 

seismographs, which can be expressed as: 

𝑀 ∝ 𝑙𝑜𝑔10𝐴𝑚𝑎𝑥 4-2 

Modifying Equation 4-1, the b-value analysis can be defined as: 

𝑙𝑜𝑔10𝑁 = 𝑎 − 𝑏′𝐴𝑑𝐵 4-3 

where AdB is the peak-amplitude of AE events. Colombo et al. [150] proved that b-value analysis 

can be applied to assess the damage level and cracking size in concrete structures. When cracks 
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initiate, the b-value is high, as cracks grow, the b-value gets smaller. Ib-value, proposed by 

Shiotani et al. [151], enhances the b-value analysis and can be computed by Equation 4-4: 

𝐼𝑏 =
log10 𝑁(𝜇 − 𝛼1𝜎) − log10 𝑁(𝜇 + 𝛼2𝜎)

(𝛼1 + 𝛼2)𝜎
 

4-4 

where 𝜇 and 𝜎 are the mean and standard deviation of the AE amplitude among the group of 

chosen numbers of signals, 𝛼1 and 𝛼2 are filtering parameters which are both set to 0.5 based on 

previous studies conducted to investigate acoustic emissions of cementitious composites [152]. 

Furthermore, AE can be used to define the transient elastic wave from the energy released which 

occurred with the change of microstructure inside a material [153]. AE hits represent the number 

of transient elastic wave, which can be an indication for the initiation of micro-cracks. Thus, the 

larger the value of AE hits, the higher the number of cracks that are initiated.  

4. 7. Acoustic Emission Analysis of Tensile Test Results 

4.7.1. Acoustic Emission Parameters Analysis 

Figures 4-5(a) to (f) present the cumulative AE counts and energy against time together 

with temporal load variation for control specimen and specimens reinforced with GNPs, 

respectively. Furthermore, the change in cumulative AE activity and energy at different stages 

are calculated and presented in Figures 4-5(g) and 4-5(h), respectively. For the specimens 

reinforced with GNPs and during the initial 4s, there are negligible AE activities, indicating 

limited crack initiation. This might be attributed to the bridging effect of GNPs that can delay the 

formation of cracks [146]. Beyond the silent period and between 4s to 10s, the AE activity begin 

to increase due to the initiation of cracks. During this stage, GNPs start to deform and absorb 

energy leading to a lower AE activity compared to the control specimen. After 10s and until 

failure, the AE energy and activity increase due to the fracturing of the specimen. At this stage, 

cracks propagate and branch resulting in reaching the bond strength limit of the GNP-matrix 

interface [145]. At failure, specimens reinforced with GNPs have a higher AE activity as a larger 

amount of energy is released due to the fracture of the specimen and breakage or pulling of the 

GNPs. However, in these four stages, there is not a clear trend between AE parameters and GNP 

concentrations due to the non-uniform dispersion of GNPs. Therefore, the addition of GNPs can 

improve the tensile behavior of cementitious composite by crack bridging to impede crack 
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propagation at initial stages, and absorb energy by deforming to slow cracks, while at failure the 

GNPs are pulled-out. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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(g) (h) 

Figure 4-5. Tensile load, AE counts, and cumulative AE energy versus time: (a) control 

specimen, and specimens reinforced with GNPs at (b) 0.1 wt.%, (c) 0.2 wt.%, (d) 0.3 wt.%, (e) 

0.4 wt.% and (f) 0.5 wt.%; and the change in acoustic emissions (g) counts and (h) energy per 

loading stage. 

 

The average acoustic energy is calculated as the total AE energy divided by total AE hits. 

Figure 4-6 illustrates the AE activity and average AE energy during the complete loading period 

and the pre-failure period. In general, the number of cumulative AE activities (i.e. counts) of 

specimens reinforced with GNPs is higher than the control specimens at failure. However, 

specimens reinforced with 0.2 wt.% and 0.4 wt.% GNP had a lower number of cumulative AE 

activities at failure. This might be due to the non-uniform dispersion and agglomerations of 

GNPs.  During the pre-failure, the AE activities of specimens reinforced with GNPs are less than 

or similar to those in the control specimen. This indicates that the addition of GNPs can impede 

the formation of cracks. The average energy of GNPs-reinforced specimens is clearly higher than 

that of the control specimen all cases. However, the average energy of all specimens in pre-

failure period are similar, revealing that the major difference appears during failure period. This 

indicates that specimens with GNP reinforcement release more energy by breaking or pulling out 

GNPs. Furthermore, the trend of average AE energy during the failure period is consistent with 

the trend of tensile strength. 
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(a) (b) 

Figure 4-6. (a) Acoustic emission counts and (b) average AE energy for control specimen and 

specimens reinforced with GNPs for the complete loading duration, and for the last second pre-

failure. 

Cracks can be classified into tensile and shear cracks by analyzing the correlation 

between average frequency (AF) and RA values, defined as the ratio of rise time over amplitude. 

Tensile cracks appear with high AF and low RA values, while shear cracks have large RA value 

and low AF. However, the criterion of the proportion of AF and RA value have not been defined, 

which makes it difficult to classify cracks. In this research, the Gaussian mixture modeling 

(GMM) is employed to classify AE data into the two main clusters, considering data distribution 

properties [154]. The results of all specimens are presented in Figure 4-7. The yellow regions 

represent high probability density and the blue regions have a small probability density. It is 

obvious that in all specimens, the dominant cracking mode is the tensile mode. However, the 

probability of the occurrence of shear cracks increases slightly with the increase of GNP 

reinforcement ratio. This indicates that addition of GNPs increases the shear failure on the GNP-

matrix interface.  Furthermore, the addition of GNPs enforces the occurrence of cracks in a 

region of RA with a value less than 1 ms/dB compared to 2 ms/dB for control specimens.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4-7. Gaussian mixture modeling (GMM) of feature vectors for cementitious composites: 

(a) control specimen, and specimens reinforced with GNPs at (b) 0.1 wt.%, (c) 0.2 wt.%, (d) 0.3 

wt.%, (e) 0.4 wt.% and (f) 0.5 wt.%. 
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The average RA value are calculated and presented in Figure 4-8. It can be seen that the 

average RA value of the specimens with GNP reinforcement is considerably higher than that of 

the control specimen. Higher RA indicates the shear fracture occurs on the matrix-GNPs 

interface, thus enhancing the tensile behavior with the high interfacial bond strength of GNPs 

[155,156]. This result is consistent with the increasing probability of the occurrence of shear 

cracks in specimens with GNPs reinforcement.  

 

Figure 4-8. Variation of the average RA value for cementitious composites with GNP content 

ranging from 0% to 0.5%. 

 

4.7.2. Ib-value Analysis  

The Ib-value is calculated from the amplitude distribution of the 100 consecutive signals 

and is illustrated in Figure 4-9 for all cementitious composite specimens. Different types of 

acoustic emission signals with variable frequency and amplitude are generated by different 

fracture modes. The appearance of microcracks at the early stage is usually accompanied with 

plenty of AE signals with small amplitude, while the high amplitude AE signal would arise with 

macrocracks. According to Equation 4-4, the group with highest amplitude, which would usually 

occur at the maximum force, will have relatively lower Ib-value. Instead, the microcracks 

generated at early stages will lead to higher Ib-value. There is a clear and abrupt drop of the Ib-

value drop at the maximum force, except for control specimens. GNP reinforced specimens have 

significantly higher amplitude AE signal at the maximum force. The control specimen had three 

relatively high amplitude appearing around 10s, indicating the occurrence of macrocracks 

without causing failure. However, the Ib-value analysis did not distinguish the difference 
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between different mixtures, indicating that Ib-value analysis might not be as necessary as other 

AE parameter analysis in tensile behavior of cementitious composite. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 
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Figure 4-9. Interaction of load, acoustic emissions amplitude and Ib-value for cementitious 

composites: (a) control specimen, and specimens reinforced with GNPs at (b) 0.1 wt.%, (c) 0.2 

wt.%, (d) 0.3 wt.%, (e) 0.4 wt.% and (f) 0.5 wt.%. 

4.7.3. Crack Location Analysis 

AEwinTM software analyzes AE hit data to mathematically calculate the location of all 

AE events. Figures 4-10(a) and 4-10(b) present the AE counts along the specimen length, and a 

photo of a cementitious composite with 0.5 wt.% GNP. The acoustic emissions data indicates 

that most cracks occur at a position of 142.24 in. This is similar to the failure position shown in 

Figure 4-9(b). Due to using an estimated wave velocity value based on mortar, the localization of 

acoustic emissions is approximate. It should be noted that GNPs might change the wave velocity 

of cementitious composites. Therefore, it is necessary to calibrate the acoustic parameters for 

each reinforcement ratio of cementitious composites. Furthermore, only linear crack position can 

be determined due to the use of two acoustic sensors. Thus, it is recommended in future work to 

utilize larger number of sensors to enable 3D crack localization. 

 

 
 

 

(a) (b) 

Figure 4-10. (a) Acoustic emission counts across the linear length and (b) image of the failure 

position for a cementitious composite reinforced with 0.5 wt.% GNP. 

 

4. 8. Summary 

In this chapter, the tensile performance of GNP-reinforced cementitious composite with 

reinforcement ratios from 0% to 0.5 wt.% was investigated. Acoustic emission was used to 

monitor the behavior of GNP-reinforced cementitious composites and to characterize and 
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localize the cracks as they are initiated. Based on the findings, the following conclusions can be 

made: 

• The addition of GNPs increased the tensile strength of cementitious composite. With the 

addition of GNPs at a concentration level of 0.1 wt.%, the maximum increase in tensile 

strength (48%) was achieved compared to plain mortar. 

• The addition of GNPs can improve the tensile behavior of cementitious composite by 

crack bridging to impede crack propagation at initial stages, and absorb energy by 

deforming to slow cracks, while at failure the GNPs are pulled-out. 

• The addition of GNPs resulted in a higher cumulative acoustic energy that correlates to 

the increased tensile force required to initiate and propagate cracks. 

• Average AE energy (i.e. total AE energy/ total AE activity) of GNPs reinforced 

specimens was higher than that of the control specimen in complete process and similar 

with the one of the control specimen during pre-failure, indicating more energy released 

by breaking or pulling out GNPs. 

• Average RA value of cementitious material was increased with GNPs reinforcement, 

which indicates the shear fracture on the GNPs-matrix interface, thus improving the 

tensile behavior. 

• The location of cracks initiated, and propagating can be identified through analyzing the 

travel time of the acoustic emissions. 

Further studies are needed to enhance the localization of cracks by calibrating the travel 

speed of acoustic emissions for each reinforcement ratio and by using multiple sensors to 

pinpoint the location of a crack in a three-dimensional domain. A detailed understanding of the 

effects of GNPs into cementitious microstructure was out of the scope of current study, but it 

needs to be assessed in future studies.  
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5. OPTIMAL DISPERSION PROCESS PARAMETERS FOR 

FABRICATION OF GRAPHENE-CEMENT COMPOSITES 

5. 1. Overview 

This chapter explores the optimal disperson process for incorporating graphene 

nanoplatelets (GNPs) into cement-based composites. Surfactant-assisted sonication is used as the 

dispersion method. The effects of six factors (sonication time, sonication amplitude, sample 

volume, surfactant type, surfactant/GNP ratio, and GNP concentration) with five control levels 

are studied on the dispersion performance. As for surfactant type, two ionic surfactants, one non-

ionic surfactant, and two polycarboxylate superplasticizers are considered. Taguchi method of 

experimental design is employed to minimize the number of experiments needed to assess the 

effects of selected factors on the dispersion process. An orthogonal array of L25 is used for the 

experimental design and the dynamic light scattering and UV-vis spectroscopy tests are 

conducted to characterize the dispersion and stabilit of GNPs. The average particle size, UV-vis 

absorbancy in aqueous and alkaline environments, zeta potential in aqueous and alkaline 

environments, residual absorbance after 24 h in aqueous and alkaline environments are seclected 

as performance criteria. Two multi-criteria decision making methods, namely Technique for 

Order Preference by Similarity to an Ideal Solution (TOPSIS) and  Principle Component 

Analysis (PCA) methods, are then employed to determine the optimal values of experimental 

factors. The additional experiments are conducted to refine the findings from the Taguchi-based 

optimization study and then optimal parametes for each factor are identified.   

5. 2. Materials and Sample Preparation 

5.2.1. Materials 

GNP Grade C-300 manufactured by XG Science through mechanical exfoliation is used 

in this study. Table 5-1 shows various properties of the C-300 GNPs. 
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Table 5-1. Properties of GNP C-300 

Properties Values 

Surface Area (m2/g) 300 

Diameter (μm) <2 

Thickness (nm) 1-2 

Density (g/cc) 0.2-0.4 

Carbon Content (%) >99.5 

 

Five different dispersion agents were considered in this study: two commercially 

available polycarboxylate-based superplasticizers (named as PCE-1 and PCE-2), sodium 

doecylbenzene sulfonate (SDBS), sodium cholate (SC), and Pluronic F-127 (F127). 

