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ABSTRACT 
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This thesis investigates the use of nanotechnology in an extensive literature search in the 

field of cement and concrete. A summary is presented. The research was divided into two 

categories: (1) nanoparticles and (2) nanofibers and nanotubes. The successes and 

challenges of each category is documented in this thesis. The data from the literature 

search is taken and analyzed using statistical prediction by the use of the Monte Carlo 

and Bayesian methods. It shows how statistical prediction can be used to analyze patterns 

and trends and also discover optimal additive dosages for concrete mixes. 
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CHAPTER 1: 

 

INTRODUCTION 

 

1.1 Background 

 

Nanotechnology can be defined as the science and engineering of examining, 

monitoring, and modifying the behavior and performance of materials at the nanoscale. It 

is the process of creating a material or device with building blocks at the atomic and 

molecular scale (Khan 2011). Nanotechnology is therefore an area of research and 

technology development aimed at both understanding and controlling matter at the 

molecular level and thereby affecting the bulk properties of the material (Grove 2010). 

But how does nanotechnology relate to the field of Civil Engineering? 

Nanotechnology covers a wide area and covers many disciplines motivating collaboration 

among engineers, scientists, innovators, and researchers in sustainable development. 

Research centers, consortiums, committees, and task forces dealing with nanotechnology 

are emerging worldwide, reflecting the interest of individuals, organizations, and 

governments (Khan 2011). Recent developments in visualization and measurement 

systems for characterizing and testing materials at the nanoscale have led to an explosion 
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in nanotechnology-based materials in areas such as polymers, plastics, electronics, car 

manufacturing, and medicine (Birgisson 2010). These developments have begun to 

emerge in civil engineering by using nanotechnology to improve the properties of cement 

and concrete. Cement and concrete as we know it today, has been in use for hundreds of 

years, but many cement and concrete property challenges still aggravate practitioners 

today. Until now, one would start with a material, like cement and concrete, and look for 

possible uses. But with nanotechnology, one can develop the material specifically for an 

intended use. Engineers can define the end product that is desired and then design the 

material that is best suited to provide such a product (Birgisson 2006). Any type of 

material—metal, concrete, ceramic, polymer, semiconductor, glass, or composite—can 

be created from nanoscale building blocks, known as nanotubes, nanolayers, 

nanoparticles, or clusters (Nanotechnology 2010). This process would start by 

manipulating atoms and molecules in a controlled and calculated manner to end with real 

application materials and devices that have exceptionally superior properties (Khan 

2011). Thus, the basic concepts behind nanomodification of materials is that of ‘bottom-

up’ engineering, starting with engineering modifications to the molecular structure with 

the aim of affecting the bulk properties of the material. This concept can be used to 

develop concrete from the ‘bottom-up’ to develop a new generation of concrete and 

cement materials. The sheer volume of concrete produced worldwide, 2.31 million metric 

tons  of cement in 2005 according to the Portland Cement Association (North American 

2007), means that attention must focus on making the material more sustainable to 

impose a lower burden on the environment. To meet current needs and provide long-term 
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improvements, concrete must meet and exceed expectations. More than 25% of the 

bridges in the United States are functionally obsolete or structurally deficient and need to 

be widened, replaced, or repaired (Deficient 2007). Improvements to concrete technology 

are needed now, and nanotechnology is a promising tool to accomplish this task. The 

introduction of nanotechnology to engineer concrete with superior properties promises to 

deliver vast economies of scale through optimization of material behavior and 

performance needed to improve mechanical performance, volume change properties, 

durability, sustainability, and reduce calcination and carbon dioxide (Birgisson 2010). 

 There are many benefits to incorporating nanotechnology into concrete and 

cement. Nanotechnology offers researchers the means to enhance the manufacture of 

cement, improve the properties of concrete, and revolutionize the ability to monitor 

performance (Grove 2010). One of the proposed benefits of nanotechnology to concrete 

and cement is the ability to use marginal and recycled materials. It is believed that 

nanotechnology will be able to provide systems to coat or modify problem systems so 

that they become usable (Taylor 2007). If processes could be developed that would 

modify the adverse properties of marginal aggregates, many sources currently not 

allowed for some concrete uses could become acceptable making concrete construction 

more economical (Munoz 2009). Another proposed benefit to concrete and cement is its 

ability to prevent cracks and reduce shrinkage. It is likely that nanotechnology will be 

able to offer tools to modify the shrinkage of hydrated cement systems (Birgisson 2010), 

reduce or even eliminate the number of joints required, minimize curling by reducing 

concrete’s change in volume from temperature changes, minimize warping by reducing 
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the change in volume from loss of moisture (Grove 2010). The third proposed benefit of 

concrete and cement is that it has the potential to reduce permeability. Nanotechnology 

could greatly increase the life of concrete pavements or structures if a method could be 

developed to make concrete approach the point of being impermeable (Grove 2010). The 

use of nanotechnology-based tools and nanomaterial’s to monitor and modify the 

permeability of a given concrete system will immediately lead to longer-lasting concrete 

structures (Birgisson 2010). Nanotechnology can also improve the hardened properties of 

concrete to improve its compressive strength. The use of nanotubes to increase the 

compressive strength of concrete offers much promise (Metaxa 2009). The compressive 

strength can also be increased by using nanotechnology to improve the aggregate paste 

bond (Grove 2010). Concrete is typically develops significant compressive strength, 

however, the tensile strength of concrete is only a fraction of that value. Work is also 

being done to increase the tensile strength of concrete (Li 2009). If nanotechnology can 

be used to improve the weak tensile strength of concrete, both structures and pavements 

would possess increased ability to withstand dynamic loadings and thereby prolong 

useful life. With the ability to affect the properties of concrete at the nanoscale, correcting 

problematic areas in the makeup of a concrete structure will lead to increases in many of 

the hardened properties of concrete. 

 Nanotechnology also has the ability to improve the use of concrete outside of its 

mechanical properties. One way nanotechnology will be able to do this is through 

improving construction processes. It will be able to help ease the construction process, 

which will help reduce construction related problems by producing more uniform 
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concrete products. New batching methods and improvements in the ability to monitor 

variability in the constituent materials will improve this process and will result in better 

concrete and concrete structures (Grove 2010). Nanotechnology will also be able to 

environmentally impact the concrete process by reducing the amount of carbon dioxide 

(CO2) loading on the environment. The cement-producing process involves the 

production of a great deal of CO2 as a byproduct (Grove 2010). And as a significant 

producer of CO2, the cement industry is under considerable pressure to reduce the amount 

of CO2 it releases to the atmosphere. CO2 is now a global problem affecting many 

industries, making the reduction of CO2 one of many researchers’ highest priorities 

(Birgisson 2010). Nanotechnology also has the ability to improve the curing process of 

concrete. A majority of practitioners do not properly cure concrete structures because of 

construction schedules or simple lack of knowledge. Nanotechnology could be able to 

provide a means to supply moisture for hydration from internal rather than external 

sources, and then the use of concrete for construction will be significantly simplified 

(Birgisson 2010). Nanotechnology’s ability to increase the life of pavements and 

structures is another benefit. Material-related deterioration mechanisms occur with some 

of the basic materials of the clinker and the hydration process. The adverse effects occur 

when they combine with other materials to form expansive products. A means to control 

or eliminate these reactions with other materials at the nanolevel could be developed 

(Grove 2010). The last benefit listed here is the beneficial impact nanotechnology can 

have economically. It is estimated that an annual savings of $7 billion worldwide can be 

achieved by incorporating nanotechnology in concrete. In 1992, it was estimated that 
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replacing the deteriorating built environment in the United States would cost $20.6 

trillion (Birgisson 2010). Mitigation of this need in new construction by preventing 

premature failures would therefore be on the order of several billion dollars per annum. 

The value of pursuing this work is clearly justified from an economic viewpoint. 

 It has been seen that nanotechnology can improve the properties of concrete but 

the potential impact that nanotechnology will have in the field of Civil Engineering has a 

much broader scope. Many experts agree that the potential impact of nanotechnology on 

society can be compared to that of the Industrial Revolution (National 2007). In practice, 

the introduction of nanotechnology represents a revolution that allows for the 

development of high-performance and long-lasting products and processes within an 

ideal context of sustainable development (Birgisson 2010). Nanotechnology can 

contribute to sustainability by its ability to reduce the use of raw materials and energy, to 

be more efficient with resources, and to look at extending the life of roads and bridges. 

Nanotechnology can also improve the life-cycle assessment by helping transportation 

structures and pavements reduce their footprint. Also, nanotechnology offers the ability 

to create new materials by using carbon as ‘building blocks’ (Khan 2011). The 

development of nanotechnology is incredibly revolutionary and has the ability to change 

the very face of concrete construction, and the field of Civil Engineering, as we know it 

today. 
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1.2 Objectives 

 

 The possibilities and benefits that nanotechnology offers in the realm of Civil 

Engineering are limitless. This thesis documents the development of nanotechnology as it 

relates to concrete and cement, and summarizes possible future direction in 

nanotechnology research in concrete and cement. The objectives of this thesis are listed 

below: 

 To provide a summary of the research that has been done in nanotechnology as it 

relates to concrete and cement. 

 To give an understanding of structural nanomechanics. 

 Develop statistical models for analyzing and predicting the compressive strengths 

of concrete for specific W/CM ratios. 

 To provide a vision for the current and future research needs in nanotechnology 

for application to Civil Engineering construction. 
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CHAPTER 2: 

 

NANOPARTICLES 

 

2.1 Nanoparticles 

 

Nanoparticles can be defined as any particle with a mean diameter in the nanoscale, 

1 nm to 1,000 nm. Types of nanoparticles include nanosilica and nano-SiO2 which are 

spherical nanoparticles with a mean diameter of approximately 100 nm for nanosilica and 

5 nm to 70 nm for nano-SiO2. Nanosilica and nano-SiO2 are not industrial by-products, 

like silica fume, but they are created products, usually by the sol-gel method. They are 

used as additives in cement pastes as a nano-filler, to stimulate hydration, and as nano-

coatings. Another type of nanoparticle is nanoclays which are obtained from highly 

purified clays. Nanoclays tend to be measured on the scale of hundreds of nanometers. 

They have shown great impact in being used in self-consolidating concretes for slip-form 

paving. A final nanoparticle is that of nanocement. These nanoparticles tend to have a 

mean diameter of approximately 100 nm. Nanocement applications are typically in use 

with reactive powder concretes or RPCs. 

The following sections summarize recent research in nanoparticles. 
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2.2 Effect of Nanosilica Particles to Cement Pastes, with a Focus on C-S-H Gel 

 

Gaitero et al studied the effect of the adding silica nanoparticles to ordinary 

portland cement pastes, with a focus on calcium silicate hydrate (C-S-H) gel (Gaitero 

2010), which is one of the most important unresolved issues in the field of cement 

research (Feldman 1970). 

Cement paste samples were prepared at a water-to-cement ratio of 0.4 by using an 

ordinary portland cement (CemI-52.5R) and 6% by weight of cement of four different 

commercial nanosilicas. Pastes with 3% and 18% by weight of nanosilica were also 

prepared to study particular features. Different mixing procedures were used for pastes 

containing colloidal nanosilica (CS) and nanosilica powder. In the first case, the colloidal 

dispersions were added directly to the water, after which the solution was stirred for 5 

min at 300rpm before it was put together with the cement. In contrast, the ADS powder 

was directly mixed with the cement for 1 min at 300rpm, after which the water was 

poured into the mixture. 

Mercury intrusion porosimetry was used in this work to study the porosity 

distribution of the paste (Diamond 1999). The kinetics of the initial stages of the 

hydration process was studied by isothermal calorimetry. The mineralogical composition 

of the pastes was analyzed by x-ray powder diffraction. In this case, a representative 

portion of the paste had to be finely ground and compacted to produce pellets of the 

appropriate dimensions for the tests. The same procedure was used for the preparation of 

Si magic angle spinning-nuclear magnetic resonance (MAS-NMR) specimens. This 
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technique is particularly interesting for the study of cementitious materials because it 

provides information about the structure of the C-S-H gel (Ramachandran 2001). A 

depth-sensing nanoindenter was used to study the mechanical properties of the C-S-H 

phase. The tests were made in load-control mode and consisted of three loading-

unloading cycles (Constantinides 2004). 

The first consequence of the addition of nanosilica to the cement paste was 

observed as soon as the hydration reactions began. As seen in Figure 1, the results of the 

calorimetry measurements showed an initial acceleration in the reaction rate (Gaitero 

2010). Furthermore, such acceleration increased with increasing amounts of nanosilica 

added (Thomas 2009). However, 10 h after the beginning of the test, the trend inverted. 

From this time until the end of the first day, the reference paste was the most exothermic, 

and the paste with 6% by weight of nanosilica the least exothermic. This behavior has 

been attributed solely to the action of the nanoparticles as nucleation sites (Bjornstrom 

2004). 

 

 

Figure 1: Calorimetry tests of pastes with 0%, 3%, and 6% by weight nanosilica 

(OPC = ordinary portland cement) (Gaitero 2010) 
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The first compression tests were run 24 h after mixing. The results showed a 

general increase of strength in all the pastes containing nanosilica of about 50% 

compared with the reference. After 7 days of curing, the difference in strength between 

the reference specimens and the pastes containing nanosilica was reduced to about 40%. 

This tendency was maintained over time, and at 28 days, the end of the curing process, 

the samples with nanosilica were, on average, only 30% stronger than the reference as 

seen in Figure 2 (Gaitero 2010). The great difference of strength observed at very early 

ages and its reduction during the hydration process were in good agreement with the 

findings of others and could be attributed to the accelerating effect of nanosilica [18, 19]. 

It would be necessary to study the hydration process at much later ages to fully confirm 

the veracity of this assumption (Gaitero 2010). 