Polycarboxylate-based superplasticizer (PCE) consisits of a main carbon chain with carboxylate 

groups and poly-ethylene oxide side chains. Since PCE contains both anionic and non-ionic 

components and is already used in concrete industry, it has been commonly used to disperse 

carbon-based nanomaterials in cementitious composites. The structures of the SDBS, SC, and F-

127 are illustrated in Figure 5-1. SDBS is one of the most popularly used surfactant for the 

dispersion of nanomaterials in aqueous solutions [157]. It is an anionic surfactant, comprising a 

hydrophilic sulfonate head-group and a hydrophobic alkylbenzene tail-group. Several studies 

found the SDBS to be very effective for the dispersion of graphene in cement composites[31,88]. 

Pluronic F-127 has previously been used as an effective steric stabilizer for nonionic aqueous 

dispersions of graphene in cement composites [158]. Sodium cholate is an anionic bio-surfactant 

and was considered for the dispersion of graphene in concrete and found to be effective [121].   
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(a) 

 

 

(b) (c) 

Figure 5-1. Molecular structure of select surfactants: (a) Pluronic F127; (b) Sodium 

Cholate; and (c) SDBS. 

 

When GNPs are added into the cementitious materials, they are dispersed in a strong 

alkaline environment, which might influence their dispersion quality. Hence, the dispersion 

quality of GNPs in high alkaline environment was assessed through the addition of GNP 

suspensions into a simulated cement pore solution (CPS) and then conducting the relevant 

characterization tests. For the UV-vis spectroscopy tests, the chemicals given in Table 5-2 are 

used at given concentration levels to create a simulated cement pore solution. To this end, the 

powders of Ca(OH)2 and CaSO4∙2H2O as well as the NaOH and KOH pellets were added into a 

beaker with deionized water. The solutions were stirred with a magnetic mixer for 5 min at 1000 

rpm and then filter twice to obtain the clear solution. For the zeta potential measurements, a 

saturated Ca(OH)2 solution is prepared in a similar way and used as alkaline environment.  

Table 5-2. Concentration of added chemicals in CPS [48] 

Compounds Concentration (g/L) 

NaOH 8 

KOH 22.4 

CaSO4∙2H2O 27.6 

Ca(OH)2 Saturated 
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5.2.2. Preparation of GNP Suspension 

The GNP suspension was prepared by blending select amounts of water, GNPs, and 

surfactants. The liquid (PCEs) or powder (SC, SDBS, F127) surfactants were mixed with water 

first and the GNPs were added then and stirred gently. To obtain a homogenous dispersion of 

GNPs, the ultrasonication was carried out using a probe sonicator (Cole-Parmer-750). Six factors 

with five control levels are explored their effects on disperison quality of GNPs as shown in 

Table 5-3. The sonication amplitude was varied from 20% to 100%, while the sonication 

duration was varied from 15 min to 120 min. The volume of the water for the suspensions was 

another factor and changed from 30 mL to 200 mL. Five surfactants described earlier were used 

to disperse GNPs at surfactant-to-GNP ratios from 0.5 to 2.5. The GNP concentration in the 

suspensions was varied from 1 g/L to 10 g/L.    

Table 5-3. Factors and levels 

Factors Definition Levels 

1 2 3 4 5 

F1 Sonication amplitude (%) 20 40 60 80 100 

F2 Sonication time (min) 15 30 60 90 120 

F3 Sample volume (mL) 30 50 100 150 200 

F4 Surfactant type PCE-1 PCE-2 SC SDBS F127 

F5 Surfactant/GNP ratio 0.5 1 1.5 2 2.5 

F6 GNP concentration (g/L) 1 2 5 7.5 10 

 

As there are relatively large number of factors and levels for each factor, the design of 

experiments via Taguchi method was considered in this study. The Taguchi method is an 

experimental design technique that helps understanding how different parameters affect the mean 

and variance of a process. It considerably reduces the required number of experiments by using 

orthogonal arrays. Here, an L25 orthogonal array with six columns and 25 rows was used to 

design 25 experiments to assess the effects of six factors on the dispersion and stability of GNP 

suspensions. The specific design is shown in Table 5-4.  
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Table 5-4. L25 Taguchi design for GNP dispersion 

Exp. No. Factors 

F1 F2 F3 F4 F5 F6 

1 20 15 30 PCE-1 0.5 1 

2 20 30 50 PCE-2 1 2 

3 20 60 100 SC 1.5 5 

4 20 90 150 SDBS 2 7.5 

5 20 120 200 F127 2.5 10 

6 40 15 50 SC 2 10 

7 40 30 100 SDBS 2.5 1 

8 40 60 150 F127 0.5 2 

9 40 90 200 PCE-1 1 5 

10 40 120 30 PCE-2 1.5 7.5 

11 60 15 100 F127 1 7.5 

12 60 30 150 PCE-1 1.5 10 

13 60 60 200 PCE-2 2 1 

14 60 90 30 SC 2.5 2 

15 60 120 50 SDBS 0.5 5 

16 80 15 150 PCE-2 2.5 5 

17 80 30 200 SC 0.5 7.5 

18 80 60 30 SDBS 1 10 

19 80 90 50 F127 1.5 1 

20 80 120 100 PCE-1 2 2 

21 100 15 200 SDBS 1.5 2 

22 100 30 30 F127 2 5 

23 100 60 50 PCE-1 2.5 7.5 

24 100 90 100 PCE-2 0.5 10 

25 100 120 150 SC 1 1 
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5. 3. Characterization of GNP Dispersion 

5.3.1. Size and Zeta Potential Measurements Using Dynamic Light Scattering 

Hydrodynamic size distribution and zeta potentials measurements were conducted using a 

ZetaNano ZS90 (Malvern Instruments). The size detection was carried out at a scattering angle 

of 90°. The viscosity value of water was used in all measurements. Prior to the measurements, 1 

mL sample was equilibrated to 25 °C for 120s. The zeta potentials were calculated from the 

mobilities using the Smoluchowski model [91]. For each sample, three measurements were 

performed with an automatic measurement duration setting. The mean value of three 

measurements is reported. The zeta potential measurements were carried out for the dispersion of 

GNPs in both aqueous and alkaline environments.      

5.3.2. UV-vis Spectroscopy 

UV-vis spectroscopy is an efficient, rapid, and quantitative method to assess the 

dispersion and stability of nanoparticles in aqueous suspensions [159]. In the UV-vis 

spectroscopy, the light absorbed by the nanofluid, which is proportional to the concentration of 

nanoparticles, is measured within the visible wavelength range. The higher absorbency refers to 

an increase in nanoparticles, i.e., better dispersion of GNPs. Here, the absorbance of GNP 

suspensions was measured using a Shimadzu UVmini-1240 spectrophotometer. The peak 

absorbance observed a wavelength of 260 nm was recorded for each suspension. The absorbance 

measurements were taken from dispersion of GNPs in both aqueous and alkaline environments 

immediately after sonication. The measurements were also carried out 24 hours later to evaluate 

the stability.    

5. 4. Analysis Methods 

5.4.1. Dispersion Performance Criteria 

To assess the dispersion and stability of GNPs, seven performance characteristics are 

selected as shown in Table 5-5. These characteristics include average particle size, the absolute 

value of zeta potential, UV-vis absorbency in aqueous and alkaline environments, the absolute 

value of zeta potential in alkaline environment, the residual absorbance after 24 h in aqueous and 

alkaline environments. Residual absorbance is calculated as the ratio of the absorbance value 
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measured immediately after dispersion to that of measured after 24 h. For the particle size, a 

smaller value indicates better response while for all the other performance characteristics a larger 

value implies better dispersion and/or stability.   

Table 5-5. Quality criteria and weights 

Quality 

Criteria 

Definition Target values Weights 

R1 Average particle size Smaller is better 1 

R2 Absolute value of zeta potential Larger is better 1 

R3 Absorbency in water  Larger is better 1 

R4 Absorbency in alkaline environment Larger is better 1 

R5 Residual absorbance after 24 h in water Larger is better 1 

R6 Absolute value of zeta potential in alkaline 

environment 

Larger is better 1 

R7 Residual absorbance after 24 h in alkaline 

environment 

Larger is better 1 

 

5.4.2. Analysis Methods 

The performance for Taguchi method is measured by signal-to-noise (S/N) ratio, which is 

calculated based on selected performance characteristics for the experiments. The S/N ratios is 

mostly defined either as the smaller-the-better or the larger-the-better responses, and can be are 

calculated by Eq. 1 and Eq. 2 [160,161] as follows:  

𝜂𝑖𝑗 = −10𝑙𝑜𝑔10[
1

𝑛
∑ 𝑦𝑖𝑗𝑘

2

𝑛

𝑘=1

] 
5-1 

𝜂𝑖𝑗 = −10𝑙𝑜𝑔10[
1

𝑛
∑

1

𝑦𝑖𝑗𝑘
2

𝑛

𝑘=1

] 
5-2 

where 𝜂𝑖𝑗 is the S/N ratio for the response j for the experiment i, 𝑦𝑖𝑗𝑘
2  is the experiment result for 

the response j of the experiment i, in the kth replication; n is the total number of replications.  

Typically, a multi-criteria decision making method is used with Taguchi method to to 

convert the multi-response problem into a one-response prolem [162–164]. Here, two such 
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methods, Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) and  

Principle Component Analysis (PCA) methods were combined with the Taguchi method to 

determine the optimal values of experimental factors. The TOPSIS method is a simple method 

used for solving decision making problems [165]. It is easy to perform compared with other 

multi-response simulation optimization methods. The method aims to find the alternative that has 

the shortest Euclidean distance from the postive ideal solution and the farthest from the negative 

ideal solution. The TOPSIS method involves the following steps:  

Step 1: Determine the decision matrix: 

The decision matrix contains the S/N ratios 

𝐷 = [

𝜂11 𝜂12 …
𝜂21 𝜂22 …

… … …

𝜂1𝑘

𝜂2𝑘

…
𝜂𝑚1 𝜂𝑚2 … 𝜂𝑚𝑘

] 

5-3 

 

 

 

Step 2: Normalization  

𝑟𝑖𝑗 = −
𝜂𝑖𝑗

√∑ 𝜂𝑖𝑗
2𝑚

𝑖=1

 
5-4 

i = 1,…, m and j = 1,…, k.  

Step 3: Determine the weighted normalized decision matrix 

𝑉 = [𝑣𝑖𝑗]
𝑚×𝑘

, i =  1, … , m and j =  1, … , k 5-5 

𝑣𝑖𝑗 =  𝑤𝑗𝑟𝑖𝑗, i =  1, … , m and j =  1, … , k 5-6 

𝑤𝑗 is the weight of resposne j and ∑ 𝑤𝑗 = 1𝑘
𝑗=1 . 

Step 4: Positive ideal and negative ideal solutions (A* and A-) 

The positive ideal solution is made of all the maximum S/N ratio, while the 

negative ideal solution is made of all the minimum S/N ratio at the responses in the 

weighted normalized desicion matrix.  
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𝐴∗ = [𝑣𝑗
∗]

𝑘
 5-7 

𝐴− = [𝑣𝑗
−]

𝑘
 5-8 

and,  

𝑣𝑗
∗ = 𝑣𝑗,𝑚𝑎𝑥  

𝑣𝑗
− = 𝑣𝑗,𝑚𝑖𝑛  

Step 5: Calculate the separation mesures  

The distance of experiment i to the positive ideal solution is calculated as: 

𝑆𝑖
∗ = √∑(𝑣𝑖𝑗 − 𝑣𝑗

∗)2

𝑘

𝑗=1

 

5-9 

The distance of experiment i to the negative ideal solution is calculated as: 

𝑆𝑖
− = √∑(𝑣𝑖𝑗 − 𝑣𝑗

−)2

𝑘

𝑗=1

 

5-10 

Step 6: Calculate the ranking score 𝐶𝑖
∗ 

𝐶𝑖
∗ =

𝑆𝑖
−

𝑆𝑖
− + 𝑆𝑖

∗ 
5-11 

      A larger ranking score indicates better performance of the alternatives.   

Note that many multicriteria decision making methods, including TOPSIS, assumes the 

response variable or evaluation criteria is statically independent, which may not be the case in 

real problem. PCA can be used to overcome this shortcoming as it can identify patterns in the 

correlated data and then eliminates the dependencies without much loss of information [166].The 

PCA method is presented below: 

Step 1: Determine the decision matrix: 

The decision matrix contains the S/N ratios 
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𝐷 = [

𝜂11 𝜂12 ⋯
𝜂21 𝜂22 ⋯

⋯ ⋯ ⋯

𝜂1𝑘

𝜂2𝑘

⋯
𝜂𝑚1 𝜂𝑚2 ⋯ 𝜂𝑚𝑘

] 

 

Step 2: Normalize the decision matrix 

𝑁𝑖𝑗 =
𝜂𝑖𝑗 − 𝜂𝑖,𝑚𝑖𝑛

𝜂𝑖,𝑚𝑎𝑥 − 𝜂𝑖,𝑚𝑖𝑛
 

5-12 

Step 3: Calculate the covariance matrix 

𝐶𝑝𝑞 =
𝐶𝑜𝑣(𝑁𝑖𝑝, 𝑁𝑖𝑞)

√𝑉𝑎𝑟(𝑁𝑖𝑝)𝑉𝑎𝑟(𝑁𝑖𝑞)
 

5-13 

                                             p,q = 1,..., k.  

Step 4: Calculate the eigenvalues and eigenvectors 

The eigencalues and eigenvectors are calculated by the following equation: 

(𝑪 − 𝜆𝑬)𝑽 = 0 5-14 

where 𝜆 refers to the eigenvalues and [V] refers to the eigenvectors.  

The jth eigenvector is formulated as: 

𝑉𝑗 = [

𝑎1𝑗

𝑎2𝑗

⋮
𝑎𝑘𝑗

] 

Step 5: Calculate the principal components 

The jth principal components is formulated as: 

𝑃𝑗 = ∑ 𝑎𝑙𝑗 ×

𝑘

𝑙=1

𝑁𝑙 

5-15 

Step 6: Calculate the composite principal components 

𝑃 = ∑ 𝜓𝑚 ×

𝑘

𝑚=1

𝑃𝑚 

5-16 
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5. 5. Results and Discussion 

5.5.1. Main Effects Plots 

The experimental tests on the dispersion quality were conducted based on L25 Taguchi 

design considering six factors. The seven performance criteria described in Table 5-6 was 

evaluated for each of 25 experiments and the results are provided in Table 5-6.  

Table 5-6. L25 experimental results 

Exp. No. R1 (nm) R2 (mV) R3 (a.u.) R4 (a.u.) R5 R6 (mV) R7 

1 470.1 -16.77 0.315 0.267 0.6367 -2.92 0.3109 

2 444.6 -19.23 0.273 0.203 0.7216 -3.47 0.3350 

3 387.1 -43.27 0.255 0.205 0.8498 -7.78 0.1659 

4 421.7 -33.47 0.274 0.447 0.7770 -15.73 0.1365 

5 411.5 -13.03 0.235 0.188 0.6468 -0.37 0.3723 

6 380.1 -27.53 0.330 0.229 0.7217 -9.98 0.2489 

7 398.5 -27.90 0.452 0.557 0.7140 -14.97 0.0880 

8 428.2 -13.03 0.378 0.324 0.7540 -0.34 0.6481 

9 395.6 -15.73 0.355 0.289 0.7653 -2.17 0.6125 

10 386.2 -19.37 1.013 0.867 0.8147 -3.56 0.0369 

11 451.9 -12.83 0.382 0.341 0.7670 -0.62 0.5337 

12 428.0 -17.53 0.387 0.352 0.6925 -1.94 0.6307 

13 408.9 -16.43 0.482 0.479 0.7455 -3.71 0.1148 

14 387.7 -29.63 1.531 1.109 0.8922 -8.14 0.0009 

15 363.3 -21.63 1.269 1.024 0.8458 -10.77 0.0205 

16 401.7 -19.50 0.355 0.258 0.6732 -3.49 0.2946 

17 428.6 -21.10 0.495 0.389 0.6606 -8.27 0.0026 

18 404.2 -22.70 1.218 0.815 0.8571 -7.07 0.0012 

19 375.1 -13.17 1.755 1.727 0.8991 -0.71 0.7481 

20 411.2 -18.20 1.147 0.967 0.7942 -2.83 0.2420 

21 420.8 -29.97 0.459 0.401 0.7370 -8.87 0.0474 

22 405.3 -12.93 0.983 0.889 0.8494 -0.71 0.7885 
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23 407.8 -18.73 1.135 0.976 0.8194 -2.21 0.5123 

24 418.8 -17.50 0.956 0.830 0.7626 -4.19 0.0181 

25 373.8 -23.40 1.317 1.220 0.8130 -8.29 0.0385 

 

The main effects plots provide an understanding on the optimal combination of 

dispersion process parameters for the desired dispersion performance such as smaller particle 

size or high absorbency value. These plots also indicates the relative significance of the process 

parameters on the dispersion quality. If the main effects plots remain almost horizontal for a 

particular parameter then the parameter has little effect on the dispersion quality. On the other 

hand, if the main effects plots possess high inclination then this indicates significant effect of this 

particular parameter on the dispersion performance. Figure 5-2 presents the main effects plot for 

the average particle size of GNPs after being dispersed in water using different surfactants and 

dispersion parameters. The particle size has a decrease when the sonication amplitude is 

increased from 20% to 40% and then almost becomes stable, indicating that further increase of 

sonication amplitude does not have significant effect on particle size. However, the particle size 

of GNPs consistently decreases with the increasing of sonication time. The sample volume also 

does not affect the particle size considerably. Among different surfactants, the SC provides the 

smallest particle size, followed by the SDBS. Increasing surfactant ratio somewhat decreases the 

particle size, while the an increase in the GNP ratio did not produce a clear trend on the particle 

size.   
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Figure 5-2. Main effects plot for average particle size of GNPs 

 

The main effects results for absorbency values are presented in Figure 5-3. Note that the 

results for the dispersion performance of the GNPs both in water and alkaline environment are 

provided in the figure. The absorbance values considerably increase with either increasing 

sonication amplitude up to 80% amplitude or sonication duration up to 90 min, indicating 

improvement in degree of dispersion with increasing sonication power. Further increasing these 

values to 100% amplitude and 120 min, respectively does not affect the absorbance. On the other 

hand, using larger sample volume while keeping the same sonication power results in a decrease 

in the absorbency. The mean effects plots with surfactant type, surfactant ratio and GNP 

concentration do not present much variation and remains mostly horizontal, indicating similar 

dispersion performance when these factors are varied. In addition, when the dispersed GNPs are 

added to simulated cement pore solution, there is a slight decrease in absorbance values for all 

cases, however, the general trend of the plots remains very similar to those obtained for the 

dispersion of GNPs in water. The decrease in the absorbance value in alkaline environment 

indicates potential agglomeration of GNPs.   
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Figure 5-3. Main effects plot for UV-vis absorbance 

 

To assess the stability of the GNP dispersions, the main effects plots for the zeta potential 

and residual absorbency values were created. Figure 5-4 shows the main effects plot for zeta 

potential in aqueous and alkaline media, while the main effects plots for residual absorbency are 

provided in Figure 5-5. The stability of colloidal suspensions is commonly assessed by their zeta 

potential (ζ), which measures the electrostatic repulsion between nanoparticles [56,167]. Five 

surfactants considered in this study can be divided into three groups: ionic surfactants (SC and 

SDBS), non-ionic surfactants (F127), and two polycarboxylate superplasticizers (PCE-1 and 

PCE-2). Thus, the stabilization mechanisms are different because of their different structures. 

For ionic surfactants, the dispersed particles will be stabilized mainly by the electrostatic 

repulsion between electric double layer and the mechanism is described by the Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory [168]. The ion tail group of ionic surfactants absorb 

onto GNP particles by van der Waals interactions, forming the inner layer. The head groups will 

disassociate and introduce an effective charge on the particles, which is the outer layer. A 

repulsive pressure will be generated between like-charged dispersed particles when two layers 

overlap. The potential at a region outside the inner layer is named as zeta potential and helps to 

quantify the stability of charged dispersions [87,169]. In other words, a higher magnitude (|ζ|) for 

zeta potential indicates more absorbed ions, higher electrostatic repulsion, and better stability. 
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Colloidal particles with |ζ| > 30 mV are expected to have moderate stability with no 

agglomeration [170].  

On the other hand, in non-ionic surfactants, hydrophobic tail groups absorb onto GNP 

particles, while the long hydrophilic groups of the molecule spread into media. When two 

particles overlap, the hydrophilic groups interact, leading to a steric hindrance and preventing the 

agglomerations of particles [87,171]. Both the steric hindrance and the electrostatic repulsion 

exist in polycarboxylate superplasticizer. However, their stabilization mechanism is dominant by 

the steric hindrance [56,68]. These different stabilization mechanisms need to be considered 

while evaluating the zeta potential measurements.   

As mentioned above, a high absorbance value is proportional to the concentration of GNP 

particles and indicates better dispersion. Therefore, a reduction in absorbance can directly imply 

the deterioration of the dispersion. As a result, for the residual absorbance values, a value closer 

to one indicates better dispersion stability.  

When the main effects plots for zeta potential and residual absorbency shown in Figures 

5-4 and 5-5 are evaluated, it can be seen that the surfactant type produce plots with higher 

inclinations compared to all other parameters. The samples with ionic surfactants (SC and 

SDBS) have |ζ| close to 30 mV in aqueous suspension, which is considerably higher than the |ζ| 

value obtained for other surfactants. As steric hinderance is dominant in the dispersion of 

polycarboxylate superplasticizers and non-ionic surfactant (F127), zeta potential is not precise to 

describe the dispersion stability. The coating of polycarboxylate superplasticizer and non-ionic 

surfactant might mask the negative surfaces charges of GNP particles, resulting in decreased |ζ| 

value [172]. Also, an increase in pH value decreases the zeta potential values for all surfactants, 

indicating less stability in alkaline environment. 

Residual absorbance values in aqueous solution with all the surfactants attains a similar 

value around 0.8. However, in alkaline environment, the absorbance value decreases below 0.2 

for the dispersions with SC, SDBS, and PCE-2, while it is 0.42 and 0.6 for PCE-1 and F127.   
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Figure 5-4. Main effects plot for zeta potential in aqueous and alkaline media 

 

 

Figure 5-5. Main effects plot for residual absorbance after 24 hours in aqueous and alkaline 

media 

 

5.5.2. Optimization using TOPSIS-based and PCA-based Taguchi Methods 

Seven performance measures (responses) given in Table 5-6 are converted into a single 

optimal response using TOPSIS and PCA-based optimization methods. For the TOPSIS-based 
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optimization, the ranking scores 𝐶𝑖
∗, i = 1,2,…, 25, which represent the surrogate responses for 

the multi-response optimization problem, are calculated and provided in Table 5-7. The mean 

responses by factor levels are determined and plotted in Figure 5-6. TOPSIS-based optimization 

leads the following values for each of six factors: Sonication amplitude: 100%; sonication time: 

120 min; sample volume: 50 mL; surfactant type: SDBS; surfactant/GNP ratio: 2; and GNP 

concentration 1 g/L.        

 

Figure 5-6. Mean plots and optimal levels of each factor based on TOPSIS optimization 

 

For the PCA-based Taguchi method, the principal components (Pi) were determined first. 

The eigenvalues for P1 to P7 are 0.30, 0… Figure 5-7 shows the accountability proportions and 

their cumulative percentages. The first three principal components have the predominant 

percentage of variance with a total of 90%, almost the total variability (98.7%) can be accounted 

by the first five principal components. The first five principal components for each experiment 

are calculated and shown in Table 5-8.  
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Table 5-7. S/N ratios and TOPSIS method implementation 

Response Decision matrix (S/N ratios) Weighted normalized decision matrix Si
* Si

- Ci
* 

R1 R2 R3 R4 R5 R6 R7 vi1 vi2 vi3 vi4 vi5 vi6 vi7 

Weight 1/7b 1/7 1/7 1/7 1/7 1/7 1/7 

1 -53.44b 24.49 -10.02 -11.47 -3.92 9.30 -10.15 -0.0292b 0.0268 -0.0391 -0.0399 -0.0453 0.0187 -0.0113 0.0937c 0.0694d 0.4253e 
2 -52.96 25.68 -11.28 -13.85 -2.83 10.80 -9.50 -0.0290 0.0281 -0.0440 -0.0482 -0.0327 0.0217 -0.0105 0.0973 0.0713 0.4227 

3 -51.76 32.72 -11.86 -13.76 -1.41 17.82 -15.61 -0.0283 0.0358 -0.0463 -0.0479 -0.0163 0.0358 -0.0173 0.0939 0.0802 0.4607 

4 -52.50 30.49 -11.26 -6.99 -2.19 23.94 -17.30 -0.0287 0.0334 -0.0439 -0.0243 -0.0253 0.0481 -0.0192 0.0783 0.0893 0.5328 
5 -52.29 22.30 -12.58 -14.52 -3.78 -8.54 -8.58 -0.0286 0.0244 -0.0491 -0.0505 -0.0437 -0.0172 -0.0095 0.1211 0.0580 0.3240 

6 -51.60 28.80 -9.62 -12.80 -2.83 19.98 -12.08 -0.0282 0.0315 -0.0375 -0.0445 -0.0327 0.0401 -0.0134 0.0873 0.0823 0.4855 

7 -52.01 28.91 -6.90 -5.08 -2.93 23.50 -21.11 -0.0285 0.0316 -0.0269 -0.0177 -0.0338 0.0472 -0.0234 0.0654 0.0898 0.5785 