 

 

Figure 2: Compressive strength as a function of the time from mixing (Gaitero 2010) 
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Figure 3: Porosity values obtained by mercury intrusion porosimetry at 24 h and 

28 days (Gaitero 2010) 

 

As seen in Figure 3, the samples with nanosilica were, in all cases, less porous 

than the reference samples (Gaitero 2010). Since the difference was pronounced, it could 

not be attributed to only one factor but resulted from the combination of several factors. 

The most evident one was the greater water-to-binder ratio of the reference specimen, 

although, as with the compression tests, the effect was small. More important is the fact 

that the nanoparticles work as an ultrafine filler by getting into the space between cement 

grains. Although they are too small to improve the packing efficiency by themselves, 

they serve as nucleation sites for the growth of hydration products around them. 

Therefore, it was the growth of such hydrates that actually reduced the porosity (Gaitero 

2010). Nevertheless, factors such as the pozzolanic reaction of nanosilica should also be 

considered. The accelerating effect of nanosilica might also affect porosity (Gaitero 

2006). 
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X-ray powder diffraction spectra confirmed the pozzolanic reaction of all the 

commercial nanosilicas used. At 1 day the amount of portlandite present in the reference 

and nanosilica specimens was very similar and higher than in the other samples. Seven 

days after mixing nanosilica specimens already had less portlandite than the reference but 

still more than the pastes containing the colloidal dispersions. At the end of the curing 

process, however, the nanosilica specimens had one of the smallest amounts of 

portlandite. This late reaction of the nanosilica powder can be attributed to two factors: 

first, to the poorer dispersion because of its powder nature; second, to the bigger particle 

size (Gaitero 2010). Comparison of the ettringite peaks also showed a difference between 

the pastes containing nanosilica and the reference specimens. The results show that the 

addition of nanosilica hinders the formation of ettringite (Gaitero 2010). 

The incorporation of aluminum within the structure of the C-S-H gel was further 

confirmed by Si MAS-NMR. Patterns from the Si MAS-NMR generally attributed to the 

inclusion of aluminum in the bridging position of the silicate chains of the C-S-H gel 

were smaller in the reference than in the other specimens (Putnis 1992). However, the 

magnitude of the change was too large to have been solely induced by the aluminum. 

This was explained in terms of the great reactivity of nanosilica, which increased the 

amount of silicon in the solution during the hydration process, promoting the formation 

of a C-S-H gel with longer silicate chains. Finally, it was observed that in all the 

specimens but the reference there was evidence of the presence of unreacted nanosilica 

24 h after mixing (Gaitero 2010). Nevertheless, its complete disappearance after 28 days 
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of curing suggests the complete reaction of the nanoparticles, contradicting the 

conclusions of other researchers (Bjornstrom 2004). 

Since nanosilica increases the average chain length of the C-S-H gel, depth-

sensing nanoindentation was used to study whether this affected its mechanical 

properties. The addition of 6% (Gaitero 2009) and 18% (Gaitero 2010) by weight of 

nanosilica paste was studied. Nanosilica does not change the average values of the 

hardness and modulus of any of the phases of the C-S-H gel. On the contrary, it does 

modify the relative proportions of the two C-S-H phases, promoting the formation of the 

high-stiffness phase to the detriment of the low-stiffness one (Gaitero 2010). 

Significant findings of this research are as follows: 

 Silica nanoparticles act as nucleation sites for the growth of cement hydrates, 

which leads to a reduction of the porosity of the paste and an early 

acceleration of the reaction. 

 The great reactivity and the pozzolanic nature of the nanoparticles further 

increase the reaction rate by reducing the calcium ions in the hydration water. 

 Aluminates tend to be the most reactive phases of cement. However, with the 

incorporation of nanosilica, silica ions are also available from the beginning, 

facilitating the incorporation of aluminum atoms into the structure of the C-S-

H gel. This is one of the reasons for the longer silicate chains of the C-S-H 

gel. 

 The addition of nanoparticles appreciably improved the performance of 

cement pastes in several aspects of its mechanical properties. 
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2.3 Effect of Nano-SiO2 Particles Produced by Using the Sol-Gel Method on 

Cement Systems 

 

The mechanical properties of cement mortars with nano-Fe2O3 and nano-SiO2 

were studied (Li 2004). Silicon dioxide nanoparticles proved to be an effective additive to 

polymers for improving strength, flexibility, and durability. Nano- SiO2 can be used as an 

additive to improve workability and strength in high-performance and self-compacting 

concrete (Collepardi 2002 & Collepardi 2004). 

Among chemical technologies, sol-gel synthesis is one of the widely used 

“bottom-up” production methods for nanosized materials such as nanosilica (Flores 

2010). The sol-gel formation process can be simplified to a few stages (Sobolev 2006 & 

Wilson 2000): hydrolysis of the precursor, usually by using trymethylethoxysilane or 

tetraethoxysilane (TEOS); condensation and polymerization of monomers to form the 

particles; growth of particles; agglomeration of particles, followed by the formation of 

networks and subsequently, gel structure; and drying to remove the solvents and thermal 

treatment to remove the surface functional groups and obtain the desired crystal structure. 

When precisely executed, this process can produce perfectly spherical SiO2 nanoparticles 

within a size range of 1 to 100nm. Nanoparticles of SiO2 (size range, 5 to 100nm) were 

synthesized by using the sol-gel method. TEOS (98%; Aldrich) was used as a precursor, 

and the reaction was realized in a base or acid reaction medium with ammonia as a 

catalyst (ammonia solution at ph=9). The synthesized nano- SiO2 particles were 

characterized by x-ray diffraction, transmission electron microscopy, scanning electron 
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microscopy, and nitrogen absorption. The performance of nano-SiO2-based mortars 

(nano-SiO2 dosage of 0.25% by weight of the binder, water-to-cement ratio of 0.3, and 

sand-to-cement ratio of 1) was compared with the properties of two reference mixtures: 

plain mortar (with water-to-cement ratio of 0.3 and sand-to-cement ratio of 1) and 

superplasticized mortar (superplasticizer dosage of 0.1%). Relevant ASTM standards 

were used for evaluation of mortar flows, compressive strength, and flexural strength 

(Flores 2010). 

According to the results of x-ray diffraction, the obtained nano- SiO2 is a highly 

amorphous material with a predominant crystallite size of 1 to 2.5 nm (Sobolev 2006). 

The obtained nano- SiO2 particles are represented by highly agglomerated xerogel 

clusters with a size of 0.5 to 10 µm. The particles within the clusters are 5 to 70 nm, and 

obtained xerogels are characterized by a BET surface area of 116,000 to 500,000 m
2
/kg 

(Flores 2010). It was also seen that the majority of nano- SiO2 particles reduce the flow 

of plain mortars to some extent (Sobolev 2006). When superplasticizer (PAE) was 

applied, the major part of the obtained nano- SiO2 did not significantly reduce the fluidity 

of reference superplasticized mortar (Flores 2010). The addition of nano- SiO2 to plain 

portland cement mortars improves the 1-day strength by up to 17%. Early strength (up to 

3 days) was also improved by the majority of obtained nano- SiO2. The 28-day 

compressive and flexural strengths of plain mortars was increased by 10% and 25%, 

respectively (Flores 2010). The application of PAE superplasticizer, ultrasonification, 

high-speed mixing, or a combination of these techniques was proven to distribute nano- 

SiO2 effectively (Sobolev 2006). The strength of superplasticized cement mortars with 
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nano- SiO2 was improved. Application of silica fume and commercial nano- SiO2 in 

superplasticized mortars demonstrated similar behavior. These materials slightly reduced 

the 28-day strength of superplasticized mortars. These results can be seen in Table 1. 

 

Table 1: Performance of Nano- Mortars (Flores 2010) 

 
Dosage (%)  Compressive Strength (MPA) 

 

Specimen 

Type 

SiO2-

Based 

Additive 

PAE 
Flow

a
 

(%) 
1 Day 3 Days 7 Days 28 Days 

Flexural 

Strength 

(MPA) 

NPC -- -- 74±1.96 53.3±1.53 65.8±1.10 74.7±0.70 86.1±1.71 19.0±0.79 

NPC-SP -- 0.1 111±0.92 57.5±0.53 72.6±0.78 76.5±0.37 92.1±1.25 23.0±0.65 

1B3 0.25 0.1 108±1.69 63.8±1.12 74.6±1.35 76.7±1.55 90.3±1.12 19.3±0.34 

2B3 0.25 0.1 103±1.75 60.9±1.09 75.6±1.86 78.0±1.75 93.0±1.65 23.4±0.74 

3B3 0.25 0.1 107±1.89 61.2±0.97 74.2±1.30 79.8±1.27 96.0±1.21 25.1±0.42 

4B3 0.25 0.1 108±1.55 63.9±0.76 71.3±1.15 77.1±1.46 91.9±0.65 21.2±0.68 

1A3 0.25 0.1 98±1.77 61.7±1.32 69.4±1.38 73.5±1.73 89.3±1.49 20.5±0.16 

2A3 0.25 0.1 102±1.60 59.7±0.16 73.5±1.08 78.4±1.32 93.2±1.01 23.4±0.54 

3A3 0.25 0.1 102±1.85 60.2±1.37 75.1±1.22 80.3±1.37 96.5±1.70 23.5±0.28 

4A3 0.25 0.1 102±1.41 59.8±1.67 71.4±1.37 76.8±1.11 92.4±0.84 20.9±0.72 

CB8 0.25 0.1 114±1.51 59.2±0.35 75.1±0.42 80.2±1.38 91.3±1.30 23.3±0.56 

SF 0.25 0.1 107±1.58 59.9±1.49 75.4±0.78 81.7±1.55 91.6±1.38 22.7±0.56 

 

Significant findings of this research are as follows: 

 All synthesized nano-SiO2 at 0.25 wt% improved the compressive strength of 

portland cement mortars. 

 The application of effective superplasticizer and high-speed mixing were 

found to be effective disagglomeration techniques that improve the strength of 

superplastized portland cement systems. 

 The best early and long-term strength was achieved by mortars based on nano-

SiO2 with particles size of less than 20 nm and synthesized at a high water-to-

TEOS molar ratio. 
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2.4 Effect of Nanosilica on Concrete Strength and Stiffness by Homogenization 

Model 

 

Jung et al suggest a model of cement paste with and without nanosilica as a 

heterogeneous material; the model includes various subphases, including one with 

nanosilica (Jung 2010). The objective is to examine the response of the heterogeneous 

microstructure of cement paste with different levels of nanosilica by using 

microstructural homogenization techniques. The target of homogenization is to replace 

the classical composite mix rule with a robust model in which the heterogeneous material 

response is not just a function of the volume fraction and elastic modulus of its phases but 

is affected by the constitutive model of each phase. The homogenization technique is a 

modeling approach based on the assumption of continuum mechanics that one can 

upscale the properties of the constituent phases at a small scale (nano to micro) to predict 

the behavior of the composite at a high scale (macro). The approach described here uses 

the finite element (FE) method to develop the representative volume element (RVE) of 

hydrated cement paste with and without nanosilica (Yajun 2004 & van Breugel 1995). 

The RVE model is then used to predict the stress-strain curve of the cement paste. On the 

basis of the validated stress-strain behavior, the effect of nanosilica on the behavior of 

cement paste is examined. Emphasis is on the role of nanosilica and the ability of the 

cement paste to absorb energy up to failure (Jung 2010). 

To meet the scale challenge in modeling the different phases of the cement paste, 

four phases were created to describe the dynamics of hydration and the significance of 
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the nanosilica volume fraction for the hydration products (Jung 2010, Neville 2005 & 

Powers 1946-1947). Phase I: This is a solid phase that represents C-S-H, CH, ettringite, 

and other hydration products, including the gel pores (0.5- to 2.5-nm diameters). In this 

phase, C-S-H is assumed to be the major strength contributor. The RVE strength 

contribution of Phase I increases with time as more unhydrated particles become hydrated 

with the availability of external curing (Jung 2010). Phase II: This is the unhydrated solid 

phase. The stress-strain relationship of Phase II will play a major role in determining the 

mechanical characteristics of the cement paste (Jung 2010). Phase III: This phase 

represents the nonreacted nanosilica particles. While Phase III can be incorporated in 

Phase II as part of the unhydrated particles, the authors intentionally separated Phases II 

and III to be able to examine the effect of flocculating nanosilica particles (clusters) on 

the mechanical characteristics of cement paste. Separating the nanosilica phase is 

performed for providing insight on the nonreacted existence in the RVE (Jung 2010). 

Phase IV: This phase is the porosity phase. Porosity will decrease as pozzolanic reaction 

continues. This is attributed to the pozzolanic conversion of CH to C-S-H when favorable 

hydration conditions exist (Jung 2010). A flowchart illustrating this can be seen in Figure 

4. 
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Figure 4: Schematic representation of OPC hydration and pozzolanic reaction to 

develop the volume fractions of the four phases for a cement paste RVE (Jung 2010) 

 

In modeling nanosilica hydration, two interacting factors were considered: the 

size of the nanosilica particles and the surface area of the nanosilica particles when added 

to the mix. The hydration of nanosilica was modeled by computing an equivalent 

microsilica volume that has the same surface area as the nanosilica. The verified FE 

model is then used to examine the effect of the nanosilica volume fraction on the 

mechanical properties of cement paste (Jung 2010). The constitutive models for the four 

phases are summarized here. Phase I: This phase represents the “hydration gel” (Powers 

1960). A linear elastic-plastic constitutive model was adopted. Poisson’s ratio of 0.21 

was assumed (Haecker 2005). Sensitivity analysis proved that the strength of the cement 

paste is strongly influenced by the maximum strength of Phase I (Jung 2010). Phase II: A 

linear elastic-plastic model was adopted. Poisson’s ratio was also assumed to be 0.21. 

The parameters of the constitutive model of Phase II were to be modified during the 

simulation process such that the stress-strain of the composite cement paste modeled by 

the RVE meets that extracted from experiments (Jung 2010). Phase III: A linear elastic 
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model was assumed for the nanosilica particles. As individual particles were used in this 

phase and distributed randomly in the RVE model, no special efforts to account for 

particle flow or packing under stress were considered (Jung 2010). Phase IV: The 

capillary pores are considered as void without stiffness and with zero strength (Jung 

2010). 