8 -52.63 22.30 -8.45 -9.79 -2.45 -9.50 -3.77 -0.0288 0.0244 -0.0330 -0.0340 -0.0283 -0.0191 -0.0042 0.1011 0.0691 0.4061 
9 -51.95 23.94 -9.00 -10.78 -2.32 6.71 -4.26 -0.0284 0.0262 -0.0351 -0.0375 -0.0268 0.0135 -0.0047 0.0861 0.0752 0.4663 

10 -51.74 25.74 0.11 -1.24 -1.78 11.03 -28.66 -0.0283 0.0282 0.0004 -0.0043 -0.0206 0.0222 -0.0318 0.0498 0.0901 0.6440 

11 -53.10 22.17 -8.36 -9.34 -2.30 -4.18 -5.45 -0.0291 0.0242 -0.0326 -0.0325 -0.0266 -0.0084 -0.0060 0.0931 0.0691 0.4262 
12 -52.63 24.88 -8.25 -9.07 -3.19 5.74 -4.00 -0.0288 0.0272 -0.0322 -0.0315 -0.0369 0.0115 -0.0044 0.0839 0.0749 0.4719 

13 -52.23 24.31 -6.33 -6.39 -2.55 11.40 -18.80 -0.0286 0.0266 -0.0247 -0.0222 -0.0295 0.0229 -0.0208 0.0695 0.0744 0.5171 

14 -51.77 29.44 3.70 0.90 -0.99 18.22 -60.90 -0.0283 0.0322 0.0144 0.0031 -0.0114 0.0366 -0.0675 0.0678 0.1054 0.6084 
15 -51.21 26.70 2.07 0.21 -1.45 20.65 -33.76 -0.0280 0.0292 0.0081 0.0007 -0.0168 0.0415 -0.0374 0.0416 0.1059 0.7180 

16 -52.08 25.80 -9.00 -11.77 -3.44 10.86 -10.62 -0.0285 0.0282 -0.0351 -0.0409 -0.0397 0.0218 -0.0118 0.0889 0.0714 0.4454 

17 -52.64 26.49 -6.11 -8.20 -3.60 18.35 -51.80 -0.0288 0.0290 -0.0238 -0.0285 -0.0416 0.0369 -0.0574 0.0896 0.0662 0.4247 

18 -52.13 27.12 1.71 -1.78 -1.34 16.98 -58.22 -0.0285 0.0297 0.0067 -0.0062 -0.0155 0.0341 -0.0646 0.0693 0.0935 0.5743 
19 -51.48 22.39 4.89 4.75 -0.92 -2.96 -2.52 -0.0282 0.0245 0.0191 0.0165 -0.0107 -0.0059 -0.0028 0.0552 0.1208 0.6863 

20 -52.28 25.20 1.19 -0.29 -2.00 9.05 -12.32 -0.0286 0.0276 0.0046 -0.0010 -0.0231 0.0182 -0.0137 0.0420 0.1003 0.7049 

21 -52.48 29.53 -6.76 -7.94 -2.65 18.96 -26.49 -0.0287 0.0323 -0.0264 -0.0276 -0.0306 0.0381 -0.0294 0.0725 0.0775 0.5166 

22 -52.16 22.23 -0.15 -1.02 -1.42 -3.02 -2.06 -0.0285 0.0243 -0.0006 -0.0036 -0.0164 -0.0061 -0.0023 0.0623 0.0986 0.6127 

23 -52.21 25.45 1.10 -0.21 -1.73 6.89 -5.81 -0.0286 0.0278 0.0043 -0.0007 -0.0200 0.0138 -0.0064 0.0431 0.1035 0.7061 

24 -52.44 24.86 -0.39 -1.62 -2.35 12.45 -34.86 -0.0287 0.0272 -0.0015 -0.0056 -0.0272 0.0250 -0.0387 0.0558 0.0856 0.6054 
25 -51.45 27.38 2.39 1.73 -1.80 18.37 -28.29 -0.0282 0.0300 0.0093 0.0060 -0.0208 0.0369 -0.0314 0.0362 0.1077 0.7484 

 261.0a 130.6 36.6 41.1 12.4 71.1 128.8 A* =-0.0280 0.0358 0.0191 0.0165 -0.0107 0.0481 -0.0023    

        A₋ =-0.0291 0.0242 -0.0491 -0.0505 -0.0437 -0.0191 -0.0675    

a The square root of sum of squares of each element in the columns.  
b 1/7*[(-53.44)/(261.0)] =  -0.0292. 

c {[(-0.0292) - (-0.0280)]2 +……+ [(-0.0113) - (-0.0280)]2}1/2 = 0.0937.  

d {[(-0.0292) - (-0.0291)]2 +……+ [(-0.0113) - (-0.0291)]2}1/2 = 0.0694.  
e 0.0694/(0.0694+0.0937) = 0.4253. 

A* maximum vi.   

A- minimum 
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Figure 5-7. Principal components with their accountability proportions and cumulative 

percentages 

 

Table 5-8. Principal component analysis results. 

 PC1 PC2 PC3 PC4 PC5 Composite PC 

Proportion 0.499 0.298 0.104 0.044 0.042 

1 0.0275 -0.0806 -0.5714 -0.4268 -0.7655 -0.1206 

2 0.1693 -0.1685 -0.9120 -0.2372 -0.6189 -0.0970 

3 0.6923 -0.6669 -1.5434 -0.0719 -0.4285 -0.0349 

4 0.6935 -0.6043 -1.1307 -0.2598 -0.7890 0.0038 

5 -0.1095 0.2887 -0.8450 -0.4707 -0.1413 -0.0831 

6 0.5475 -0.5011 -1.2634 -0.5766 -0.3951 -0.0495 

7 0.8385 -0.4857 -0.9819 -0.6085 -0.6459 0.1177 

8 0.2538 0.5359 -0.9295 -0.1962 -0.3958 0.1644 

9 0.4507 0.1218 -1.1696 -0.4162 -0.3776 0.1054 

10 1.2787 0.0859 -0.9170 -0.4256 -0.4344 0.5313 

11 0.2682 0.4561 -0.8221 -0.1092 -0.5796 0.1551 

12 0.3075 0.0878 -0.8988 -0.4686 -0.6177 0.0396 

13 0.6934 0.0156 -0.8690 -0.4498 -0.4939 0.2198 

14 1.8320 -0.3192 -0.7350 -0.1433 -0.3739 0.7206 

0

20

40

60

80

100

C
u

m
u

la
ti
v
e

 A
c
c
o

u
n

ta
b

ili
ty

 P
ro

p
o

rt
io

n
 (

%
)

1 2 3 4 5 6 7

Principal Component

0

0.1

0.2

0.3

0.4

0.5

0.6

A
c
c
o

u
n

ta
b

ili
ty

 P
ro

p
o

rt
io

n



92 

 

15 1.5992 -0.1154 -1.0303 -0.5491 -0.4021 0.6154 

16 0.3356 -0.1636 -0.9743 -0.6070 -0.4152 -0.0268 

17 0.7071 -0.5020 -0.3491 -0.4546 -0.3982 0.1302 

18 1.5476 -0.2335 -0.6037 -0.1396 -0.3782 0.6178 

19 1.4595 0.8793 -1.1732 -0.4531 -0.5313 0.8260 

20 1.1210 0.2771 -0.9000 -0.4475 -0.7260 0.4982 

21 0.7543 -0.4820 -0.8902 -0.3341 -0.6394 0.0987 

22 0.9854 0.7216 -1.0486 -0.3104 -0.5749 0.5599 

23 1.1218 0.3561 -1.0318 -0.4066 -0.7455 0.5094 

24 1.1082 0.0358 -0.5917 -0.3962 -0.5677 0.4609 

25 1.5302 -0.0670 -0.9883 -0.5863 -0.5397 0.5924 

 

These results are integrated into a comprehensive performance characteristics index using 

Equation 5-16 as described in Section 5.4.2. The mean values of this index by factor levels are 

calculated and plotted in Figure 5-8. PCA-based optimization leads the following values for each 

of six factors: Sonication amplitude: 100%; sonication time: 120 min; sample volume: 30 mL; 

surfactant type: F127; surfactant/GNP ratio: 1.5; and GNP concentration 1 g/L. Compared to the 

TOPSIS-based optimization, the optimal parameters for the factors sample volume, surfactant 

type and surfactant/GNP ratio are changed in the PCA-based optimization.             
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Figure 5-8. Mean plots and optimal levels of each factor based on PCA optimization 

 

To gain an understanding about the dominant factor on major principal components, the 

first two principal components were computed for each of 25 experiments and the corresponding 

score plot is illustrated in Figure 5-9. The data is classified into two groups (blue and orange) by 

k-means method. The factors sonication time, sonication amplitude, and sample volume are 

represented with energy density defined as follows:  

𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 × 𝑡𝑖𝑚𝑒

𝑣𝑜𝑙𝑢𝑚𝑒
 

The corresponding energy density values are plotted in Figure 5-9 as varying dot size. It 

can be seen that the blue group has a smaller dot size, while the orange group has significantly 

larger dot size. This indicates that the energy density is the main factor in the classification of 

these two groups. 
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Figure 5-9. First two principal components for each experiment with corresponding energy 

densities 

 

The analysis of variance (ANOVA) was conducted to quantify the relative importance 

and influence of each factor in the TOPSIS-based and PCA-based analysis results and the 

obtained results were presented in Table 5-9 and Table 5-10, respectively. The factors affecting 

the both the TOPSIS-based and PCA-based optimization performance are sonication amplitude, 

sonication time and sample volume. These results confirm that the sonication energy density has 

significant influence on the dispersion performance of GNPs in cementitious composites.  

Table 5-9. Results of ANOVA for the TOPSIS performance 

Factor DF SS MS Contribution (%) Rank 

Sonication amplitude 4 0.1124 0.0281 33.86 1 

Sonication time 4 0.0891 0.0223 26.82 2 

Sample volume 4 0.0723 0.0181 21.76 3 

Surfactant 4 0.0231 0.0058 6.97 5 

Surfactant/GNP ratio 4 0.0105 0.0026 3.15 6 

GNP concentration 4 0.0247 0.0061 7.43 4 

Total 24 0.3320 - 100  

Notes: DF: degree of freedom; SS: adjusted sum of squares; MS: adjusted mean of squares    
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Table 5-10. Results of ANOVA for the PCA performance 

Factor DF Adj SS Adj MS Contribution (%) Rank 

Sonication amplitude 4 0.8912 0.2228 42.47 1 

Sonication time 4 0.6548 0.1637 31.21 2 

Sample volume 4 0.4492 0.1123 21.41 3 

Surfactant 4 0.0496 0.0124 2.36 4 

S/GNP ratio 4 0.0086 0.0021 0.40 6 

GNP concentration 4 0.0451 0.0112 2.15 5 

Total 24 1.5855  100  

Notes: DF: degree of freedom; SS: adjusted sum of squares; MS: adjusted mean of squares    

5. 6. Further Dispersion Studies  

From previous section, it can be concluded that higher sonication amplitude, longer 

sonication time and smaller sample volume might have the greatest influence on the dispersion 

quality of GNPs. Although different surfactants led to similar dispersion performances, the 

SDBS and Pluronic F127 are the selected surfactants after implementing the TOPSIS-based and 

PCA-based Taguchi methods, respectively. Before casting graphene-cement composites, an 

additional study is conducted to determine the dispersion parameters for the GNP addition. To 

this end, SDBS and Pluronic F-127 as well as the hybrid use of these two surfactants (named as 

Hybrid) are considered to disperse GNPs. The surfactant to GNPs (S/GNP) ratio is kept as 2, 

while GNP concentration is selected to be 1 g/L. A sonication study is conducted to determine 

the sonication parameters. In this case, the sonication amplitude and sample volume are kept 

constant and the sonication time is varied. A sample volume of 50 mL and sonication amplitude 

of 60% are used. Note that although increasing the sonication amplitude is found to improve 

dispersion performance in previous section, a very high sonication amplitude both leads to a 

rapid temperature increase and also may cause structural defects in nanoparticles [96]. Therefore, 

the sonication amplitude is selected to be 60% instead of 100%. In order to determine the 

optimal sonication time, the dispersion quality of GNPs in aqueous suspension is studied with 

sonication times of 15, 30, 60, 90, and 120 min. The surfactant and GNPs are added into 50 g 

water and ultrasonicated for the desired time. The suspension is then diluted to 0.02 g/L in both 
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aqueous solution and simulated pore solution. The dispersion plan and procedures are presented 

in Table 5-11 and Figure 5-10.  

Table 5-11. Dispersion plan with different surfactants 

Dispersion GNPs (g/L) SDBS (g/L) F127 (g/L) Water (mL) S/GNP 

SDBS 1 2 -- 50 2 

F127 1 -- 2 50 2 

Hybrid 1 1 1 50 2 

 

 

Figure 5-10. Dispersion procedures. 

 

5.6.1. Characterization Results 

Figure 5-11 presents the variation of average particle size of GNPs dispersed by different 

surfactants with different sonication time. A decreasing trend is observed with increasing 

sonication time, but the rate of this decrease remains low. The GNPs dispersed with F127 have 

slightly larger particle size when the sonication duration is less than 90 min, comparing with the 

one prepared with SDBS and Hybrid. Overall, the average particle size remains small ranging 

from 355 nm to 428 nm in all cases.  
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Figure 5-11. Average particle size of GNPs. 

 

Figure 5-12 show the variation of absorbance in aqueous media and alkaline environment 

for the dispersion of GNPs with different surfactants. It can be seen that the absorbance in 

aqueous media and alkaline environment increases with the increasing sonication time. The 

absorbance decreases when the GNPs are added into alkaline environment, which should be due 

to the re-agglomeration of GNPs by divalent cations. This reduction increases with the increasing 

sonication time, which could be attributed to the availability of smaller size GNP particles in 

these cases. The GNPs with smaller size have a higher chance of re-agglomeration. However, the 

absorbance of the GNPs dispersed with F127 remains the same, indicating that GNPs with F127 

have a better stability in alkaline environment.  

  

(a) (b) 



98 

 

 

(c) 

Figure 5-12. UV-vis absorbance of GNPs dispersed with (a) SDBS; (b) F127; and (c) Hybrid in 

aqueous and alkaline media  

 

Figure 5-13 compares the absorbance of GNPs with different surfactants in aqueous 

media and alkaline environment, respectively. It can be seen that the GNPs with SDBS and 

Hybrid surfactants produces the almost same absorbance in aqueous media, while the GNPs with 

F127 has a smaller absorbance. However, in alkaline environment, the measured absorbance of 

GNP suspensions with different surfactants is similar.  

  

(a) (b) 

Figure 5-13. Comparison of the UV-vis absorbance with different surfactants in (a) aqueous; and 

(b) alkaline media. 
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Figure 5-14 shows the zeta potential of GNPs with different surfactants in aqueous media 

and alkaline environment. In aqueous media, all samples have |ζ| larger than 15 mV or close to 

15 mV, especially the GNPs dispersed with SDBS which have a considerably higher |ζ|. 

However, the |ζ| for all surfactants decreases in alkaline environment, implying the instability of 

GNPs in alkaline environment. 

 

  

(a) (b) 

Figure 5-14. Comparison of the zeta potential with different surfactants in (a) aqueous; and (b) 

alkaline media. 

 

As discussed in Section 5.5.1, the ionic surfactant (SDBS) and non-ionic surfactant 

(F127) have different stabilization mechanisms. Thus, the zeta potential might not be precise 

measure to describe the dispersion stability. The stability of agglomerates can also be assessed 

using the end-over-end shaking method [94]. The residual absorbance after 24 h and 24 h with 

shaking are presented in Figure 5-15. It can be seen that the residual absorbance is higher in 

samples with longer sonication time. In aqueous media, the residual absorbance after 24 h 

remains approximately 85% in the samples with SDBS and Hybrid, indicating a better stability. 

The samples with F127 have a lower residual absorbance, especially in the samples prepared 

with less sonication time. The absorbance recovers to almost 100% when the sonication time 

reaches 60 min. The absorbance value for the GNP suspensions with F127 only recovers to 

around 85%. Although the SDBS and Hybrid present a better stability in aqueous media, the 

stability in alkaline environment shows the opposite results. The residual absorbance values 
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range from 69% to 92% for different sonication times in the samples with F127. However, the 

residual absorbance of the samples with SDBS and Hybrid drops to less than 10%. After 

shaking, the absorbance of solutions with F127 recovers to 100%, while those with SDBS and 

Hybrid only recover to around 50% and 70%. 

  

(a) (b) 

  

(c) (d) 

Figure 5-15. Residual absorbance of solutions after 24 h in (a) aqueous; (b) alkaline media; and 

after 24 h and shaking in (c) aqueous; (d) alkaline media. 

 

Figure 5-16 to 5-18 shows the photos obtained from the visual observation of GNP 

suspensions with different surfactant and different sonication times (15 min to 120 min) in 

aqueous media and alkaline environment for immediately after sonication, 24 hours after 
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sonication, and 24 hours after sonication and shaking, respectively. The color of solutions is 

darker with increasing sonication time, which is consistent with the UV-vis absorbance results. 

The GNPs in aqueous media present a good stability as no sediments are observed. The samples 

prepared with different surfactants show good dispersion after being added to the alkaline 

environment without any observed agglomeration. After 24 hours, the GNPs tend to deposition. 

The sediments are observed in samples with the SDBS and Hybrid and the solution are almost 

clear. As for the samples with the F127, although the color of solution still exists, the color is 

less dark compared with the initial solution. The solution visually recovers to color solution 

without observed agglomerations after shaking, indicating that these agglomerations are easily 

broken up by shaking.  

 

SDBS – Aqueous Media  

 

SDBS – Alkaline Media 

(a) 

 

F127 – Aqueous Media 

 

F127 – Alkaline Media 

(b) 

 

Hybrid – Aqueous Media 

 

Hybrid – Alkaline Media 
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(c) 

Figure 5-16. Visual observation of GNP suspensions with (a) SDBS, (b) F-127, and (c) Hybrid 

in aqueous and alkaline media after sonication. 

 

 

SDBS – Aqueous Media 

 

SDBS – Alkaline Media 

(a) 

 

F127 – Aqueous Media 

 

F127 – Alkaline Media 

(b) 

 

Hybrid – Aqueous Media 

 

Hybrid – Alkaline Media 

(c) 

Figure 5-17. Visual observation of GNP suspensions with (a) SDBS, (b) F-127, and (c) Hybrid 

in aqueous and alkaline media 24 hours after sonication. 
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SDBS – Aqueous Media 

 

SDBS – Alkaline Media 

(a) 

 

F127 – Aqueous Media 

 

F127 – Alkaline Media 

(b) 

 

Hybrid – Aqueous Media 

 

Hybrid – Alkaline Media 

(c) 

Figure 5-18. Visual observation of GNP suspensions with (a) SDBS, (b) F-127, and (c) Hybrid 

in aqueous and alkaline media 24 hours after sonication and shaking. 
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All the characterization results (absorbency, zeta potential, and residual absorbency in 

aqueous and alkaline media) are converted into a single performance measure using TOPSIS 

method and the final score of GNPs with different surfactants and sonication time are 

summarized in Figure 5-19. The performance score increases with increasing sonication time and 

is saturated when the sonication time reaches 60 min for all surfactants, indicating that 60 min is 

sufficient for dispersion of GNPs.  

 

Figure 5-19. Final score plot of GNPs with different surfactants and sonication time.  

 

5. 7. Summary 

In this chapter, Taguchi-based TOPSIS and Taguchi-based PCA optimization methods 

are used to determine the optimal parameters for the dispersion of GNPs in cement-based 

composites. The findings of this study indicated that the sonication energy has the greatest 

influence on the dispersion quality of GNPs, while the SDBS and Pluronic F127 exbibit better 

performance than the other three surfactants considered. Further dispersion experiments are 

conducted considering the use of the SDBS, Pluronic F127, and their hybrid use to determine 

optimal sonication parameters. It was found that a sonication duration of 60 min is sufficient for 

the dispersion of GNPs, while further increasing the sonication time do not improve the 

dispersion performance. In addition, the SDBS, which is an ionic surfactant, the Pluronic F-127, 

which is a non-ionic surfactant, or their hybrid use result in a similar dispersion performance, 

while the hybrid surfactant exhibits better performance for most of the sonication durations. The 

following conclusions can be make based on the above results: 
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• TOPSIS-based optimization leads the following values for each of six factors: Sonication 

amplitude: 100%; sonication time: 120 min; sample volume: 50 mL; surfactant type: 

SDBS; surfactant/GNP ratio: 2; and GNP concentration 1 g/L.    

•  PCA-based optimization leads the following values for each of six factors: Sonication 

amplitude: 100%; sonication time: 120 min; sample volume: 30 mL; surfactant type: 

F127; surfactant/GNP ratio: 1.5; and GNP concentration 1 g/L.  

• Compared to the TOPSIS-based optimization, the optimal parameters for the factors 

sample volume, surfactant type and surfactant/GNP ratio are changed in the PCA-based 

optimization. But the results of the two levels are close. 

• Zeta potential is not precise to describe the stability of GNPs dispersed with 

superplasticizer and non-ionic surfactants as their stabilization mechanism is dominant by 

steric hindrance. It is essential to combine the zeta potential and residual absorbance and 

evaluate the stability.  

• The energy density, which is calculated as amplitude × time /volume, is found to be the 

major factor that greatly influence the dispersion of GNPs based on PCA and ANOVA 

results. 
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6. MECHANICAL AND DURABILITY PROPERTIES OF GRAPHENE- 

MORTAR COMPOSITES 

6. 1. Overview 

This chapter explores the influence of GNP addition on the mechanical properties and 

durability of cement-based composites. Two types of GNPs with different lateral size (<2 µm 

and 25 µm) and specific surface area (300 m2/g and 120 m2/g) are used in this study. The GNP 

concentration is varied from 0.05% to 0.1% by weight of cement in all mixtures. In order to 

study the effect of dispersion agents, SDBS, Pluronic F127 and hybrid of two surfactants are 

utilized to disperse and stabilize GNP particles in aqueous solution. The mechanical properties 

are assessed by conducting compressive strength test, while the durability is evaluated by 

performing the sorptivity and permeable porosity tests. In order to explore the effect of GNPs on 

hydration process and microstructure, the thermal gravimetric analysis (TGA) and scanning 

electron microscopy (SEM) tests are carried out at 28 days.  

6. 2. Materials  

Portland Cement type I/II and sand are used to prepare mortar samples. GNP M-25 and 

C-300 with different lateral size (<2 µm and 25 µm) and specific surface area (300 m2/g and 120 

m2/g) obtained from XG Science are used in this study. The properties of GNPs are shown in 

Table 6-1. Two types of surfactants, Sodium Dodecylbenzene Sulfonate (SDBS) and Pluronic F-

127 (F127) are applied in this study to help disperse GNPs in water. A polycarboxylate-based 

superplasticizer, AdvaCast 555, is utilized to achieve the desired workability. The tributyl 

phosphate (TBP) is used as defoamer to eliminate bubbles generated during the ultrasonication 

process and entrapped air caused by the use of surfactants [159].  

Table 6-1.  Properties of GNPs 

Properties M-25 C-300 

Surface Area (m2/g) 120~150 300 

Diameter (μm) 25 <2 

Thickness (nm) 6-8 1-2 

Density (g/cc) 2.2 0.2-0.4 
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Carbon Content (%) >99.5 >99.5 

 

6. 3. Mix Design and Sample Preparation 

Thirteen batches of specimens are prepared as per ASTM C109. The proportion of water: 

cement: sand ratio is adopted to be 0.485:1:2.75. Three levels of GNPs, i.e., 0%, 0.05% and 0.1% 

by weight of cement are designed. All the dry materials are placed into a Hobart mixer and 

mixed for 3 min at a low speed. The GNP solution together with the water, SP and TBP are 

added into the mixer and all the materials are mixed for another 5 min at high speed. The 

prepared mixtures are then poured into 50 mm × 50 mm × 50 mm cubic molds for compressive 

strength test and durability test, respectively. The specimens are demolded after 24 h and cured 

under water until 28 days. The detailed mix design is listed in Table 6-2. 

Table 6-2. Mixture design 

Batch GNP Dispersion agent TBP wt.% 

Type  wt.% SDBS wt.% F127 wt.% 

Control -- -- -- -- -- 

SC005 C300 0.05 0.1 -- 0.2 

SC01 C300 0.1 0.2 -- 0.2 

FC005 C300 0.05 -- 0.1 0.2 

FC01 C300 0.1 -- 0.2 0.2 

HC005 C300 0.05 0.05 0.05 0.2 

HC01 C300 0.1 0.1 0.1 0.2 

SM005 M25 0.05 0.1 -- 0.2 

SM01 M25 0.1 0.2 -- 0.2 

FM005 M25 0.05 -- 0.1 0.2 

FM01 M25 0.1 -- 0.2 0.2 

HM005 M25 0.05 0.05 0.05 0.2 

HM01 M25 0.1 0.1 0.1 0.2 
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6. 4. Test Methods 

6.4.1. Compressive Strength Test 

The compressive strength tests are conducted on three cubic specimens at 28 days as per 

ASTM C109 for each mixture. 

6.4.2. Thermogravimetric Analysis (TGA) 

The thermal behavior of mortar samples is analyzed using Thermogravimetric Analysis 

(TGA). At 28 days, the sample are collected from the core of cubic specimens and dried in the 

oven at 60 °C to stop hydration. The samples are then grounded and sieved through 53 µm sieve. 