A three-dimensional FE model of the RVE was developed to predict the 

constitutive relationship of the cement paste and to extract its fundamental mechanical 

characteristics. The RVE was modeled by using ANYSYS SOLID45. Elements are 

randomly assigned to be a certain phase within the volume fraction defined for each 

phase. This allows for dealing with the RVE as an isotropic material (Jung 2010). In the 

FE model, displacements are applied, and the average strain and stress of the different 

phases are computed at each loading step. Linear elasticity bounds are used here to avoid 

the challenge in computing the strain energy function tensors when microstructural 

homogenization of nonlinear phases is considered (Khisaeva 2006). A cement paste 

including nanosilica was mixed and cast. The nanoindentation experiment was performed 

after 7 days of curing in a standard water-lime bath. The nanoindentation test was 

perfomed by using an instrumented nanoindenter. The designated indentation locations 

on specimens were selected by using a high-magnification light microscope attached to 

the NanoTest 600 platform. By using nanoindentation data analysis, the average modulus 

of elasticity of the cement paste can be calculated (Jung 2010, Constantinides 2003 & 

Mondal 2007). 
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The cement paste was modeled as a four-phase composite: Phase I, hydrated 

cement; Phase II, unhydrated cement; Phase III, nanosilica; and Phase IV, capillary pores. 

The volume fractions of the four phases for the specimen made of the mix are determined 

as 14.7%, 62.5%, 0.5%, and 22.3%, respectively (Jung 2010). The RVE model was 

developed and the constitutive model of the cement paste was simulated. The stress-strain 

of Phase II was optimized such that the final stress-strain of the cement paste composite 

modeled by the RVE met the experimentally observed stress-strain extracted from 

nanoindentation experiments. The validated RVE model and constitutive models for the 

four phases were then used to identify the effect of nanosilica on the behavior of cement 

paste. Nanosilica additions of 0%, 2%, 4%, and 10% of the total cement weight were 

considered while all the other mix constituents were fixed (Jung 2010). These volume 

fractions were then used in building four RVE models to extract the stress-strain curves 

of the composite cement paste, seen in Figure 5a. The FE analysis was conducted, and the 

composite cement paste RVE was assumed to reach its maximum strain when the strain 

of Phase I or Phase II reached its maximum value (Jung 2010). The addition of nanosilica 

increased the stiffness and strength of the cement paste. No observation on the ductility 

(maximum strain at failure) can be concluded here because the maximum strain extracted 

is related to the maximum strain in Phase II, which is affected by the nanoindentation 

observation. The maximum strain therefore is less than the true maximum strain of such a 

cement paste composite. This can be overcome by obtaining the maximum strain of these 

mixtures from macroscale experiments. Nevertheless, the strength and stiffness clearly 

increase as the nanosilica content in the paste increases. It is also obvious that the 
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addition of nanosilica might produce a slight increase in the cement paste and concrete 

toughness, seen in Figure 5b.  

 

 

Figure 5: Effect of nanosilica on the behavior of cement paste: (a) stress-strain 

relationship and (b) toughness calculated as the area under the stress-strain curve (Jung 

2010) 

 

Significant findings of this research are as follows: 

 Computationally, the nanosilica seems capable of increasing cement paste 

strength and stiffness. 

 A slight increase in toughness can also be realized when nanosilica content is 

increased. 

 

2.5 Effect of Nanoclays on Fresh State of Concrete 

 

It has been demonstrated for concrete needing minimal compaction energy that 

small additions of nano- and microclays substantially improve shape stability. Tregger et 
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al aimed to determine the optimal dosages of different micro- and nanoclays to produce 

slipform self-consolidating concrete mixes with the highest green strength (the 

compressive strength immediately after casting) without sacrificing the required 

flowability (Tregger 2010). Optimization is approached with three tests: a microlevel 

analysis investigating the green strength, and an applicability test involving a laboratory-

scale paving simulation (Tregger 2010). 

The compressive yield stress can be determined experimentally in several ways, 

and in this study, the centrifugal approach is used (Buscall 1987 & Green 1996). At each 

acceleration the equilibrium height of the sediment region is recorded. This data, along 

with the density, initial volume fraction, and centrifuge charateristics, are analyzed to 

determine the compressive yield stress (Tregger 2010 & Buscall 1987). In this study, 

three main mix designs were tested: a cement control mix containing a naphthalene-based 

high-range water reducer and a Class C fly ash, a cement-nanoclay mix, and a cement-

microclay mix. All compositions had the same initial solids volume fraction of 0.45, 

which corresponds to a water-to-binder ratio of about 0.43 for the control mix (Tregger 

2010). A super-speed centrifuge was used to determine the compressive yield stress as a 

function of the sediment volume fraction.  After mixing, four samples of the same batch 

were centrifuged simultaneously for 20 min at each speed. This period was determined to 

be the minimum time required to ensure that all specimens reached their equilibrium 

states (Tregger 2010). 

In addition to the rheology methods, the green strength or strength immediately 

after casting was determined. A cylinder (4in x 8in) was filled with concrete and then 
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subjected to 25 drops on a drop table. These drops represent external energy to help 

consolidate the mix. After consolidation, the fresh concrete was demolded and a bucket 

was placed on top of the fresh concrete cylinder. Sand was added incrementally until the 

cylinder collapsed. This load was then converted to green strength by dividing by the 

original cross section (Tregger 2010). 

 

 

Figure 6: Green strength results for CM, C1, and C2 (Tregger 2010) 

 

The compressive yield stress is plotted against the sediment volume fraction for 

different addition rates (0.5%, 1.0%, and 1.5% by mass of cement) for each clay. Both 

clays increase in compressive yield stress with the nanoclay showing the higher increase. 

The optimal dosage was 1.0% for both clays (Tregger 2010 & Kuder 2007). Any 

additional clay decreases the compressive yield strength. Green strength of the clays 

improved, as seen in Figure 6. In addition, the nanoclay performs better than the 
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microclay for each dosage amount. Optimal dosages are seen for 1.0% by mass of cement 

for both clays. Finally, a model laboratory minipaver was used on the optimal mixes to 

demonstrate the applicability of each mix, a schematic of this is seen in Figure 7. Without 

external vibration, the paver is pulled by a steel wire at a constant speed of approximately 

0.5 m/min. While the paver moves forward, the fresh concrete passes through the forming 

channel and is consolidated by static vertical pressure exerted by the paver’s self-weight. 

After the end of the slipform casting process, a successful concrete slab stands free 

without any edge support (Tregger 2010). Clays can increase the green strength without 

sacrificing necessary flowability. The nanoclay also showed better shape stability than 

the microclay. 

 

 

Figure 7: Minipaver schematic (Tregger 2010) 
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Significant findings of this research are as follows: 

 There is a direct relationship between macro- (minipaver) and micro-

behaviors (green strength and compressive yield stress), which suggests the 

influence of flocculation strength on green strength. 

 Optimal dosage for each clay was determined to be 1.0% by mass of cement 

with respect to both compressive yield strength and green strength. These 

optimal mixes showed improved green strength without sacrificing flowability 

durin the minipaver test. 

 The nanoclay showed the greatest increase in green strength and compressive 

yield stress. 

 

 

2.6 Effect of Nanoparticles on Mechanical Properties of Air-Entrained Concrete 

 

Ozyildirim et al focused on air-entrained concrete to determine whether 

nanomaterials can increase strength, decrease permeability, and cause a denser cement 

matrix. If the properties of concrete are improved, evaluation of the microstructure should 

indicate the reasons for the change. This study was conducted to determine the impact of 

nanomaterials on concrete performance, especially strength and permeability (Ozyildirim 

2010). Twenty-six batches of concrete were made, including a nanosilica, six nanoclays 

(NC), common SCMs (silica fume, Class F fly ash, and slag), and only portland cement. 

The various concretes were analyzed by using the results from the following tests: fresh 
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concrete tests: air content, density, and slump; hardened concrete tests: compressive 

strength, modulus of elasticity, permeability, and length change; microstructure tests: 

atomic force microscope (AFM) and nanoindenter (Ozyildirim 2010). 

Two water-cementitious material ratios (w/cm) were utilized. The w/cm of 0.38 

was to represent high-strength concretes mainly used in beams, and the w/cm of 0.45 for 

the deck concrete. All of the mixtures contained the same materials, except the SCMs. 

All concretes contained commercially available air entraining admixture, and all 

concretes except the ones with Nanoclay (NC) 4 contained polycarboxylate-based, high-

range water-reducing admixture. The mixtures with the promising strength and 

permeability values were selected for microstructure analysis (Ozyildirim 2010). 

The AFM was used to observe visually the microstructure and to generate 

information on roughness (lack of uniformity) of the paste. Concrete samples for AFM 

imaging were polished with various diamond disks. AFM height and deflection images 

were made in contact mode where the tip of the AFM stays in contact with the sample 

while moving across it. Roughness measurements were made by performing power 

spectral density (PSD) (Digital 1990). The root-mean-square (RMS) roughness value 

takes into account the more than 200,000 data points in a randomly produced image. The 

roughness test enables analysis of the uniformity of the microstructure. A more uniform 

and dense microstructure (lower roughness value) should relate to a concrete with higher 

compressive strength, higher elastic modulus, and lower permeability (Ozyildirim 2010). 

Nanoindentation was also performed on the polished samples. Two methods were used. 

First, the samples were indented elastically by using the ramping mode of the AFM. 
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Then, the samples were tested by applying loads to a three-sided pyramid (Berkovich) 

tip. The nanoindentation results were obtained by indenting three different paste areas on 

each sample (Oliver 1992). The average microscale elastic modulus values for each type 

of concrete were compared to determine the relationship among the different 

microstructures. 

The results of the hardened concrete tests are seen in Table 2. Many of the 

concretes containing nanomaterials were successful in increasing the compressive 

strength as compared with the control concrete. The compressive strength of concretes 

with a w/cm of 0.38 ranged from 6,610 to 8,600 psi, and those with a w/cm of 0.45 from 

4,420 to 7,080 psi (Ozyildirim 2010). Permeability samples at 28 days subjected to 

accelerated curing exhibited lower permeability than those subjected to standard curing. 

The nanomaterial concrete with the lowest permeability contained nanosilica (Ozyildirim 

2010). Among the concretes with a w/cm of 0.45, the nanosilica concrete had the highest 

compressive strength (Ozyildirim 2010). The silica fume concrete had the lowest 

permeability (Ozyildirim 2010). They were selected with the control concrete for the 

microstructure evaluation. 
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Table 2: Hardened Concrete Properties at 28 Days (Ozyildirim 2010) 

Material Percentage w/cm 
Compressive 

Strength 
E (ksi) 

Permeability 

(coulombs) 

Accelerated 

Permeability 

Control 0 0.38 7,710 3,955 3,300 2,656 

NC1 3 0.38 6,610 3,685 3,200 2,665 

NC5 0.5 0.38 7,430 3,800 4,158 3,784 

NC5 1 0.38 8,080 4,270 3,770 3,024 

NC6 0.5 0.38 7,870 4,095 3,887 2,761 

NC6 1 0.38 8,600 4,095 3,889 2,743 

NC3 4 0.40 8,380 3,515 3,795 3,042 

Nanosilica 1.8 0.41 7,290 3,520 2,606 2,312 

Control 0 0.45 5,620 3,550 5,319 4,225 

Fly ash 21 0.45 4,420 3,255 5,516 1,517 

Slag 40 0.45 6,020 3,330 2,614 1,151 

Silica 

fume 
7 0.45 5,920 3,265 2,456 865 

Nanosilica 3 0.45 7,080 3,595 3,004 2,280 

NC1 3 0.45 5,580 3,520 5,086 4,055 

NC2 0.5 0.45 6,230 3,525 5,988 5,416 

NC3 0.5 0.45 5,950 3,515 3,394 3,038 

NC3 2 0.45 6,040 3,330 3,960 2,791 

NC4 0.25 0.45 5,450 3,620 3,909 3,338 

NC4 0.5 0.45 4,800 3,350 5,849 4,326 

NC4 2 0.45 5,170 3,010 6,613 5,994 

NC5 0.5 0.45 5,220 3,500 5,057 4,118 

NC5 1 0.45 5,960 3,580 5,319 4,163 

NC5 3 0.45 6,420 3,415 6,858 5,424 

NC6 0.5 0.45 6,450 3,910 6,754 5,020 

NC6 1 0.45 6,810 3,695 8,941 4,395 

NC6 3 0.45 4,610 3,085 5,082 4,479 

 

Evaluation of the microstructure was conducted through the AFM images and 

nanoindentation. AFM images of regular concrete, silica fume concrete, and nanosilica 

concrete were analyzed for the different characteristics of the microstructures. In a visual 

observation, the regular concrete microstructure appeared very gritty in nature. The silica 

fume concrete microstructure appeared to be more mountainous. In general, the flattest, 
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most uniform microstructure visually was that of the nanosilica concrete. The nanosilica 

concrete has the overall lowest roughness values, and the silica fume has the overall 

highest roughness values. Lower roughness values correspond to a more uniform cement 

paste (Ozyildirim 2010). 

A range of four to seven indents were performed on each of the three paste areas 

on each sample by using the nanoindenter. The elastic modulus of concrete was 

calculated (Oliver 1992). A total of 15 indents were performed on the silica fume 

concrete, 17 indents on the nanosilica concrete, and 20 indents on the regular concrete 

sample. The nanosilica concrete had the highest elastic modulus. The nanoindentation 

results and roughness results indicate that the nanosilica paste is stronger (highest elastic 

modulus) and has a more uniform microstructure (lowest roughness value) than the silica 

fume paste and regular concrete paste (Ozyildirim 2010). 

Significant findings of this research are as follows: 

 Nanosilica was the nanomaterial with the best impact on the concrete 

performance. 

 Some nanoclays had a negative effect compared with the control concrete. 

However, the results for the concretes containing these nanoclays were in the 

same range as the results for the control concrete.  

 Nanosilica does improve the cement paste uniformity, compressive strength, 

and elastic modulus over regular concrete and concrete containing silica fume. 

The nanosilica also improved the permeability over the regular concrete.  
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 The dispersion of the nanoparticles is a concern. High-intensity, high-shear 

missing with the use of a proper dispersant would be helpful in thorough 

mixing with minimal clumping.  

 According to the roughness results and visual observation of the AFM images, 

the nanosilica concrete has the most uniform microstructure, followed by the 

regular concrete; the silica fume concrete has the least uniform microstructure. 

The nanosilica concrete had the lowest roughness value and the highest elastic 

modulus. 

 

2.7 Effect of Nanoporous Film Coatings on Aggregate Surface to Improve 

Interfacial Transition Zone 

 

Sanfilippo et al tested the capacity of silica nanoparticles judiciously placed on 

the aggregate surface as nanoporous films to improve the Interfacial Transition Zone 

(ITZ) and thereby affect certain mechanical concrete properties such as compression, 

tensile, and flexural strength as well as chloride penetrability (Sanfilippo 2010). A 

particularly porous area near the aggregate surface can have a chemical composition 

different from the paste in the bulk (Ollivier 1995). This area is called the interfacial 

transition zone (ITZ). Research shows that under certain conditions, the ITZ can control 

the mechanical properties of concrete (Monteiro 1985 & Maso 1996). The silica in this 

study was coated onto the fine aggregate from suspensions and was never utilized as a 

powder. Furthermore, when used it automatically becomes associated with the ITZ 
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because it is directly deposited onto the fine aggregate (Sanfilippo 2010). This study 

utilizes a 0.0032 silica-to-cement ratio as a nanoporous film on the surface of the 

aggregate to enhance strengths in mortar. One of the main characteristics of the ITZ is the 

high level of calcium hydroxide in this zone (Ollivier 1995). The goal of adding 

amorphous silica in cement paste is to promote its reaction with calcium hydroxide, 

thereby forming calcium silicate hydrate (C-S-H). Calcium silicate hydrate has a smaller 

structure and is the principal binder in concrete, causing a denser, stronger ITZ (Chen 

2002 & Ye 2003). 

For this study, silica dioxide (SiO2) was used as an aggregate coating. The SiO2 

was created by using a standard sol-gel process (Chu 1997). This sol is applied to the fine 

aggregate or sand via a dip coating method. The coating will become a porous film after 

drying, and depending on the withdrawal rate and viscosity of the sol, the coating will 

have a thickness of approximately 50nm. This film bonds to the aggregate as it dries and 

acts as a reactive membrane around each aggregate piece (Sanfilippo 2010). 

Compression, tensile, and flexure mechanical tests were conducted. Control and SiO2 

specimens were tested on 2, 4, and 7 days after curing in a preliminary set of mortar 

batches. On the basis of the results, a second set of batches was prepared to test the same 

concrete properties but at longer curing times, 14 and 28 days (Sanfilippo 2010). 

Chloride penetrability specimens were cast with the mechanical test specimens and 

studied in accordance with ASTM C1202. An apparatus was built to test ion penetration. 

The apparatus forced ions to pass through the mortar as 60 V were applied to the ends of 

the specimen in the ion reservoirs containing 0.3N NaOH and 3% by mass NaCl on 
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opposing ends of the cylinder. After 6 h, the test was stopped and the penetrability 

calculated (Sanfilippo 2010). 

Since the content of SiO2 is small, it was expected that the impact of this addition 

of nanoparticles would likely be most readily noticed at an early age in the curing 

process. The pozzolanic SiO2 will react early, and as the bulk evolves it will become the 

major factor responsible for mechanical strength. Specimens were tested at early and late 

ages to verify this hypothesis (Sanfilippo 2010). These tests were run because the ITZ 

can have a significant effect on the mechanical properties of mortar, especially with the 

inclusion of small silica particles (Scrivener 1943-1947). Early strength showed the 

greatest improvement in SiO2 specimens over control specimens. The nanoporous films 

increased strength by 65% at 2 days of curing. The improvement decreased to 38% and 

33% at 4 and 7 days of curing, respectively. In the splitting tensile strength test the 

greatest improvement was noticed with SiO2 after 4 days of curing, when improvements 

measured 41% over control specimens. The improvement over control at 2 and 7 days is 

37% and 32%, respectively. The greatest improvement in flexural strength was noticed 

with SiO2 after 2 and 7 days of curing, when improvements measured 30% over control 

specimens. At 4 days, the improvement was only 8% over the control. As hypothesized, 

the results at later stages are not as significant since such a small amount of SiO2 was 

utilized (Sanfilippo 2010)], seen in Table 3. 
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Table 3: Improvements in Mechanical Properties for Later Stages of Curing 

(Sanfilippo 2010) 

 Percentage Improvement of SiO2-

Enhanced Mortar over Control 

14 Days 28 Days 

Compression 17 6 

Tensile 3 No improvement 

Flexure 13 22 

 

The impact on mortar chloride penetration shows that SiO2 has a 3.5% decrease in 

penetration compared with the control (Sanfilippo 2010), shown in Figure 8. This is a 

significant decrease since this mix design includes only a SiO2 nanoparticles-cement 

ration of 0.0032. This test was conducted because the ITZ can amplify chloride diffusion 

because of the makeup of the pore network and porosity. This study concluded that the 

water-cement ratio, which affects the hydrated content in the cement paste, has a greater 

effect on ion diffusion than does pore connectivity. In this study, the water-to-cement 

ratio was constant at 0.47 and the ITZ was altered with the use of nanoporous films. 

Everything in the control and the SiO2 mix was identical, so the films are either creating a 

barrier in the ITZ or chemically blocking the diffusion of ions through the matrix 

(Sanfilippo 2010). 
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Figure 8: Coulombs passed in chloride ion penetration test specimens. Results 

were measured from integral of current for 6-h time span and as average of two 

specimens. Error bars are shown (Sanfilippo 2010) 

 

Significant findings of this research are as follows: 

 Compression, flexure, and tensile strength increased significantly in the early 

stages of curing.  

 The chloride penetrability is also decreased.  

 Further testing must be completed to investigate the chemical reactions occurring 

at the interface to ensure that alkali-silica reactions are avoided, the 

microstructure of the ITZ is changed, and the pore network is improved.  

 The huge surface area of these nanoporous films along with their amorphous 

character render higher mechanical improvements with less material than 

previous studies, in which the nano-additives were dispersed into the cement 

paste. Based on this study, these nanoporous thin films have further potential to 

improve concrete when applied to course aggregate. 
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2.8 Effect of Nanocement on Reactive Powder Concrete 

 

Significant improvements in performance and processability can be achieved via 

nanocement addition. The nanocement essentially consists of dicalcium silicate (C2S), 

tricalcium silicate (C3S), and tricalcium aluminate (C3A) particles (Dham 2010). Dham et 

al utilized nanoscale cement additives to partially replace the traditional cement in a 

reactive powder concrete (RPC) mixture design formulated at the U.S. Army Engineer 

Research and Development Center and assisted in enhancing the properties of the 

baseline RPC (Dham 2010). The addition of nanocement phases could provide a 

mechanism for controlling high early strength and reduced setting time that is an 

alternative to adding alumina, which can reduce the long-term strength. The nanocement 

additive reduces set time without reducing long-term strength. In this fashion, the 

addition of nanocementitious materials is expected to reduce the amount of total cement 

required (Dham 2010). 

The material composition was designed to develop ultra-high compressive 

strength while maintaining workability and production economy. The maximum particle 

size in the studied RPC was limited to that of silica sand, which has a maximum particle 

size of approximately 0.6 mm (Dham 2010). In addition, a polycarboxylate-type 

superplasticizer was included to decrease water demand, aid mixing, and improve 

workability. The w/c ratio was restricted to about 0.21, which is far lower than values 

typical of conventional concrete (Dham 2010). The control or baseline RPC mixture 

proportion was compared with RPC mixtures containing different nanocements at a 5% 
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by weight substitution of the original portland cement (Dham 2010). The three 

nanocements studied were: NC1, consisting of nano-C3A and nano-C2S; NC2, consisting 

primarily of nano-C2S; NC3, consisting of nano-C2S and nano-C3S (Dham 2010). 

Samples were prepared with the addition of varied nanocements into the control RPC 

systems, and the changes in compressive and tensile strengths, as well as modulus of 

elasticity, were analyzed using the same procedures. A Dynamic Elastic Properties 

Analyzer (DEPA) was used for modulus of elasticity measurement. DEPA is an advanced 

system for nondestructive testing of the elastic properties of materials and products 

(Dham 2010). Characterization efforts such as x-ray diffraction (XRD) to identify and 

pinpoint various cement phases, and scanning electron microscopy (SEM) and TEM to 

analyze the microstructure of the nanocement were also performed and confirmed the 

production of nano-sized C2S and C3S. The changes in the BET surface areas in 

comparison with conventional cements were analyzed (Dham 2010). Images of the 

nanocements can be seen in Figure 9. 
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Figure 9: TEM micrograph of nanocement showing the particles (Dham 2010) 

 

The control RPC was first compared with the RPC system with 5% substitution of 

NC1. The 1-day compressive and tensile strengths were enhanced considerably because 

of the presence of the nano-C3A phase in NC1. The compressive and tensile strengths 

after 7 and 13 days of curing are still higher than those of the control due to enhancement 

of the material provided by the nano-C2S phase (Dham 2010). The control RPC was 

compared with the RPC system with 5% addition of NC2. The 1-day unconfined 

compressive and splitting tensile strengths of this system are similar to the control RPC. 

The compressive and tensile strengths progressively outgrow those of the control material 

from 1 to 7 to 13 days of curing (Dham 2010 & Mindess 1997). The control RPC was 

compared with the RPC system with 5% addition of NC3. The 1-day compressive and 

tensile strengths are similar to the control RPC, which could be attributed to the absence 

of nano-C3A contributing to early strengths. The compressive and tensile strengths for the 
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NC3 system continue to increase with time from 1 to 7 to 13 days of curing, with the 

strength gain slightly tapering off from 7 to 13 days (Dham 2010 & Mindess 1997). The 

trends of the compressive and tensile strengths can be seen in Figure 10 and Figure 11, 

respectively. 

 

Figure 10: Compressive strength comparisons between RPC control and RPC 

with various nanocement additions at various curing ages (Dham 2010) 

 

 

Figure 11: Splitting tensile strength comparisons between RPC control and RPC 

with various nanocement additions at various curing ages (Dham 2010) 
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The ultimate modulus of elasticity values did not differ drastically among any of 

the systems. Because the splitting tensile strengths were improved with the addition of 

the nanocements, whereas the elastic modulus remained nearly constant, the fracture 

energy should have been increased (Soranakom 2003). As expected, the early-age elastic 

modulus of the system with the NC1 was greater than the control because of the presence 

of nano-C3A (Dham 2010). It is not obvious why the NC3 system containing C3S did not 

exhibit a similar effect. Each of the three nanocements has very high surface area in 

comparison with conventional cements, with BET surface areas upwards of 6 m
2
/g 

compared with 1.2 m
2
/g for conventional cements (Dham 2010). The XRD phase 

comparisons made between conventional cements and the various nanocements have 

consistently shown that the patterns are different with respect to changes in intensities of 

the phases, along with the occurrence of phases that may not be present in regular 

cements. Hence there could be a possibility that the preparation of nanocements yields 

more reactive C2S and C3S not present in conventional cements (Dham 2010). 

Significant findings of this research are as follows: 

 Nanocements can be introduced into RPC mix designs to further optimize the 

unconfined compressive and splitting tensile strengths and packing 

arrangement, and at the same time enhance the fracture resistance of the RPC 

specimens by enhancing tensile strength at fracture.  

 The additions of all three nanocements to RPC were shown to enhance the 

unconfined compressive and splitting tensile strengths, with the three 

nanocements influencing the strength development in different fashions.  
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 The improvements in strengths are not accompanied by an expected increase 

in modulus of elasticity. In certain cases, lower modulus of elasticity has been 

achieved. 

 There is an improvement in tensile strength at fracture to lead to increased 

fracture energy.  

 The BET results reveal the greater surface area of the nanocements compared 

with conventional cements.  

 The SEM analysis demonstrates the size of the nanoparticles produced.  

 The XRD results could show the differences in the various phases produced in 

the nanocement, in comparison with regular cement. 
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CHAPTER 3: 

 

NANOFIBERS AND NANOTUBES 

 

3.1 Nanofibers and Nanotubes 

 

Nanofibers and Nanotubes are defined as fibers and tubes within the nanoscale. 

Nanofibers tend to be long at approximately 200 nm and Nanotubes tend to be short at 

approximately 20 nm long. Carbon Nanofibers and Nanotubes are the only fibers and 

tubes found in the nanoscale. They exhibit excellent mechanical properties and have been 

the subject of many investigations into their possible uses. They have been used in 

cement and concrete to improve the compressive and tensile strength of cement and 

concrete by stopping the formation of nanocracks. 

The following sections summarize recent research in nanofibers and nanotubes 
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3.2 Methods of Distribution of Carbon Nanofibers and Nanotubes in Cement 

Paste 

 

Yazdanbakhsh et al demonstrate the different obstacles that limit Carbon 

Nanofibers (CNFs) from being uniformly distributed in cement paste. These problems 

include: resistance of CNF and CNT bundles to exfoliation, the effectiveness and 

limitations of hydration-compatible surfactants, the role of the relatively large size of 

cement particles on CNF and CNT distribution, and the negative effects of using fine-

grain cement (Yazdanbakhsh 2010). 