The powdered sample is heated from room temperature to 1000 °C at 10 °C/min under nitrogen 

flow. TGA measures the mass loss of mortar samples as a result of decomposition of cement 

hydrates in mortar[173]. The decomposition can be divided into three phases [174]: (i)  

evaporable water and the C-S-H decomposition that occurs between 25 °C and 350 °C; (ii) the 

dihydroxylation of calcium hydroxide (CH) that occurs approximately between 350 °C and 550 

°C [175]; (iii) the decarbonation of CaCO3 that occurs between 550°C to 800°C.  The CH 

content is determined using the following equation: 

CH%=WCH×
74.1

18.0
 

where 𝑊𝐶𝐻 is the mass loss during dehydration of CH as percentage of the initial mass (%). The 

ratio of 74.1:18.0 is the molar weight ratio of calcium hydroxide to water.  

The hydration degree is calculated using the method described in Bhatty [176] as: 

WB=Ldh+Ldx+0.41(Ldc) 

α=
WB

0.24
 

where Ldh, Ldx, and Ldc are the mass loss in percentage due to the dehydration of C-S-H, 

dihydroxylation of CH and decarbonation of CaCO3, respectively.  
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6.4.3. Sorptivity Test 

The sorptivity test is conducted on cubic specimens as per ASTM C1585[177]. These 

specimens are dried in the oven at 60 °C until the daily mass variation within 0.1%. The side 

surface of each specimen is sealed with low permeable tape. The end of the specimen that will 

not be exposed to water is sealed with a plastic sheet to prevent evaporation. The specimen is 

weighed and placed on the support device in the water. The mass change of specimens is 

recorded after an interval of 1, 5, 10, 20, 30, 60 min and every hour up to 6 h. The absorption, I, 

is calculated as: 

I =
mt

a×d
 

where mt is the mass change of specimens (g), a is the exposed area (mm2), and d is the density 

of water (g/mm3). The sorptivity is defined as the slope of the I against the square root of time 

curve.  

6.4.4. Porosity Test 

The porosity test is performed on cubic specimens as per ASTM C642 [178]. The 

specimens are oven dried at a temperature of 110 ± 5 °C for not less than 24 h and then cooled to 

room temperature. The mass of specimens is measured. Then the specimens are immersed in 

water at approximately 21 °C for not less than 48 h. The mass of surface-dry specimens is 

determined. The specimens are then subjected to water boiling in a metal container for not less 

than 5 h, followed by cooling for not less than 14 h to a final temperature of 20 to 25 °C. The 

mass of surface-dry specimens after boiling and the mass in water of specimens are recorded. 

The volume of permeable voids (%) is calculated as: 

(𝐶 − 𝐴)/(𝐶 − 𝐷) × 100 

where: 

A = mass of oven-dried sample in air, g 

C = mass of surface-dry sample in air after immersion and boiling, g 

D = apparent mass of sample in water after immersion and boiling, g 
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6. 5. Results and Discussions 

6.5.1. Compressive Strength 

Figure 6-1 shows the compressive strength of control specimens and specimens with 

different GNP types fabricated with different dispersion agents at different GNP concentrations. 

The standard deviation of each batch is lower than 5%, indicating that the dispersion process is 

effective and the GNPs are evenly dispersed in specimens. The addition of M25 GNPs or C300 

GNPs significantly improves the compressive strength. This enhancement in compressive 

strength could be attributed to the following reasons: firstly, the GNPs with its relatively large 

surface area provides a nucleation site and enables production of more hydration products; 

secondly, GNPs can fill in pores and refine the cement matrix, leading to a more compacted 

structure; lastly, GNPs bridges the cracks, preventing and delaying formation of microcracks  

[55,70,141].   

For both GNP types, a decrease in compressive strength is observed with the increasing 

GNP concentrations. The higher concentration of GNPs may cause the increasing number of 

agglomerations, resulting in reduction of interfacial bond between GNPs and hydration products 

[88]. Besides, the use of surfactants may increase the amount of entrapped air in matrix [179]. 

Though TBP is used to eliminate the entrapped air, the amount of TBP might not be sufficient 

for high concentration of surfactants.  

For the specimens with the M25 GNPs, the compressive strength increases by a minimum 

of 25% and a maximum of 36%. All specimens produce similar strength except FM01 with a 

slightly lower compressive strength. For the C300 GNPs, the largest increase in compressive 

strength is 32% when SDBS is served as dispersion agent with 0.05% GNPs, while the lowest 

increase is 17% with hybrid dispersion agents with 0.1% GNPs. Overall, the M25 GNPs are 

observed to be more effective than C300 GNPs in improving the compressive strength of the 

GNP-reinforced mortar. Note that surfactants can be absorbed on the surface of the GNPs, 

repelling the GNPs by surrounding the particles with negative charges [149]. Thus, particles with 

larger surface area might need more surfactants to achieve uniform dispersion. Comparing with 

M25, the same amount of dispersion agent might not be sufficient for C300 with larger surface 

area. Besides, the GNPs can retard the crack propagation, transferring the crack tip stress to 
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redistribute the stress. The opening cracks will be bridged and pinned by GNPs until it has been 

pulled out. These effects are stronger when the GNPs has a larger lateral size [126], which can 

also result in less improvement with C300 GNPs which has considerably smaller sheet size.  

 

  

(a) (b) 

Figure 6-1. Compressive strength of GNPs reinforced mortar with different dispersion agents at 

(a) 0.05%; (b) 0.1% GNPs. 

6.5.2. Thermogravimetric Analysis (TGA) 

The Thermogravimetric (TG) curve and first derivative of TG (DTG) curve of all 

specimens are plotted in Figure 6-2. The peaks in DTG curves indicates the weight loss of 

different hydration products due to the thermal decomposition. In particular, the peaks represent 

the decomposition of C-S-H and ettringites, calcium hydroxide, and CaCO3. The number and 

position of peaks do not change much with the incorporation of GNPs, indicating that GNPs did 

not significantly affect the hydration process. 

The CH content and hydration degree are calculated based on the information of TG and 

DTG curves and listed in Table 6-3. The CH content and hydration degree is slightly decreased 

in most of the specimens with the GNP C300, except the specimen with Hybrid surfactants. This 

could be attributed to the flocculation of the GNPs that absorb and trap the surrounding water, 

resulting in less water for the growth of C-S-H [167,180]. The cement particle might be 

surrounded by GNPs particles, leading to the limitation of hydration reaction [181]. 
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Nevertheless, the nucleation effect of GNPs can offset the decrease in hydration products. So, the 

CH content and hydration degree are improved in most specimens with M25 GNPs, implying 

that M25 has stronger nucleation effects than C300. There is no clear trend of CH content and 

hydration degree with increasing concentration of GNPs. A higher GNP concentration means 

more particles, higher chance of flocculation and less free water for hydration reaction, which 

has negative effect on CH content and hydration degree. On the other hand, higher concentration 

also means larger surface area and more nucleation site for growth of hydration products, which 

has the positive effect. These two effects offset. For both types of GNPs, the specimen prepared 

with Hybrid surfactants shows the highest CH content and hydration degree, suggesting that 

Hybrid surfactants work better in the hydration process.  

In general, the improvements in CH content and hydration degree compared to the 

control specimen are not considerable for M25 GNPs. These results suggest the nano-filler effect 

and crack pinning and bridging effects of GNPs might have more important role than its 

nucleation effect. 

 

  

(a) (b) 
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(c) (d) 

Figure 6-2. TG and DTG curves of GNPs reinforced mortar of different dispersion agents 

with (a) 0.05% C300; (b) 0.1% C300; (c) 0.05% M25; and (d) 0.1% M25. 

 

Table 6-3. Hydration degree and CH content 

Specimens Hydration degree (%) CH content (%) 

0.05% GNPs 0.1% GNPs 0.05% GNPs 0.1% GNPs 

Control 51.99 14.57 

SDBS-C 47.91 48.52 13.13 13.83 

F127-C 49.01 53.07 14.16 13.91 

Hybrid-C 54.46 48.64 15.77 15.56 

SDBS-M 49.71 54.12 14.61 15.97 

F127-M 53.31 52.00 14.94 15.73 

Hybrid-M 54.36 54.11 15.97 16.55 

 

6.5.3. Permeable Porosity 

The permeable pore content is presented in Figure 6-3. A noticeable reduction in 

permeable porosity can be observed, which can be mainly attributed to the refinement of pore 

diameter and enhancement of compactness of cementitious composite [141]. Impermeable GNPs 

particles can fill into pores to decrease the permeable porosity. The nucleation effect of GNPs 

can promote cement hydration, leading to a more homogenous microstructure.  
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For both types of GNPs, the increase in concentration lightly increases the permeable 

porosity. This might be due to the more dosage of surfactants used. The use of surfactants 

induces the increase in entrapped air in matrix. In specimens with the C300 GNPs, the one 

prepared with SDBS exhibits the largest enhancement, while the one with F127 shows the least 

improvement. Note that specimens with the C300 GNPs shows slightly less CH content and 

hydration degree in TGA results, which indicating that the nano-filling effects governs in here. 

With the relatively low density, the volume of the C300 GNPs is larger than the M25 GNPs. 

Thus, the C300 GNPs can fill in more voids and decrease the porosity. As for the M25 GNPs, the 

specimens prepared with Hybrid surfactants presents the lowest porosity. This can be attribute to 

the nucleation effect as the highest hydration degree and CH content shown in TGA results. It 

seems that SDBS well-disperse the GNPs in matrix, followed by the Hybrid and F127.  

 

  

(a) (b) 

Figure 6-3. Permeable voids of GNPs reinforced mortar with different dispersion agents at (a) 

0.05%; (b) 0.1% GNPs. 

 

6.5.4. Sorptivity 

Figure 6-4 shows the sorptivity results of GNP-cementitious composites fabricated with 

different dispersion agents. It is obvious that addition of GNP reduces the sorptivity. The 

sorptivity is directly proportional to the volume of capillary pore in specimens [182]. As 

discussed above, GNPs somewhat accelerate the cement hydration process and densify the 
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microstructure of mixtures. The transportation properties of cementitious composites is also 

greatly influenced by critical pore size [183]. GNPs can fill in the pores and divide the coarse 

pores into finer pores, decreasing the critical pore size and also the sorptivity [117,126]. Besides, 

the impermeable GNPs filling in the pores inside will form extensive barriers, which will create 

more tortuous path for the ingress of water [117,149].  

Comparing with M25 GNPs, C300 GNPs have more improvement in sorptivity. This 

might be attributed to the better nano-filling effect of C300 GNPs. There is no clear trend in the 

change of sorptivity with increasing dosage of GNPs. As discussed above, the permeable 

porosity is slightly decrease with more GNPs. However, more tortuous path will be created with 

the incorporation of more GNPs particles. These two opposite effects offset.  

 

  

(a) (b) 

Figure 6-4. Sorptivity of GNPs reinforced mortar with different dispersion agents at (a) 0.05%; 

(b) 0.1% GNPs. 

 

6.5.5. Scanning Electron Microscopy (SEM) 

The microstructure of 0.05% GNP-reinforced mortar is further investigated by the SEM 

images in Figure 6-5 to 6-7. In SEM images, the regular and compact structure is mainly C-S-H 

phase. Ettringite is needle-like crystals, and Ca(OH)2 crystals are plate-like crystals [184]. The 

disorderly needle-like ettringite and plate-like calcium hydroxide can be observed in control 
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specimen. With the addition of GNPs, the needle-like crystals are hardly seen in the SEM 

images. The structure of GNP-reinforce mortar looks more compact. Though the CH content and 

hydration degree is not considerably enhanced, the calcium hydroxide crystal density is 

increased, and the structure is refined. This could be attributed to the nucleation effect. GNPs 

provide the nucleation site for the growth of C-S-H on its surface. A few CH crystals disperse in 

these C-S-H, forming a compact core-shell element. These core-shell elements distribute in the 

hydration products, leading to a refine and compact structure [126]. Due to the low concentration 

and small diameter of the C300 GNPs, it is hard to distinguish GNPs particles in the SEM 

images. But in other word, there is no GNP agglomerations shown in images. As shown in 

Figure 6-7 (a), GNPs are pinned in the crystals, indicating the bridge effect of GNPs.  

 

Figure 6-5. SEM of Control specimen 
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(a) 

 

(b) 

 

(c) 

Figure 6-6. SEM of specimens with GNP C300 prepared with (a) SDBS; (b) F127; and (c) 

Hybrid. 
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(a) 

 

(b) 

 

(c) 

Figure 6-7. SEM of specimens with GNP M25 prepared with (a) SDBS; (b) F127; and (c) 

Hybrid. 

 

Based on the results discussed above, the reinforcing mechanism of GNPs on 

cementitious composites is illustrated in Figure 6-8. During the hydration process, GNPs with 

large surface area can provide a nucleation site where C-S-H precipitate and grow, leading to a 
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denser structure. The nucleation effect of GNPs will not only promote the hydration reaction, but 

also refine the structure of crystals. GNPs particles can fill into pores and divide coarse pores 

into fine pores, decreasing both the porosity and the critical pore size. The nano-filling effect of 

impermeable GNPs also increase the tortuosity of path for water or other chemicals, influencing 

the transport properties of cementitious composites. GNPs play the bridging effect when the 

cracks tend to propagate, preventing the formation of cracks. GNPs will delay the cracks until it 

has been pulled out.  

C300 GNPs has a relatively larger surface area and a smaller particle size. If it is well-

dispersed, it will have more particles compared to the M25 GNPs. From the results above, it can 

be seen that C300 GNPs are more difficult to be well-dispersed than the M25 GNPs. This could 

be due to the larger surface area which requires more surfactant. The nano-filling effect plays a 

key role in the reinforcement of C300 GNPs as more particles can fill into the pores. The C300 

GNPs with larger surface area absorb the free water onto surface and might surround the 

unhydrated cement, reducing the amount of hydration products. Thus, the nucleation effect is 

offset. As for the M25 GNPs, the nucleation effect and bridge effect are dominant. This could be 

ascribed to the large diameter of the M25 GNPs.  

 

Figure 6-8. Schematic presentation of GNPs reinforcement in cementitious composites.  
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6. 6. Summary 

This chapter explored the effect of different GNP types and different dispersion agents on 

mechanical properties, durability and microstructure of mortar specimens. The M-25 and C-300 

GNPs with different lateral size (25 µm and <2 µm) and specific surface area (120 m2/g and 300 

m2/g) are dispersed with SDBS, Pluronic F127 and hybrid of two surfactants. The compressive 

strength test is conducted to study mechanical properties of the fabricated GNP-cement 

composites, while the sorptivity and permeable porosity tests are conducted to evaluate their 

durability characteristics. In addition, thermogravimetric analysis is conducted to examine the 

effects of GNP addition to hydration process. SEM images are obtained to evaluate the 

microstructure of GNP-reinforced cementitious composites. Based on the findings, the following 

conclusions can be made: 

• The compressive strength is significantly improved with the addition of GNPs. Further 

increasing the concentration of GNPs reduce the enhancement of compressive strength, 

which could be attributed to the insufficient dispersion and the use of high dosage of 

surfactants.  

• The CH content and hydration degree are promoted with the addition of M25 GNPs, 

while they are slightly decreased with C300 GNPs. This could be due to the poor 

absorption of free water and limitation of surrounded unhydrated cement, which offset 

the nucleation effect.  

• The sorptivity and permeable porosity is remarkably improved.  

• The type of surfactants will not influence the dispersion results when they are sufficient 

for dispersing the GNPs. However, SDBS has a better dispersion when they are not 

sufficient.  

• The nano-filling effect plays a key role in reinforcement of C300 GNPs, while nucleation 

effect and bridge effect are dominant for M25 GNPs.  

 

 

  



121 

 

7. LIFE CYCLE IMPACT AND COST OF GRAPHENE-CEMENT 

COMPOSITES 

7. 1. Overview 

Concrete is most widely used material in built environment with the advantages of ease 

of casting into shape and low cost. However, concrete production causes significant global 

carbon dioxide emissions, leading to various environmental and social impacts.  This study 

explores the environment impact of GNP-reinforced mortar by means of Life Cycle Impact 

Assessment (LCIA) and Life Cycle Cost Analysis (LCCA). The system boundary of this study is 

selected to be “cradle to gate”, i.e., from the extraction of raw materials up to construction site of 

GNP reinforced mortar. The analyses shows that the production of 1 m3 mortar normalized to 

compressive strength reduce the environment impact by 25% with addition of GNPs. The CO2 

emission of 0.05% GNPs, which is only 0.047 kg CO2 eq, is neglectable comparing with cement. 

The sensitivity analysis shows that cement is the most sensitive ingredient from the 

environmental perspective. The addition of GNPs in cementitious composites can reduce the 

environment impact of cement-based composites by improving their mechanical properties and 

reducing the amount of cement used.  

7. 2. Goal and Scope 

The goal of this study is to evaluate the environmental impacts of GNP-reinforced 

concrete materials by means of a Life Cycle Assessment (LCA). In particular, three GNP-

reinforced mortar composites with the addition of GNPs at 0%, 0.05 and 0.1% are evaluated. For 

the dispersion of GNPs, the hybrid use of SDBS and Pluronic F-127 is considered based on the 

findings of studies discussed in Chapters 5 and 6. The detailed mix design is presented in Table 

7-1.  
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Table 7-1. Mix design and compressive strength of Control, GNP005 and GNP01 mortar 

Materials Unit Mixtures 

Control GNP005 GNP01 

Cement kg 504.22 503.39 503.09 

Sand kg 1386.59 1384.31 1383.5 

Water kg 307.1 306.51 306.33 

GNP kg -- 0.25 0.5 

SDBS kg --  0.5 

F127 kg -- 0.50 0.5 

SP kg 10.08 10.07 10.06 

TBP kg -- 1.01 1.01 

Compressive Strength MPa 28.98 39.49 39.35 

 

7. 3. Functional Unit and System Boundary 

The functional unit is selected as 1 m3 of GNP reinforced mortar. The environmental 

assessment of this functional unit is normalized to the compressive strength.  

The system boundary of this study is from “cradle to gate”, i.e., from the extraction of 

raw materials up to construction site of GNP reinforce mortar, as shown in Figure 7-1. The 

production and use of mixer is excluded as it is used in all cases. So, it has the same impacts on 

environment and can be eliminated from the system. The use phase and the end-of-life 

demolition are not included.  
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Figure 7-1. System boundary. 

 

7. 4. Data Collection 

In this study, the data is primarily obtained from scientific literature and Ecoinvent 3.0. 

Due to the lack of data from the manufacturer, the following assumptions have been made: 

• GNPs are produced by liquid exfoliation method from graphite and chemical agent. The 

life cycle inventory (LCI) of materials, emission and energy consumption of GNP 

production is based on the experimental results of liquid exfoliation of graphene study by 

the author.  

• The material composition of high shear mixer and ultrasonicator is assumed to be the 

same as the construction robot [185] and proportional by weight. The service life of high 

shear mixer and ultrasonicator is 10 years, with an assuming running time of 45000 h.  

• The LCI of superplasticizer is obtained from scientific literature [186]. 

•  The production of Pluronic F127 and TBP is not available in Ecoinvent database. Thus, 

the ratio of each ingredient to synthesize the product is applied to estimate the LCI [187]. 
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7.4.1. GNP production 

Graphite powders and exfoliating liquid which consists of water and chemicals are mixed 

by a high shear mixer. The shear mixing process is maintained at 5000 rpm for 2 hours. After 

shear mixing, the suspension is simply poured into another beaker to discard the unexfoliated 

graphite. The detail of graphite powders and exfoliating liquid is presented in Table 7-2.  

Table 7-2. Summary of input materials and final concentrations 

Input materials Output product 

Graphite (kg) Chemicals (kg) Deionized water (kg) GNPs (kg) 

1 0.2 25 0.16 

 

The production rate is around 16%. The unexfoliated graphite and the sodium cholate can 

be used to produce GNPs. Thus, to exfoliate 1 kg GNPs, 6.25 cycles of exfoliation process is 

needed, i.e., 12.5 hours of operation.  

The high shear mixer is electrically powered by lithium-ion batteries with a capacity of 

0.5 kWh. So, the energy consumption during the process is: 

𝐸 = 0.5 × 12.5 = 6.25 𝑘𝑊ℎ 

The service life of higher shear mixer is 45000 h. The unit of high shear mixer for the 

process is: 

𝑈𝐻𝑆𝑀 =
12.5

45000
= 2.78 × 10−4 

The detailed life cycle inventory of GNPs production is listed in Table 7-3.  

Table 7-3. Life cycle inventory of GNPs (1 kg) 

Flow Unit Amount 

Graphite, at plant kg 1 

Chemicals kg 0.25 

Water, deionized, at plant kg 25 

High shear mixer Item 2.78 × 10−4 

Electricity, medium voltage, at grid kWh 6.25 
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7.4.2.  GNP-reinforced Mortar 

To fabricate 1 m3 GNP-reinforced mortar, GNPs are first dispersed into water with the 

aid of surfactant by ultrasonicator for 1 h. The ultrasonicator is electrically powered by lithium-

ion batteries with a capacity of 0.75 kWh. So, the energy consumption during the process is: 

𝐸 = 0.75 × 1 = 0.75 𝑘𝑊ℎ 

The service life of higher shear mixer is 45000 h. The unit of high shear mixer for the 

process is: 

𝑈𝐻𝑆𝑀 =
1

45000
= 2.72 × 10−5 

The life cycle inventory of Control, GNP005 and GNP01 is presented in Table 7-4, 7-5 

and 7-6, respectively.  

Table 7-4. Life cycle inventory of Control mortar (1 m3) 

Flow Unit Amount 

Portland cement, strength class Z 42.5, at plant kg 504.22 

Silica sand, at plant kg 1386.59 

Superplasticizer kg 10.08 

Tap water, at user kg 307.01 

 

Table 7-5. Life cycle inventory of GNP005 mortar (1 m3) 

Flow Unit Amount 

Portland cement, strength class Z 42.5, at plant kg 503.39 

Silica sand, at plant kg 1384.31 

Superplasticizer kg 10.07 

Tap water, at user kg 306.5 

GNPs kg 0.25 

Pluronic F127 kg 0.50 

TBP kg 1.01 

Ultrasonicator Item 2.72 × 10−5 
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Electricity, medium voltage, at grid kWh 0.75 

 

Table 7-6. Life cycle inventory of GNP01 mortar (1 m3) 

Flow Unit Amount 

Portland cement, strength class Z 42.5, at plant kg 503.09 

Silica sand, at plant kg 1383.50 

Superplasticizer kg 10.06 

Tap water, at user kg 306.33 

GNPs kg 0.50 

Pluronic F127 kg 0.50 

Alkylbenzene sulfonate, linear, petrochemical, at plant kg 0.50 

TBP kg 1.01 

Ultrasonicator Item 2.72 × 10−5 

Electricity, medium voltage, at grid kWh 0.75 

 

7.4.3. Cost 

The unit price of each ingredient is listed in Table 7-7.  

Table 7-7. Unit price of ingredient 

Materials Unit Price 

Portland cement $/ton 125 

Silica sand $/ton 100 

Superplasticizer $/kg 0.55 

Water $/ton 0.4 

GNPs $/kg 65 

Pluronic F127 $/kg 2.75 

SDBS $/kg 1 

TBP $/kg 1.56 

Ultrasonicator $/item 5113 

Electricity, medium voltage, at grid $/kWh 0.1375 
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7. 5. Life Cycle Impact Assessment (LCIA) Method 

The LCIA is performed on the software openLCA. The method ReCipe Midpoint (H), 

which is commonly used in studying the impact of concrete, is used. The ReCipe Midpoint (H) 

evaluates the balance between short-term and long-term damaging effects, with an advantage of 

a lower uncertainty in environmental evaluations [188]. Comparing with other methods, ReCipe 

Midpoint contains more human related categories and also fine particle category, which are 

important in concrete production. Table 7-8 listed the selected Recipe Midpoint impact 

categories.  

Table 7-8. Selected Recipe Midpoint impact categories 

Impact category Reference unit 

Global warming kg CO2 eq 

Ozone formation kg NOx eq 

Human toxicity kg 1,4-DCB 

Terrestrial acidification kg SO2 eq 

Terrestrial ecotoxicity kg 1,4-DCB 

Fine particulate matter formation kg PM2.5 eq 

Fossil resource scarcity kg oil eq 

Freshwater ecotoxicity kg 1,4-DCB 

Freshwater eutrophication kg P eq 

 

7. 6. LCIA and Interpretation 

7.6.1. GNP Production 

Figure 7-2 graphically depicts the relative contribution of raw materials, equipment and 

electricity use to the overall environment impact of synthesize 1 kg GNPs. It is apparent that the 

greatest effect comes from the electricity consumption during the exfoliation process. This could 

be attributed to the relative low production rate, which requires more cycles of exfoliation 

process and high electricity consumption. Although the relative impact of chemicals is the 

second highest, it remains low comparing with the one of electricity consumption. Chemicals are 

used to keep the exfoliated graphene sheets stable in solution, preventing the re-agglomeration 
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[121,189]. Thus, more GNPs can be synthesized during the process. The fabrication of high 

shear mixer is comparatively low in all indicators except the freshwater ecotoxicity, which might 

be due to the use of lithium batteries. The relative impact of water is negligible. 

The environment impact of GNPs production can be reduced by decreasing the electricity 

consumption. Note that, the high shear mixer used in this study is a lab-scale equipment. In 

industry manufacturing, the equipment with high efficiency will be used, improving the 

production rate and reducing the electricity use. Besides, more chemicals can be utilized to 

enhance the productivity. In other word, more factors with low environment impacts can be used 

to reduce the electricity consumption. In addition, renewable energy, such as solar and wind, can 

be used to generate the required electricity [190].  