 The first method discussed, and most common method used, to disperse CNF and 

CNTs is with surfactants in combination with sonication (Moore 2003). The surfactants 

add charges or hydrophilic ends to the surface of CNTs while their bundles are exfoliated 

by sonication. The total amount of energy produced is very high and significantly 

accelerates chemical reactions and breaks the clumps and agglomerations of the CNF and 

CNTs (Yazdanbakhsh 2010). However, when distribution is considered for CNF and 

CNTs in cement paste, the applicable use of surfactants is limited. This is because the 

types of surfactants that easily distribute CNF and CNTs in liquids are incompatible with 

cement hydration (Yazdanbakhsh 2009). A second method is called functionalization. In 

functionalization, polar impurities like hydroxyl or carboxyl end groups are added to the 

outer surface of CNF and CNTs (Gogotsi 2002, Gogotsi 2001 & Yao 1998). A basic way 

to achieve this is by oxidizing the fibers nitric acid or some other mixture (Tchoul 2007). 

Although this is effective, if not controlled properly, the acids can shorten and or damage 
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the CNF and CNTs if not completely dissolve them. Experiments have shown that 

incorporating a small dose of properly functionalized CNTs in cement paste can improve 

the compressive strength of hardened paste by 50%, which shows good dispersion in the 

paste (Cwirzen 2008). The final method used to distribute CNF and CNTs in 

cementitious composites is to distribute and attach the nanotubes to the surface of cement 

particles before hydration (Makar 2004 & Makar 2005). This method has shown smaller 

CNT bundles which were more widely distributed in the hydrated matrix. Also, a recently 

developed method of growing CNF and CNTs directly on the surface of cement particles 

has seen fibers more homogeneously dispersed in the paste made with the produced 

cement and intermingled with the products during the hydration process (Nasibulin 

2009). 

 The experimental method described in this article was done in two phases. The 

first phase focuses on using superplasticizer to disperse CNFs in water by ultrasonic 

processing and mixing the resulting dispersion with cement to produce paste. The second 

part of the research presents observations on the actual size of the cement grains for 

improving the dispersion of CNF and CNTs in cement paste (Yazdanbakhsh 2010). In the 

first phase, CNF dispersion was made by 15 minutes of ultrasonic processing in water-

superplasticizer solution. The same dispersion was added to cement to make paste with 

water – cement ratio of 0.35, which resulted in the CNF – cement weight ratio of 0.4%. 

The paste was then mixed and cast into small beam molds. Three weeks later, the beams 

were broken and observed (Yazdanbakhsh 2010). In the second phase of the experiment, 

the cement grains were broken into smaller particles by ball milling. A slurry was made 
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by mixing cement – CNF powder with isopropyl alcohol. Half of a cylindrical container 

was filled with steel balls and the gap between the balls was filled with the slurry. The 

slurry was then separated from the steel balls using a sieve and the slurry was then dried 

and then incorporated into a mix design with the same ratios as phase one (Yazdanbakhsh 

2010). 

 The results of this experiment show that the fiber clumps and agglomerations 

were effectively disentangled due to the application of superplasticizer and 15 minutes of 

sonication.  However, many of the CNFs were broken and shortened after sonication 

showing that ultrasonic processing should be controlled and optimized for best dispersion 

and least damage (Yazdanbakhsh 2010). Investigation of the fractured surface of the 

concrete showed that the CNF distribution was not uniform. CNFs were sometimes 

completely absent from crack openings but in other areas were agglomerated or closely 

packed, seen in Figure 12. Which shows that a uniform distribution in the dispersion used 

to make cement paste does not guarantee uniform distribution in the paste matrix. 
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Figure 12: (a) Fractured surface of hardened cement paste reinforced with CNFs 

(CNF-cement ratio of 0.4%). Image represents most of the fractured surface; CNFs are 

not present, meaning they are not uniformly distributed in the paste. The vast area of the 

fractured surface without CNF shows that the size of cement particles cannot be the only 

reason for the nonuniform distribution of CNFs in the paste. (b) Agglomerated and 

closely packed CNFs in some areas of the fractured surface of hardened cement paste 

made by mixing cement and CNF dispersion with uniformly distributed fibers. 

(Yazdanbakhsh 2010) 

  

One of the factors investigated for affecting dispersion in the cement paste is the 

size of the cement grains. Two parameters affect the role of cement particle size on the 

distribution of fibers in cement paste. The first parameter is the size of the fibers relative 

to cement particles. Because CNFs and CNTs are much smaller than cement grains, the 

minimum consistent spacing between fibers is limited by the size of the cement grains. 

By having larger than optimal spacing in certain regions of the material, smaller than 

optimal spacing between CNF and CNTs occurs in other regions; the result is a greater 

potential for poor dispersion (Yazdanbakhsh 2010). The second parameter dictating the 

role of cement particle size on CNF and CNT distribution is the distance between 

adjacent fibers given a uniform distribution of fibers in the matrix. If this distance is 
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larger than the average particle size, then cement grains do not disrupt uniform dispersion 

even if the grains are much larger than fibers (Yazdanbakhsh 2010). The experiment in 

the second phase was carried out to find out whether it is possible to use fine – grain 

cement to produce CNF – cementitious composites. The size of the cement particles can 

be seen in Figure 13. 

 

 

Figure 13: Type I portland cement particles. (a) Several particles are as large as 

10 µm. (b) A particle can be seen at left that is > 100 µm. Cement was purchased fresh 

and kept in an airtight container. Particles are much larger than expected average size of 

cement grains. These large dimensions can be a cause of poor dispersion of CNFs 

(Yazdanbakhsh 2010) 

 

Significant findings of this research are as follows: 

 CNF and CNTs may not be able to be distributed uniformly in a cement paste 

above a certain volume fraction, depending on the particle size distribution of 

the cement. 

 Size of cement particles is not the only reason for poor dispersion. 
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 One method to improve dispersion would be to attach or grow fibers directly on 

nonhydrated cement grains. 

 A second method to improve dispersion would be to use functionalized CNF 

and CNTs. 

 

3.3 Carbon Nanofibers Directly Synthesized on Cement Particles 

 

Nasibulina et al explore a simple approach to growing Carbon Nanotubes (CNTs) 

and Carbon Nanofibers (CNFs) directly on the surface of cement particles (Nasibulina 

2010). The proposed approach, the produced carbon nanomaterials are homogeneously 

dispersed in the matrix and intermingled with the products (Nasibulin 2009). A novel 

cement hybrid material (CHM) was synthesized in which CNTs and CNFs are attached to 

cement particles by two different methods: screw feeder and fluidized bed reactors 

(Nasibulina 2010). CHM has been shown to increase the compressive strength by two 

times and the electrical conductivity of the hardened paste by 40 times. 

 CHM was synthesized by the chemical vapor deposition (CVD) method, which is 

considered to be the most viable and efficient process for high – yield CNT production. 

Portland sulfate-resistant (SR) cement containing 4% Fe2O3 was examined. The rest of 

the cement materials – SiO2, MgO, and Al2O3 – are known to be good supporting 

materials for the growth of CNTs (Pan 1999, Chen 1997 & Bae 2002). For the syntheses, 

acetylene was chosen as the main carbon source because of its low decomposition 

temperature and cost-effectiveness. CO and CO2 were also examined as promoting 
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additives to enhance yield (Nasibulina 2010). A screw feeder reactor was used for 

continuous feeding of the catalyst particles. This setup is seen in Figure 14. 

 

 

Figure 14: Schematic of experimental setup based on continuous feeding of 

cement particles with a screw feeder (Nasibulina 2010) 

 

 

Figure 15: Schematic of experimental setup based on fluidized bed conditions 

(Nasibulina 2010) 
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 The second experimental setup used for synthesis of CHM was a fluidized bed 

reactor, seen in Figure 15, which consists of a quartz tube inserted in the vertical furnace. 

In this experiment, cement particles were kept in a nitrogen atmosphere to replace oxygen 

and to heat the powder to the synthesis temperature. Then CO and later acetylene flows 

were introduced. The nitrogen flows were then turned off after fluidized conditions were 

achieved. Acetylene and CO flows were then replaced with nitrogen and the reactor was 

cooled to room temperature. Microscopic investigations, Raman experiments, and 

Thermogravimetric investigations were carried out on the samples. Cement pastes were 

prepared on the basis of CHM, and their compressive and flexural strengths and electrical 

resistance were tested (Nasibulina 2010). 

 Systematic investigations of growth were carried out in the screw feeder reactor. 

These structures provided a good dispersion of the CNTs and CNFs in cement, which is 

essential for creation of very strong and electrically conductive materials. The CNFs 

synthesized on the surface of cement particles by the fluidized bed reactor are about half 

as thick and less bundled (Nasibulina 2010). To determine quantitatively the carbon 

nanomaterial yield, thermogravimetric analyses were carried out. The most reactive 

system resulting in the highest carbon yield of 1,660% corresponding to 15 g/h was found 

to be a mixture of acetylene and CO (Nasibulina 2010). Interestingly, addition of CO2 to 

acetylene did not lead to increased CNT and CNF yield as would have been expected but 

improved the properties of the cement paste (Magrez 2006 & Nasibulin 2006). CO alone 

did not form any carbon product under these conditions. Even though the absolute yield 

of carbon nanomaterials was significantly higher for SR cement, the yield calculated per 
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mass of available iron was found to be very similar for SR and white cements (Nasibulina 

2010). 

 The cement pastes made of CHM samples produced under different conditions 

revealed significant improvement in mechanical and electrical properties after curing in 

water for 28 days. SR CHM can be used to prepare mechanically very strong paste with 

compressive strength more than two times higher than that of the paste prepared from the 

pristine cement (Nasibulina 2010). In addition, up to 40 times better electrically 

conductive paste preserving its mechanical properties can be produced on the basis of this 

material (Nasibulina 2010). 

 

 

Figure 16: SEM images of hardened cement paste (curing in water for 28 days) 

after mechanical test.  Images reveal connection formed after cement hydration process 

(Nasibulina 2010) 
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Significant findings of this research are as follows: 

 The carbon nanomaterials are easily and homogeneously dispersed in the 

cement paste and are intermingled with the hydration products during the 

hydration process. 

 The CNTs and CNFs originally attached to the cement particles appeared to be 

nicely embedded in the hydration products of the calcium silicate hydrate 

phase, seen in Figure 16. 

 The CNTs and CNFs bridged the neighboring cement particles surrounded by 

their hydration products, which can explain the significant increase in 

mechanical strength and electrical conductivity on the hardened paste 

compared with paste prepared from the pristine cement. 

 

3.4 Effect of Carbon Nanotubes on Mechanical Properties of Cement Mortar 

 

Manzur et al explore the effect of treated and untreated carbon nanotubes (CNTs) 

on the mechanical properties of cement mortar reinforced with CNTs, to study the effect 

of various CNT dosage rates on the mechanical properties of cement mortar reinforced 

with CNTs, to investigate the effect of the water – cement ratio on the strength 

characteristics of CNT – cement mortar, and to compare the compressive strength and 

flexural strength of ordinary portland cement mortar and CNT – cement mortar (Manzur 

2010). The cheapest commercially available untreated multiwall nanotubes (MWNTs) are 

being used in the initial phase of the study. It is expected that CNT size will affect the 
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mechanical properties of CNT – reinforced cement composite. CNTs with smaller 

diameters should produce more effective composite material as they can be distributed at 

a much finer scale (Manzur 2010). An effort is being made in this study to investigate 

this effect through the procurement of seven different types of CNTs. The effect of two 

types of MWNTs on the compressive strength is presented here. Uniform dispersion of 

CNTs is the key to developing appropriate composite materials. A sonication technique is 

suitable for this purpose. Various sonication techniques and timing were used here to 

determine an optimum sonication process (Manzur 2010). Ordinary Type II portland 

cement is being used as cementitious material in this study. Special graded sand 

according to ASTM C109 test requirements was used. Two types of MWNTs were 

tested. 

 A parametric study was conducted to find a suitable mixing technique. Three 

mixing techniques were used with different sonication timing and steps (Manzur 2010). 

In method 1, the total amount of MWNT 1 was added to the water and then sonicated for 

5 minutes. After sonication, cement and sand were added and mixing was done according 

to ASTM C109. For method 2, sonication was done for 15 minutes after addition of the 

required amount of MWNT 1. In method 3, MWNT was added in sequence and was 

sonicated for 5 minutes for each addition. Method 3 for mixing showed to contribute 

most to the strength of the concrete and was used for the rest of the study. The mixes 

were then poured into oiled molds then surface-smoothed and covered with wet cloths. 

After one day, the molds were demolded and immersed in lime water until tested. 
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Compressive tests were then conducted at 7 and 28 days. These results are listed in Table 

4. 

 

Table 4: Test Information (Manzur 2010) 

Type of 

Sample 

Diameter 

of 

MWNTs 

(nm) 

Amount of 

MWNTs 

(%) 

Water-

Cement 

Ratio 

Amount of 

Plasticizer (as 

Part of Cement 

by Weight) 

7-Day Mean 

Compressive 

Strength 

(MPa) 

28-Day Mean 

Compressive 

Strength 

(MPa) 

Control N/A N/A 0.485 N/A 24.6±2.7 33.9±1.7 

Control N/A N/A 0.60 N/A 24.2±1.3 33.4±1.2 

Composite >50 0.3 0.485 N/A 22.0±0.7 33.9±1.2 

Composite >50 0.3 0.60 N/A 25.7±1.8 38.9±1.2 

Composite >50 0.3 0.485 0.004 25.5±1.0 37.0±1.6 

Composite >50 0.3 0.485 0.005 25.9±1.5 36.6±2.0 

Composite >50 0.3 0.485 0.006 25.1±0.7 37.4±2.8 

Composite >50 0.5 0.485 N/A 20.0±1.4 25.1±1.7 

Composite >50 0.5 0.60 N/A 25.9±1.7 36.2±1.8 

Composite >50 0.5 0.65 N/A 23.7±2.7 35.7±1.2 

Composite >50 0.5 0.485 0.004 25.7±1.8 29.7±2.3 

Composite >50 0.5 0.485 0.005 26.3±1.3 28.3±2.0 

Composite >50 0.5 0.485 0.006 20.2±1.7 25.7±1.1 

Composite >50 0.8 0.485 N/A 17.4±1.0 23.7±2.7 

Composite >50 0.8 0.60 N/A 23.2±1.5 32.9±1.3 

Composite >50 0.8 0.65 N/A 22.8±1.1 34.6±2.1 

Composite >50 0.8 0.485 0.005 22.0±2.4 28.3±2.5 

Composite >50 0.8 0.485 0.006 23.7±1.6 31.4±2.0 

Composite >50 0.1 0.60 N/A 25.7±0.7 36.8±2.1 

Composite >50 0.2 0.60 N/A 26.1±1.2 37.0±1.6 

Composite 20-30 0.3 0.485 N/A 27.8±1.0 35.2±2.0 

Composite 20-30 0.3 0.60 N/A 31.1±1.7 41.7±1.0 

Composite 20-30 0.3 0.485 0.005 29.0±0.7 33.7±1.9 

Composite 20-30 0.5 0.60 N/A 24.6±2.1 34.6±1.1 

Composite 20-30 0.8 0.60 N/A 24.3±1.3 33.0±1.0 

 

 Increased compressive strength was found by adding MWNTs. The variations in 

strength properties were different for samples with MWNT1 and MWNT 2. The effects 

of different dosage rates of MWNTs, different water – cement ratios, and plasticizer 

addition are also pronounced. For MWNT 1, the water-cement ratio of 0.6 with a 

plasticizer proportion of 0.005 obtained the maximum compressive strength. Composite 
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samples were also tested by adding 0.5% and 0.8% MWNT 1 for three different water-

cement ratios and plasticizer proportions. In both cases, a water – cement ratio of 0.60 

resulted in the highest compressive strength. The compressive strength for addition of 

0.8% MWNT 1 is much less than that of a 0.5% addition. Samples were also prepared by 

adding 0.1% and 0.2% MWNT 1 with a water-cement ratio of 0.6. The compressive 

strengths of these composites were less but showed an increasing trend of strength was 

found up to 0.3% MWNT 1. As the amount of MWNT 1 increased to 0.5% and 0.8%, 

decreased strength was observed. The composite with 0.3% MWNT 1 resulted in the 

highest mean strength (Manzur 2010). 

Significant findings of this research are as follows: 

 The compressive strength of a typical mortar mix is increased by the addition 

of two types of MWNT. 

 This increased strength shows that the tubes are properly anchored within the 

cement matrix. 

 Proper mixing is necessary to distribute the MWNTs uniformly within the 

cement matrix, which results in higher-strength composite material. 

 Higher MWNT content yields les strength as additional water adheres to the 

MWNT surface. 

 Workability is a major concern in CNT-reinforced composites, and the water-

cement ratio plays a vital role. 

 A smaller-sized MWNT results in higher mortar compressive strength. 
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3.5 Effect of High-Range Water Reducer on Distribution and Strength of Carbon 

Nanofiber-Cement Composites 

 

Gay et al evaluate the effect of a high-range water reducer (HRWR) on the 

disaggregation of carbon nanofibers (CNFs) in solution and subsequent dispersion of the 

CNFs in the cement paste and to determine the effect of dispersion on the splitting tensile 

strength of the composite (Gay 2010). A parallel study looked at the effect of water-

binder ratio on the migration of CNFs in the cement paste (Gay 2010). 

 Commercially available, vapor-grown Pyrograf-III PR-19-LHT CNFs were used 

as reinforcement (Gay 2010). Type I portland cement and dry densified silica fume (SF) 

were used as the binding agents. Glenium 7500, a polycarboxylate HRWR, was used for 

disaggregation and dispersion of the CNFs in the cement pastes. Six different cement 

composite types containing CNFs were prepared. Cement pastes made from portland 

cement and without SF as an admixture were used. A control composite was created for 

each control type (Gay 2010). 

 Water, HRWR, and CNFs were sonicated with a bath sonicator to prepare a 

dispersion of CNFs. The composite materials were produced by blending portland cement 

and SF before the CNF dispersion was added to the binding materials (Xie 2005). After 

mixing, the cement pastes were poured into molds and compacted by hand. In addition, 

five mixes were prepared to study the effect of the water-binder ratio on the migration of 

CNFs in the paste. The disaggregation of the HRWR on water-CNF solution was 

evaluated by visual observation of the solutions of water-CNFs and water-HRWR-CNFs 
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during preparation of the composites. The mechanical performance of the composites was 

evaluated at 7 days by splitting tensile testing as the strengthening function of the CNFs 

was expected to originate from their exceptional tensile properties. 

 The aggregation state of the CNFs before mixing with the cement binder greatly 

influenced the level of dispersion in the resulting composite material. Use of the HRWR 

significantly improved disaggregation of the CNFs in solution (Gay 2010). In the water-

HRWR solution, the CNFs were well dispersed and no clumps could be seen. In contrast, 

in the water-only solution, large clumps of CNFs were present, with some of the clumps 

floating at the water surface, seen in Figure 17. 

 

 

Figure 17: Effect of HRWR on disaggregation and dispersion of CNFs in water 

suspension (Gay 2010) 

 

 Visual inspection of fracture surfaces of M1 and M3 composites showed the 

presence of CNF agglomerates in a range of sizes. The agglomerates were randomly 

distributed throughout the paste. The composites made with the water-HRWR-CNF 

suspension, on the other hand, did not exhibit CNF agglomerates that could be observed 



59 

 

without magnification. Most CNFs in these composites were found as individual fibers 

well anchored throughout the cement paste. The distribution of the fibers, however, was 

not homogeneous within the composites (Sanchez 2009). In addition, these composites 

contained a very small number of agglomerations of CNFs that were intermixed with 

calcium silicate-rich phases, which indicated that even after disaggregation in the water-

HRWR solution some CNFs did reagglomerate during mixing (Gay 2010). However, the 

number and size of the agglomerates were drastically lower than in composites M1 and 

M3. The upper surface of the cured M2B cylinders also contained a porous layer with a 

high level of CNFs intermixed with cement phases. This porous layer was thought to be 

caused by movement of bleed water during curing of the cylinders and also demonstrated 

that, even though CNFs were disaggregated before addition to the mix, they did not 

necessarily remain in that state (Gay 2010). 

 The splitting tensile tests at 7 days showed a 22% increase in strength for the 

median value of the M2B composite over C2 and a 26% increase for M4B over C4 

(Sanchez 2009), seen in Figure 18. No significant change in splitting tensile strength was 

observed for the composites containing the low CNF dosage of 0.02%, which indicated 

that a minimum amount of CNFs was required to have an effect on the composite tensile 

strength. These results indicated that further improvement in strength should be possible 

with a more even distribution of the CNFs (Gay 2010). 
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Figure 18: Splitting tensile strength at 7 days for CNF-cement composites (Gay 

2010) 

 

 A porous layer containing a large amount of CNFs was found at the upper surface 

of the cured cylinders of M2B composites. CNFs settled on the top of the composites and 

a porous cement phase structure grew around them. This phenomenon was not seen for 

the composites that also contained SF. Because the layer appeared to be due to migration 

of the CNFs with the bleed water, the effect of the water-binder ratio was further 

investigated. The amount of CNFs present at the upper surface of each cylinder clearly 

varied as a function of the water-binder ratio. M2B composite, the optimal water-binder 

ratio was found to be between 0.25 and 0.30. 
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Significant findings of this research are as follows: 

 It was found that the polycarboxylate-based HRWR aided in disaggregation of 

CNFs in aqueous solution. 

 It was shown that CNFs were mostly individual fibers well anchored in the 

cement paste. However, the distribution of the individual CNFs was not 

homogenous within the composites. 

 Small numbers of agglomerated CNFs were identified, suggesting some 

reagglomeration of the CNFs during mixing. 

 The tensile strength of CNF composites was found to increase and a minimum 

amount of CNFs was found to be required to have an effect on the splitting 

tensile strength. 

 

3.6 Effect of Carbon Nanotubes and Carbon Fibers on the Behavior of Plain 

Cement Composite Beams 

 

Hunashyal et al conducted experimental tests to investigate the effect of 

uniformly dispersed and randomly oriented multi-walled carbon nanotubes (MWCNTs) 

and micro-carbon fibers (CFs) reinforcement in cement paste beams (Hunashyal 2011). It 

is anticipated that the incorporation of MWCNTs increases the amount of stiffness of C-

S-H gel resulting in stronger material and the porous phase will reduce for the sample 

with MWCNTS. 
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 Four-point bending tests were carried out on 20mm x 80mm beams with water-

cement ratio of 0.40 in order to compare the flexural response of control beams and 

CNT/cement beams (Metaxa 2010 & Chan 2009). Ethanol was used for the pre-

dispersion of MWCNTs for the sonication method (Makar 2003). Care was taken to 

ensure evaporation of ethanol and later water is added without taking into account the 

amount of ethanol used in the w/c ratio cement paste (Hunashyal 2011). MWCNTs of 

quantity 0.25% by weight of cement were added and the whole mixture was kept in an 

ultrasonicator for 90 min to achieve satisfactory dispersion (Canebal 2010). The casted 

specimens were demolded after 24 h and kept for curing up to 28 days. The composite 

beams were tested on the 28
th

 day (Hunashyal 2011). MWCNTs, having diameters of 10-

30nm, densities 1000-2000 kg/m3 and an aspect ratio of 1000 were utilized. Both micro- 

and nano-level reinforcements were provided to study the effect on the overall properties 

of the composite (Hunashyal 2011). 

The material behavior was found to be more plastic and there was no perfect yield 

point as observed from the load-deflection plot (Hunashyal 2011). Initially, the material 

undergoes higher amount of deformations even at lesser amount of loads. With the 

increase in the MWCNT content, the composite beams show greater amount of load-

carrying capacity and increased deflections (Hunashyal 2011). This is due to the 

reinforcing effect provided by the fibers and nanotubes. They will absorb greater amount 

of energy by inhibiting the microcracks and thereby the energy needed to propagate the 

cracks will be more. MWCNT increased the load-carrying capacity at a maximum value 
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of 366.67% at an addition of 0.75 wt% of MWCNT (Hunashyal 2011). Figure 19 shows 

the ultimate load-carrying capacity of different proportions. 

 

 

Figure 19: Variation of ultimate load for different proportions (Hunashyal 2011) 

 

The flexural stresses obtained indicate that the flexural strength improves 

considerably with the addition of carbon fiber and MWCNTs (Musso 2009). Flexural 

strength goes on increasing up to 0.75 wt% of MWCNT content and later on it reflects a 

diminishing trend in the flexural strength (Hunashyal 2011), as seen in Figure 20. This 

may be due to improper dispersion or the higher degree of entanglement of MWCNT due 

to a higher amount of MWCNTs being utilized. 

With the increase of MWCNT content, the composite exhibits greater amount of 

deflections when compared to plain cement beams and plain cement with carbon fiber 

reinforced beams (Hunashyal 2011), shown in Figure 21.  The crack bridging nature of 

carbon fibers and CNTs results in an increased load-carrying capacity while undergoing 
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greater amount of deflections (Makar 2009). It has been reported that with the increase in 

MWCNT content, the Young’s modulus of the composite will increase (Hunashyal 

2011). This implies a greater stiffness of the material, but in the present experimental 

study the behavior was found to be opposite to that predicted previously. 

 

 

Figure 20: Variation of flexural strength for different proportions (Hunashyal 

2011) 

 

 

Figure 21: Variation of deflection for different proportions (Hunashyal 2011) 
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The toughness represented by the area under the load deflection curve of the 

composite beams has increased significantly with the addition of micro- and nano-sized 

fibers. The maximum toughness was seen with the addition of 0.75 wt% at 229.8 N-mm 

and a maximum toughness index of 9.943 (Hunashyal 2011). 

Ductility index (DI) of the composite was measured under four-point load 

bending tests (Hunashyal 2011). The deflection corresponding to ultimate load and 

deflection corresponding to 85% of peak load were recorded. The addition of MWCNTs 

did not show any improvement in the ductility of the composite beams (Hunashyal 2011). 

This could be attributed to difficulties in establishing sufficient bonding between 

MWCNTs and the host matrix. In order to solve this problem, the aggregates need to be 

broken up and dispersed or cross-linked to prevent slippage. 

Significant findings of this research are as follows: 

 MWCNT and CNFs were able to improve the mechanical properties of plain 

cement beams significantly in the areas tested: load-carrying capacity, flexural 

strength, deflection, toughness, and ductility. 

 The results obtained suggest that though the higher percentages of MWCNT 

content have produced the maximum load, the composite with 0.25% 

MWCNT content with 0.25% carbon fiber is found to be the optimum 

percentage considering the enhancement in mechanical properties and lesser 

material cost.  
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 Most of the cracks that originated from the bottom of the specimen propagated 

slowly and this may be due to the presence of fibrous pull out and the crack 

and the crack distance from the support. 

  



67 

 

 

 

 

CHAPTER 4: 

 

ANALYSIS & RESULTS 

 

In this chapter, two methods of probability will be used to analyze data from both 

Nanoparticles and Nanofibers and Nanotubes that have been gathered from research 

mentioned in this thesis: The Monte Carlo Method and The Bayesian Method of 

Estimation. The data will be analyzed by each method and then compared to analyze 

trends and patterns for future prediction. 

 

4.1 Background 

 

The Monte Carlo Method 

 

This method was developed by American mathematicians J. Neumann and S. 

Ulam in 1949 (Metropolis 1949). And the method takes its name from the city of Monte 

Carlo, famous for its gambling house. Since the method is based on random variables and 

one of the simplest mechanical devices for obtaining random quantities is the roulette 

wheel. This algorithm consists, in general, of a process for producing a random event. 
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The process is repeated N times, each trial being independent of the rest and results of the 

trials are averaged together. The Monte Carlo method makes possible the simulation of 

any process influenced by random factors. For many mathematical problems involving no 

chance, we can artificially devise a probabilistic model for solving these problems 

(Buslenko 1966). Therefore, we can simulate the results of several compressive strength 

tests for particular Carbon Nanotube dosages using random factors which will generate 

sufficient data to observe the behavior of cement and concrete incorporating 

nanomaterials. 