 

Figure 7-2. Relative contribution to the total environment impact of production of 1 kg of GNPs. 

 

7.6.2. GNP-reinforced Mortar 

The life cycle cost analysis result is presented in Figure 7-3. It can be seen that the 

greatest cost comes from the sand, followed by cement and GNPs. Although the unit price of 

GNPs is tremendously higher than the one of cement and sand, the total price drops off due to 
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the low dosage used in the mixture. Besides, with the addition of low dosage of GNPs, the 

compressive strength is improved by approximately 35%. Thus, the cost of fabricating 1 m3 

GNP005 and GNP01 mortar can reduce the cost by 19.8% and 13.6%, respectively.  

 

Figure 7-3. Cost of 1m3 Control, GNP005 and GNP01 normalized to compressive strength. 

 

Figure 7-4 compares the normalized Recipe Midpoint indicator of three mixtures. It can 

be seen that GNP005 and GNP01 significantly reduce the environment impact by approximately 

25% except the indicator of freshwater eutrophication. This means that GNPs can improving the 

environment impact of concrete materials by pronounced enhancement in compressive strength, 

though GNPs are served as additions rather than as replacements. GNP005 is 99.82% in 

freshwater eutrophication, while GNP01 is 102. 68%. This should be mainly attributed to the use 

of TBP and surfactants. GNP005 and GNP01 produce the similar compressive strength. But 

more surfactants are needed in GNP01 as more GNPs are used in this mixture, which also 

appears in the rest indicators. Comparing with GNP005, GNP01 results in a slightly higher 

environment impact, which should be due to the more GNPs and surfactants used in the mixture.  
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Figure 7-4. Comparison of environmental impacts of 1m3 Control, GNP005 and GNP01 

normalized to compressive strength. 

 

Figure 7-5 presents the results of comparation of Global Warming Potential (GWP) 

associated with three different mixtures with the relative contribution of ingredients in mixtures. 

The electricity consumption and the use of ultrasonication for GNPs dispersion are included in 

the ingredient GNP. The CO2 emission is reduced by 25.5% and 25% with the addition of 0.05% 

and 0.1% GNPs. As discussed above, this should be attributed to the enhancement in 

compressive strength. It is evident that cement is the major source of CO2 emission, followed by 

sand in all mixtures. The CO2 emission of GNPs, which is only 0.047 kg CO2 eq and 0.079 kg 

CO2 eq for GNP005 and GNP01, are neglectable comparing with other ingredients. Comparing 

with other admixture, superplasticizer produces a relative high CO2 emission, which should be 

due to the higher dosage of superplasticizer applied.  
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Figure 7-5. Relative contribution of ingredients in mixtures to climate change impact.  

 

To evaluate the variability of CO2 emission depending on different types of ingredients, 

the sensitivity analysis is processed by ± 10% of mass of each ingredient. The results of three 

different mixtures are shown in Figure 7-6. Cement is obviously the most sensitive ingredient 

due to the large amount of usage, following by sand, SP. Recall that, the results of 1 m3 mixture 

is normalized with the compressive strength. This means that with the similar mixture design, the 

higher compressive strength leads to lower environment impact. The addition of GNPs with 

remarkably improvement in compressive strength can help to decrease the amount of cement in 

the mixture. Thus, the environment impact can be reduced. Despite of GNPs, superplasticizer is 

commonly used to increase the workability and reduce the water-to-cement ratio, leading to an 

improved strength with same amount of cement. This can also reduce the environment impact. 

Silica fume and fly ash, which is considered as industrial wastes with low environment impact, 

can also be used to partially replace the cement.  
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(a) 

  

(b) (c) 

Figure 7-6. Senstitivity analysis of 1m3 (a) Control; (b) GNP005; and (c) GNP01.  

 

 

7. 7. Summary  

In this study, the environmental impact of the lab-scale production of GNPs and three 

cases of GNP-reinforced mortar is evaluated by means of Life Cycle Impact Assessment (LCIA) 

and Life Cycle Cost Analysis (LCCA). The functional unit is 1 m3 mortar normalized to the 

compressive strength. The system boundary is from “cradle to gate”. The following findings can 

be concluded: 
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• The greatest effect of environmental impact of lab-scale GNPs production comes from 

the electricity consumption. This could be attributed to the low production rate. The 

environment impact can be reduced by using chemicals and suitable equipment to 

increase the productivity and using renewable energy.  

• The cost of GNP-reinforced mortar is lower than the control specimen, indicating that the 

addition of GNPs will not increase the cost.  

• The addition of GNPs can reduce the environment impact of cementitious composites by 

25%.   

• The CO2 emission is reduced by 25.5% and 25% with the addition of 0.05% and 0.1% 

GNPs. Cement is the major source of CO2 emission in cementitious composites. The CO2 

emission of GNPs, which is only 0.047 kg CO2 eq and 0.079 kg CO2 eq for GNP005 and 

GNP01, are neglectable comparing with other ingredients, especially cement. 

• The sensitivity analysis shows that cement is most sensitive ingredient. Thus, the use of 

GNP and supplementary cementitious materials with low environment impact should be 

used to either increase the mechanical properties or partially replace the cement.  

• GNPs can improve both mechanical properties and transport properties of cementitious 

composites. Thus, the service life of cementitious composites will be extended, further 

reducing the environment impact.  
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8. CONCLUSIONS 

8. 1. Summary 

Graphene and its derivatives possess the unique potential to make concrete materials 

stronger and greener. As 2D nanomaterials with remarkable properties, they offer considerable 

enhancement in mechanical and transport properties and can enable functional properties when 

they are used as nano fillers in cement composites. Although graphene oxide (GO) has been 

more commonly studied in cement composites, as they have better dispersibility in water, the 

oxidization process introduces structural defects to graphene. Therefore, pristine graphene, rather 

than GO, shows more promise for the development of advanced cementitious materials and 

structures with high mechanical properties and durability. However, there are several challenges 

for the incorporation of graphene into cement matrices. The efficient dispersion of graphene 

within cement matrices is challenging, as the high surface energy and hydrophobic nature of 

graphene gives it a tendency to agglomerate in aqueous media.  

 This dissertation explores the use of graphene nanoplatelets (GNPs) in cement-based 

composites with an emphasis on determining optimal dispersion parameters and assessing the 

effects of GNPs on mechanical and durability performance. 

 In Chapter 3, the effects of different GNP dispersion methods on the dispersion quality 

and structural integrity of GNPs are studied. Then, the influences of GNP concentration and 

dispersion method on the mechanical properties of the concrete mixtures are investigated. The 

optical microscopy, Raman Spectra, and Scanning Electron Microscopy tests are used to assess 

the effectiveness of different dispersion methods. The compressive strength and flexural strength 

tests are conducted to evaluate the mechanical properties of the developed GNP-reinforced 

concrete composites. 

In Chapter 4, the effects of the addition of GNPs on the tensile behavior of cementitious 

composites through direct tensile testing and use of AE monitoring are investigated. The mortar 

composites with GNP concentration levels of 0, 0.1, 0.2, 0.3, 0.4 and 0.5 wt.% of cement are 

prepared and tested under tension up to failure. The relation between GNPs and the 
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microstructure and fracture modes is also explored through AE parameter analysis and Ib-value 

analysis. 

In Chapter 5, the optimal parameters for the dispersion of GNPs are explored using 

TOPSIS-based and PCA-based Taguchi method. The effects of sonication parameters (time and 

amplitude), sample volume, surfactant type, surfactant/GNPs ratio, GNPs concentration are 

investigated. Seven performance criteria, which are the average particle size, the absolute value 

of zeta potential, UV-vis absorbency in aqueous and alkaline environments, the absolute value of 

zeta potential in alkaline environment, the residual absorbance after 24 h in aqueous and alkaline 

environments are used to characterize the dispersion quality of GNPs. The relative importance of 

each parameter is assessed by ANOVA. 

In Chapter 6, the effects of GNP addition on the microstructure, mechanical properties, 

and durability of cement composites are studied. Two types of GNPs with different lateral size 

(<2 µm and 25 µm) and specific surface area (300 m2/g and 120 m2/g) are used in this study. Two 

GNPs concentration of 0.05% and 0.1% by weight of the cement are used. In order to study the 

effect of dispersion agents, SDBS and Pluronic F127 are utilized to disperse and stabilize GNP 

particles in aqueous solution. Compressive strength test is conducted to assess the mechanical 

properties, while sorptivity test and permeable porosity test are carried out to evaluate the 

durability. In order to explore the effect of GNPs on hydration process and microstructure of 

cement mortar, thermalgravimetric analysis and SEM are conducted.  

In Chapter 7, the environmental impact of the lab-scale production of GNPs and three 

cases of GNP-reinforced mortar by means of Life Cycle Impact Assessment (LCIA) and Life 

Cycle Cost Analysis (LCCA) are compared. The functional unit is selected as 1 m3 mortar 

normalized to the compressive strength. The system boundary is set to be from cradle-to-gate. 

8. 2. Findings and Recommendations 

Major findings obtained in this research can be summarized as follows:  

• For concrete composites with coarse aggregates, the effectiveness of GNPs in improving 

the mechanical properties is found to be limited. When the GNPs are added to the 

concrete mixture at a dosage of 0.025%, a maximum increase of 17% in compressive 
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strength is observed. The compressive strength of concrete is improved at low dosages of 

GNPs (0.025% and 0.05%) as GNPs can eliminate the weak cement hydration crystals 

with tight cross-linking structures. However, higher ratios of GNPs result in a decrease in 

the compressive strength, which might be attributed to the weak zone in the concrete 

matrix created by agglomeration of GNPs. GNPs at any concentration considered in this 

study do not have a significant influence on the flexural strength. This could be attributed 

to small size and aspect ratio of graphene sheets obtained in this study after dispersion in 

water. 

• For mortar composites, the addition of GNPs increased the tensile strength of 

cementitious composite. With the addition of GNPs at a concentration level of 0.1 wt.%, 

a maximum of 48% increase in tensile strength is achieved compared to plain mortar. The 

addition of GNPs improved the tensile behavior of cementitious composite by crack 

bridging to impede crack propagation at initial stages, and absorb energy by deforming to 

slow cracks, while at failure the GNPs are pulled-out. 

• For the surfactant-aided sonication dispersion, the energy density, which is calculated as 

amplitude × time /volume, is found to be the major factor that greatly influence the 

dispersion of GNPs based on PCA and ANOVA results. Five different surfactants are 

considered for the dispersion provide similar dispersion performance. Nevertheless, the 

SDBS (an ionic surfactant) and Pluronic F-127 (a non-ionic surfactant) are found to be 

better than the other three surfactants.    

• For mortar composites, the compressive strength, sorptivity, and permeable porosity are 

considerably improved with the addition of GNPs. In particular, a maximum of 36% 

increase in compressive strength is observed when the GNPs are added to the mortar 

composites. The hybrid use of SDBS or Pluronic F-127 for the dispersion of GNPs is 

provided the highest improvement. In addition, more than 50% reduction in permeable 

porosity is observed, which can be mainly attributed to the refinement of pore diameter 

and enhancement of compactness of cementitious composites. The sorptivity, which is 

directly proportional to the volume of capillary pores, is also reduced by 79%. 
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• The nano-filling effect plays a key role in reinforcement of GNPs with smaller particle 

size but larger surface area, while nucleation effect and bridge effect are dominant for 

GNPs with larger particle size.  

• The addition of GNPs can significantly reduce the environment impact of cementitious 

composites by 25%.   

The results obtained in this study indicates that graphene-based nanomaterials can 

enhance the mechanical and durability performance of cement-based composites, while reducing 

their adverse environmental impacts. However, there are still several challenges for the 

incorporation of graphene into cement matrices and more research is needed to implement 

widespread use of graphene in the construction industry. First, the mechanical properties of 

concrete composites, which includes coarse aggregates, are not considerably improved with the 

GNP addition in this study, while the GNPs considerably enhances the performance of mortar 

composites. Future studies are needed to develop a dispersion approach that can lead to 

consistent and higher improvements in mechanical properties of concrete composites. 

Furthermore, as the experimental work within in Chapter 6 displays, graphene’s physical 

properties, such as thickness and surface area, have a significant effect on its reinforcing effects 

in cement. A more complete understanding of these factors needs to be obtained, to fabricate 

commercial graphene-based cementitious materials. 

Another important long-term consideration is the environmental sustainability of 

widespread use and production of graphene-based nanomaterials. While self-sensing 

cementitious composites are expected to help relieve some environmental burdens in cities, 

through a potential reduction in the amount of concrete needed to achieve the same strength, the 

effects of the production and distribution of the graphene itself warrant more research. 

Furthermore, other sustainability impacts are still relatively unknown, such as potential human 

health effects. Such factors will need to be considered to ensure a sustainable and safe 

incorporation of graphene into civil structures.   
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