 

Bayesian Method of Estimation 

 

Bayesian methodology approach is very similar to the classical approach for 

estimation, with the main difference being that in Bayesian concepts, the parameters of 

the analysis are viewed as random variables. This method can be used to make a point 

estimate of a particular parameter given a certain population (Ang 2007). An assumption 

is made about the distribution of the parameter which is called its prior distribution, and 

reflects the experimenter’s prior belief about the parameter. Also, a marginal distribution 

is calculated as a function of the population as well as the prior distribution. These are 

then combined to obtain the posterior distribution or the Bayes’ estimate (Walpole 2002). 

 

 

 = posterior distribution 
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 = population distribution 

 = prior distribution 

 = marginal distribution 

 

Objectives 

 

 Compile compressive strength results of concrete incorporating nanomaterials and 

create equations to predict the compressive strength for a given set of parameters. 

 Using the Monte Carlo Method, generate data from the limited amount of real 

data to analyze trends and patterns for future prediction of compressive strength 

of concrete incorporating nanomaterials. 

 Develop a procedure, using the Monte Carlo Method, for determining the optimal 

dosage of a concrete mixture containing nanomaterials. 

 Compare the Monte Carlo and Bayesian statistical prediction models to determine 

which model most correctly predicts the compressive strength of a concrete 

mixture containing nanomaterials and establish a statistical method for predicting 

the strength of a concrete mixture containing nanomaterials. 

 

4.2 Analysis Methodology 

 

For the analysis, data was gathered from research contained in this thesis and 

organized for analysis. Since many factors influence the strength of concrete, the 
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variables were first identified. The variables are summarized as follows: nanomaterial, 

w/cm, particle size, and nanomaterial percent dosage. The variables that were considered 

most important were the type of nanomaterial, w/cm, and the percent dosage. Thus, 

analysis will be performed for varying nanomaterial particle size. Since the data is sparse, 

the analysis will be done on a specific nanomaterial for a w/cm range and the percent 

dosage will be considered the main factor contributing to the compressive strength. 

The two nanomaterials that contain sufficient data to carry out an analysis are 

Nanoclays and Carbon Nanotubes. The other nanomaterials such as Nanosilica and 

Carbon Nanofibers etc. were not comparable enough to be used in this analysis. The 

Nanoclays were separated according to specific w/cm ratios. However, the Nanotubes 

were separated into w/cm ranges because the experiments that have been performed on 

concrete containing Nanotubes have used varying w/cm ratios. 

 

Table 5: Nanomaterials and W/CM range 

Nanomaterial W/CM Range 

Nanoclay 0.38 

Nanoclay 0.45 

Nanotube 0.4 – 0.5 

Nanotube 0.6 – 0.65 

 

It was determined that the best course of action would be to take the compressive 

strength and make it a function of the dosage for a given compressive strength. This was 



71 

 

accomplished by using Excel to plot the compressive strength data against the percent 

dosage and using the Trendline option in Excel an equation for the data was generated. 

Equations were then obtained for compressive strength as a function of the CNT dosage. 

 

 Predictive equation analysis and optimal dosage determination by Monte 

Carlo 

 

The Monte Carlo Method was used to analyze the output of the equation created 

for each w/cm ratio for the Nanoclays and Nanotubes. Using Excel, 15,000+ random 

numbers were generated between 0.0 and 1.0 to obtain CNT dosages that were then 

placed in the equation produced from the graphs to obtain 15,000+ compressive strength 

values that correspond to 15,000+ CNT dosages. This was accomplished by using the 

RAND function in Excel. Which can produce an unlimited amount of random numbers 

within an interval of a and b: 

 

RAND()*(b-a)+a (4.1) 

 

The random numbers generated were taken as the nanomaterial dosages and plugged into 

the equations for each nanomaterial for a specific w/cm ratio to obtain compressive 

strength values for those nanomaterials. Using the Data Analysis tool in Excel, a 

Histogram was created for each w/cm ratio for Nanoclays and Nanotubes to assess the 

compressive strength outcomes. 
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The same methodology was then used to obtain optimal dosages for each w/cm 

ratio for Nanoclays and Nanotubes. By observing the highest point of the equation 

generated at the beginning of the analysis, 1,000 dosages were generated for a small 

range and the highest compressive strength was determine and its corresponding percent 

dosage recorded as the optimum percent dosage. 

 

Monte Carlo Method and Bayesian Analysis for Predictive Method 

 

The Monte Carlo and Bayesian methods were used to analyze the compressive 

strength data for concrete mixtures containing nanomaterials. Each method was used to 

generate values for specific dosages of nanomaterials for concrete mixes. The values 

from both the Monte Carlo Method and Bayesian Method were compared to determine 

the best technique for predicting the compressive strengths of concrete containing 

nanomaterials. 

The analysis using the Monte Carlo Method was done by generating compressive 

strength values for specific dosages of nanomaterials. This was done by averaging the 

compressive strength values for each percent dosage of nanomaterial and, by using the 

Excel RAND function, generating 1,000 random numbers within a standard deviation of 

±3 of the average compressive strength for that dosage. Thus 1,000 compressive strength 

tests were produced per dosage. These values were then plotted against the original data 

for comparison.  
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To complete the Bayesian analysis on the data presented, it was first necessary to 

define the parameters the analysis requires. Because the given data is very limited all 

distributions were assumed normal. The population consists of compressive strength 

values of concrete containing nanomaterials for a given w/cm ratio. These values together 

will be used to define the prior distribution. The random samples will be for each dosage 

percent increment of the compressive strength values of concrete containing 

nanomaterials. These values will be used to calculate the posterior distribution, or future 

prediction, of compressive strengths for a given dosage percent. The following equations 

will be used to calculate the Bayesian Estimate for the posterior distribution (Walpole 

2002): 

 (4.2) 

  (4.3) 

where: 

n = random sample size 

x = mean of random sample 

σ2
 = random sample variance 

= prior distribution variance 

µ0 = prior distribution mean 

 

The test data was placed in a table according to w/cm ratio, extreme values were 

removed, and the data was sorted according to the dosage of the nanomaterial. The mean 
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and standard deviation were then taken from all the compressive strengths to form the 

prior distribution. The mean and standard deviation were then taken for each specific 

dosage from the data collected. This represents the population distribution. This gives all 

the values needed to complete the equations for the Bayes Estimate. The values were 

plugged into the equations and the Bayes Estimate for each dosage percent was 

calculated and plotted against the test data for comparison. 

 

4.3 Analysis Results 

 

Predictive equation results 

 

The first step accomplished in this statistical analysis was to create equations so 

that the compressive strength could be determined from the percent dosage of the 

nanomaterial. The compressive strength is represented on the y-axis and the percent 

dosage on the x-axis. The compressive strength values were averaged for each dosage 

interval so that a better fit curve could be obtained. 
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Figure 22: Dosage % vs 28 Day Strength of Test Data containing CNTs with a 

W/CM=0.4-0.5 

 

 

Figure 23: Dosage % vs 28 Day Strength of Test Data containing CNTs with a 

W/CM=0.6-0.65 
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From these graphs it can be seen that the data follows a second order polynomial. 

This means there is a peak, or high point, where an optimal dosage can be obtained. 

 

 

Figure 24: Dosage % vs 28 Day Strength of Test Data containing Nanoclay with a 

W/CM=0.38 
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Figure 25: Dosage % vs 28 Day Strength of Test Data containing Nanoclay with a 

W/CM=0.45 

 

From these figures we can already begin to see a general trend of concretes 

containing nanomaterial. Many experimenters reported that when too little nanomaterial 

was added there were gaps in the concrete or cement paste where no nanomaterial was 

present. And at the same time when too much nanomaterial was placed in the mixture the 

nanomaterials would agglomerate or not be able to bind with cement particles because of 

the excess of nanomaterial. Both of these situations would lead to less strength in the 

concrete mixture. This can be seen in the trend line and using the Monte Carlo Method 

we will be able to predict the optimal dosage of each mixture. 
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Results of Monte Carlo Analysis of Predictive Equation 

 

The Monte Carlo Method, as stated earlier, is simply an algorithm that consists of 

a process for producing a random event. The process is repeated N times, each trial being 

independent of the rest and results of the trials are averaged together. Using the Monte 

Carlo Method, 15,000 random dosages between zero and one were produced and plugged 

into the trend line equations. The following graphs are histograms showing the output of 

compressive strengths these equations produce. The blue lines represent the frequency 

that a certain compressive strength value was obtained and the red line shows the percent 

cumulative that each value represents. 

 

 

Figure 26: Frequency of Compressive Strengths for CNT with W/CM=0.4-0.5 
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Figure 27: Frequency of Compressive Strengths for CNT with W/CM=0.6-0.65 

 

 The main trend seen from these graphs is that each graph is skewed to the right, 

sometimes drastically. The histogram output for the CNTs with w/cm range 0.4-0.5 

shows that a compressive strength of approximately 34 MPa is its maximum value and 

also its most likely value with over 25% of the values being 34 MPa. This output shows 

that 90% of the values lay in the range of 28 – 34 MPa. The histogram output for the 

CNTs with w/cm range 0.6-0.65 show very similar results to the previous histogram. This 

histogram shows the highest value for compressive strength to be 38 MPa which is also 

the most likely value again with over 25% of the values being 38 MPa. In this histogram 

over 50% of the values are between 37 MPa and 38 MPa with 90% of the values being 

between 31 – 38 MPa. 
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 The histogram outputs for the Nanoclays look very different but still exhibit 

similar patterns. For the Nanoclay with w/cm ratio of 0.38 a wide range of values were 

obtained with a mostly uniform output with a small skew towards the right with a little 

over 20% of the values being between 59 – 59.5 MPa. The 90% range is very large with 

90% of the values being between 48 – 59.5 MPa. This large range may be due to the 

limited number of data points used over a large range to construct the trend line equation 

for this analysis. The histogram output for the Nanoclay with w/cm = 0.45 shows a much 

tighter range with a peak just before the maximum value. This graph shows over 25% of 

the values will be approximately 41.5 MPa with 90% of the values falling between 38.5 – 

42 MPa, a much smaller range than the previous Nanoclay. 

 

 

Figure 28: Frequency of Compressive Strengths for Nanoclay with W/CM=0.38 
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Figure 29: Frequency of Compressive Strengths for Nanoclay with W/CM=0.45 

 

 The CNT histograms exhibited very similar outputs whereas the Nanoclay outputs 

varied significantly. This can be seen in the shape of the trend lines produced for each 

nanomaterial w/cm ratio. The CNT trend lines are extremely similar in that they peak 

early at a small percent dosage and fall off significantly as dosage increases. This 

similarity shows up in the histogram output where both outputs show very similar ranges 

and outputs. However, in the Nanoclay outputs two very dissimilar graphs are seen. The 

equation for Nanoclay w/cm=0.38 has very few data points so that it has a well fitted 

curve but not necessarily a curve that may reflect the true behavior of the concrete mix. 

The equation for Nanoclay w/cm-0.45 has more data points with a curve not as well fitted 

but may show a truer picture of the behavior of the Nanoclay. Therefore, since the curves 

are so dissimilar their respective histogram outputs vary from each other significantly. An 
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observation that can be made from these outputs is that the flatter the trendline equation 

of the nanomaterial the smaller the range of compressive strengths. Although this seems a 

simple task, it demonstrates the power of the Monte Carlo Method. In that instead of 

going and performing thousands of concrete cylinder tests, we take limited data, find a 

relationship to the parameter we wish to obtain and generate thousands of tests without 

having to perform them in a lab. 

 

 Optimum Dosage determination by Monte Carlo Method 

 

 Using the same methodology, the Monte Carlo Method was used to determine an 

optimum dosage for each of the nanomaterials presented. This was done by determining 

visually the peak of the trend line and generating 1,000 random variables as dosages 

within the range of that peak. These 1,000 dosages were then plugged into the equation of 

the trend line to obtain 1,000 compressive strengths in that range. The maximum strength 

was determined, and its corresponding dosage was taken as the optimum. 
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Table 6: Optimum Dosage for Concrete Containing Nanomaterials at specific W/CM 

Ratio 

Nanomaterial W/CM 
Max 28 Day Strength 

(MPa) 

Optimum 

Dosage 

Nanotube 0.4 – 0.5 33.98 0.37 

Nanotube 0.6 – 0.65 37.91 0.30 

Nanoclay 0.38 57.55 1.50 

Nanoclay 0.45 41.56 1.51 

 

 This analysis shows that the Monte Carlo Method is a powerful tool that can be 

used to determine trends, make predictions, and determine key points in data by 

performing a few tests, determining relationships, and generating thousands of results 

from those few tests.  

 

 Monte Carlo and Bayesian Methods for Statistical Prediction 

 

 Unlike the previous analysis, where the Monte Carlo Method was used to 

generate random numbers for nanomaterial dosage and then obtain strength values, the 

method will be used in this instance to generate compressive strength values for specific 

dosages of nanomaterials. For each nanomaterial, at the dosages given by the original 

data, 1,000 random numbers were generated as compressive strength values at a standard 

deviation of ±3 from the mean. These 1,000 compressive strengths were then averaged 

and plotted against the test data for comparison. 
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Figure 30: Monte Carlo Compressive Strength Prediction for Concrete Containing CNTs 

at W/CM=0.4-0.5 

 

 

Figure 31: Monte Carlo Compressive Strength Prediction for Concrete Containing CNTs 

at W/CM=0.6-0.65 
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 In the graphical output for the CNTs we can see two very distinct results: the first 

graph follows the peak of the original data and then levels out towards the end and the 

second graph shows almost identical results to the original data. The Nanoclay figures do 

not exhibit such dissimilar results with both following the test data very closely. With the 

Nanoclay w/cm=0.38 having values slightly differing from the original data whereas the 

Nanoclay w/cm=0.45 follows the test data exactly. 

 

Figure 32: Monte Carlo Compressive Strength Prediction for Concrete Containing 

Nanoclay at W/CM=0.38 
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Figure 33: Monte Carlo Compressive Strength Prediction for Concrete Containing 

Nanoclay at W/CM=0.45 

 

 For this Monte Carlo Analysis it can be deduced that the distribution of the 

random numbers generated will significantly influence the results of the experiment. 

While a range is set for the random numbers if the numbers are generated uniformly the 

output will be similar to CNT w/cm=0.4-0.5 and Nanoclay w/cm=0.45. If the random 

number output is skewed in anyway or perhaps a random sample is taken from the pot of 

random numbers and analyzed the outputs could become very dissimilar. 

 Unlike the Monte Carlo Method, in Bayesian Methodology random numbers are 

not generated but the samples themselves are treated as random samples. This analysis 

was therefore performed by treating all of the compressive strengths for a given 

nanomaterial at specific w/cm ratio as the prior distribution, or the prior belief of the 
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behavior of the material. Assuming every distribution as normal the posterior distribution 

was calculated for each specific dosage corresponding to a given nanomaterial and w/cm 

ratio. These values were then plotted against the test data. 

 

Figure 34: Bayesian Compressive Strength Prediction for Concrete Containing CNTs at 

W/CM=0.4-0.5 

 

Figure 35: Bayesian Compressive Strength Prediction for Concrete Containing CNTs at 

W/CM=0.6-0.65 



88 

 

 For both the CNTs and Nanoclays the Bayesian Estimates follow the test data 

very closely. However, it can be seen in most of the outputs that the Bayesian values tend 

to fall short of the peak value in every figure. Also, the Bayesian values do not fall as low 

as the test data. This is most likely due to how the Bayesian theory is setup since you are 

taking a large population and then narrowing it to a smaller random group with the 

smaller group being a function of the larger one. This causes the values to tend towards 

an asymptote, in a way, which represents the prior distribution of the material. 

 

 

Figure 36: Bayesian Compressive Strength Prediction for Concrete Containing Nanoclay 

at W/CM=0.38 
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Figure 37: Bayesian Compressive Strength Prediction for Concrete Containing Nanoclay 

at W/CM=0.45 

 

 Because of the tendencies of the Bayesian method which were seen here it can be 

stated that the Bayesian Methodology will give a more conservative prediction of the data 

giving values that are not too high and not too low. This method can be useful for 

situations where more conservative values are necessary since you would not want to 

predict the strength of your concrete to be too large and have a structural failure. 

Bayesian Methodology has many uses in prediction in the engineering world. 

 

Comparison 

 

 In this section, the Test Data is compared simultaneously with the outputs from 

the Monte Carlo and Bayesian analyses. For each nanomaterial and corresponding w/cm 

ratio the three data sets were placed on a graph together and compared. 
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Figure 38: Monte Carlo, Bayesian, and Test Data Comparison of Compressive Strength 

vs Dosage % for CNTs at W/CM=0.4-0.5 

 

Figure 39: Monte Carlo, Bayesian, and Test Data Comparison of Compressive Strength 

vs Dosage % for CNTs at W/CM=0.6-0.65 
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 From these graphs it can be seen that both the Monte Carlo and Bayesian Methods 

follow the original data very closely. They do not always follow the data exactly but the 

same trends and patterns can be seen in each of the data sets. Each of the data sets 

follows the peak of the original data and the decrease in strength as the dosage increases. 

Even in the CNT w/cm=0.4-0.5 where the Monte Carlo output differs from the Original 

Data it still follows the pattern of the original data. 

 

Figure 40: Monte Carlo, Bayesian, and Test Data Comparison of Compressive Strength 

vs Dosage % for Nanoclay at W/CM=0.38 

 

30

35

40

45

50

55

60

0 1 2 3 4

N
an

o
cl

ay
 2

8
 D

ay
 S

tr
e

n
gt

h
 (

M
P

a)
 

Nanoclay Dosage % 

Comparison Chart 
for Nanoclay - W/CM=0.38 

Test Data

Monte Carlo

Bayesian



92 

 

 

Figure 41: Monte Carlo, Bayesian, and Test Data Comparison of Compressive Strength 

vs Dosage % for Nanoclay at W/CM=0.45 

 

 From these results it can be seen that for this type of analysis the Bayesian 

Estimate is a better method for determining the compressive strength values of concretes 

containing nanomaterials. Even though it produces a conservative value it gives a more 

accurate prediction than the Monte Carlo Method. The Monte Carlo Method is more 

suited to the situations such as the beginning of this analysis where random variables can 

be produced to discover trends and behaviors without having to perform significant 

amounts of laboratory experiments. 
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Nanomaterial Compressive Strength Comparison by W/CM Ratio 

 

 In this section, the compressive strengths of CNTs and Nanoclays were plotted 

against the dosage percents with all the values of each w/cm ratio. 

 

 

Figure 42: W/CM comparison for CNTs on a plot of compressive strength vs percent 

dosage by weight of concrete mixture 

 

 In Figure 42, it can be seen that the w/cm ratio of 0.4 is greater than the plot of the 

w/cm ratio of 0.6. From the figure it can be seen that w/cm ratios between 0.4 and 0.6 

would fall between the two plots. The plots don’t match up as well as the nanoclay plot in 

Figure 43 which is because the CNT data was compiled from several experimenters with 

different mixes. The nanoclay data was taken from one researcher using one concrete mix 

so the data lines up clearer. With the nanoclay data you can see clearly that a plot of 
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concrete mix incorporating a nanoclay at a w/cm ratio of 0.4, for example, would fall 

between the two lines plotted. 

 

Figure 43: W/CM comparison for nanoclay on a plot of compressive strength vs percent 

dosage by weight of concrete mixture 

 

The significant findings of this research are as follows: 

 If a relationship can be established between two or more parameters, using limited 

data, the Monte Carlo Method can be used to generate unlimited data to predict 

the outcomes of future tests and behaviors. 

 The Monte Carlo Method can also be used to generate unlimited number of 

compressive strengths, or any other parameter over a specific range, to determine 

patterns and trends and make future predictions. 
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 An optimum dosage can be obtained for a concrete mix additive from limited data 

using the Monte Carlo method to generate random values over a specific range. 

The highest value of the desired outcome will correspond to the optimum dosage 

of that additive. 

 The Bayesian Methodology can be applied to limited data to obtain a conservative 

prediction of how a product will behave in the future. 

 By plotting compressive strength data against percent dosages for specific w/cm 

ratios would be able to be used to create a chart to approximate compressive 

strengths for any w/cm ratio containing nanomaterials. 
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CHAPTER 6: 

 

CONCLUSION 

 

 Nanotechnology is defined as the process of creating a material or device at the 

atomic and molecular level. It is aimed at both understanding and controlling matter at 

the molecular level to affect the properties of the material at the macro level. This 

discovery has opened up a realm of possibilities with the potential impact on society to 

that of the Industrial Revolution. Until nanoscale materials were discovered, the process 

would start with the materials available and look for possible applications. But by using 

nanotechnology, a material can be developed specifically to fit the process. Any type of 

material can be created from nanoscale building blocks. This incredible opportunity to 

create nanoscale products has numerous implications for any field or discipline. 

The purpose of this thesis is to provide a summary of the research that has been 

done in nanotechnology as it relates to Civil Engineering, and more specifically, to 

concrete, to provide an understanding of structural nanomechanics; and finally, to 

provide a vision for the current and future needs in research for nanotechnology in Civil 

Engineering. 
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5.1 State of the Art: Research and Practice 

 

The major conclusions of the current state of research and practice of 

nanotechnology in concrete can be listed as follows: 

 

 Research into nanosilica composite concrete microstructure has given deep 

insight into the behavior of nanosilica during hydration of cement and its effect on 

the reactive phases of cement and the formation of C-S-H gel.  

 In the application of creating concrete and cements containing silica nanoparticles 

one of the first obstacles encountered was overcoming the tendency of 

nanoparticles to agglomerate. Different techniques to disperse the nanosilica 

throughout the concrete or cement were investigated including: high-speed 

mixing, ultrasonification, superplasticizing, and mixing nanosilica slurry.  

 Experimental testing on nanosilica composite concretes included: compressive 

strength, tensile strength, flexural strength, porosity, chloride permeability, 

modulus of elasticity, hardness, and length change. And the tests showed positive 

results for the effectiveness of nanosilica composite concretes to improve the 

mechanical properties above typical concrete mixes.  

 Research has also been done to create a homogenization model to simulate the 

effect of nanosilica on concrete.  

 The latest work on this nano-composite material has been mechanical testing of 

synthesized nanosilica particles by the sol-gel method. The tests completed were 
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compressive and flexural strength. These tests also showed improvement above 

typical concrete mixes although further research is required. 

 Studies of nanoclays in regards to self-consolidating concrete have been 

conducted to determine its compressive yield stress and green strength 

(compressive strength immediately after casting). The shape stability was also 

investigated after pouring. 

 Mechanical testing was completed on nanoclays, these tests included: 

compressive strength, modulus of elasticity, permeability, and length change. It 

was seen that nanoclays did not increase the mechanical properties of the concrete 

but they contributed to the properties of self-consolidating concrete.  

 Investigation of nanocement included characterizing its surface area and also 

comparing the cement phases to that of regular cement. Mechanical testing was 

also completed on the nanocement concrete including: compressive strength, 

tensile strength, and modulus of elasticity. It was shown to improve these 

properties. 

 Different models to disperse nanofibers and nanotubes have been investigated 

extensively. These models include: superplasticizer and ultrasonification, water-

superplasticizer-carbon nanotubes, growing nanofibers on the surface of cement 

particles, and dispersing carbon nanofibers using a high-range water reducer. 

However, dispersion is still an issue. 

 The mechanical properties of nano-composite concretes containing carbon 

nanofibers and nanotubes have also been tested extensively. These tests have 
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included: compressive strength, flexural strength, electrical conductivity, 

deflection, toughness, ductility, and load-carrying capacity. Nanofibers and 

nanotubes have dramatically increased the properties of concrete.  

 

5.2 Statistical Prediction 

 

 If a relationship can be established between two or more parameters, using limited 

data, the Monte Carlo Method can be used to generate unlimited data to predict 

the outcomes of future tests and behaviors. 

 The Monte Carlo Method can also be used to generate unlimited number of 

compressive strengths, or any other parameter over a specific range, to determine 

patterns and trends and make future predictions. 

 An optimum dosage can be obtained for a concrete mix additive from limited data 

using the Monte Carlo method to generate random values over a specific range. 

The highest value of the desired outcome will correspond to the optimum dosage 

of that additive. 

 The Bayesian Methodology can be applied to limited data to obtain a conservative 

prediction of how a product will behave in the future. 

 By plotting compressive strength data against percent dosages for specific w/cm 

ratios would be able to be used to create a chart to approximate compressive 

strengths for any w/cm ratio containing nanomaterials. 
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The possibilities for the application of nanotechnology are truly endless and more 

possibilities seem to sprout from each new possibility. The purpose of this thesis is to 

give a next step in the application of nanotechnology in cement and concrete. This 

process and science will continue to evolve and grow in civil engineering in the years to 

come forever changing the field of Civil Engineering and the world as we know it today. 
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APPENDIX 

Table 7: Complete list of nanomaterials 

Nanomaterial Particle Size w/cm Dosage % 28 Day (MPa) 

Nano-SiO2 15-65 0.3 0.25 90.3 

Nano-SiO2 30, 60-70 0.3 0.25 93 

Nano-SiO2 15-20 0.3 0.25 96 

Nano-SiO2 5 0.3 0.25 91.9 

Nano-SiO2 5 0.3 0.25 89.3 

Nano-SiO2 <10 0.3 0.25 93.2 

Nano-SiO2 <10, 17 0.3 0.25 96.5 

Nano-SiO2 5 0.3 0.25 92.4 

Collodial Nanosilica 30 0.4 6   

Collodial Nanosilica 20 0.4 6   

Collodial Nanosilica 120 0.4 6   

Nanosilica Powder 15 0.4 6   

Nano-SiO2 10 0.37 1 14.42 

Nano-SiO2 10 0.37 3 16.8 

Nano-SiO2 10 0.37 5 19.35 

Nano-SiO2 10 0.37 7 18.67 

Nano-SiO2 3.-5. 0.47 Coating (50nm)   

Nanosilica 22 0.41 1.8 50.26 

Nanosilica 22 0.45 3 48.82 

Nanoclay 45 µm 0.38 3 45.58 

Nanoclay w=100s t=1 0.38 0.5 51.23 

Nanoclay w=100s t=1 0.38 1 55.71 

Nanoclay 15-20 µm 0.38 0.5 54.26 

Nanoclay 15-20 µm 0.38 1 59.3 

Nanoclay 2 µm 0.4 4 57.78 

Nanoclay 45 µm 0.45 3 38.47 

Nanoclay 63 µm 0.45 0.5 42.96 
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Nanoclay 2 µm 0.45 0.5 41.03 

Nanoclay 2 µm 0.45 2 41.65 

Nanoclay 100 0.45 0.25 37.57 

Nanoclay 100 0.45 0.5 33.1 

Nanoclay 100 0.45 2 35.65 

Nanoclay w=100s t=1 0.45 0.5 35.99 

Nanoclay w=100s t=2 0.45 1 41.09 

Nanoclay w=100s t=3 0.45 3 44.27 

Nanoclay 15-20 µm 0.45 0.5 44.47 

Nanoclay 15-20 µm 0.45 1 46.95 

Nanoclay 15-20 µm 0.45 3 31.79 

MWCNT d>50 0.485 0.3 33.9 

MWCNT d>50 0.6 0.3 38.9 

MWCNT d>50 0.485 0.3 37 

MWCNT d>50 0.485 0.3 36.6 

MWCNT d>50 0.485 0.3 37.4 

MWCNT d>50 0.485 0.5 25.1 

MWCNT d>50 0.6 0.5 36.2 

MWCNT d>50 0.65 0.5 35.7 

MWCNT d>50 0.485 0.5 29.7 

MWCNT d>50 0.485 0.5 28.3 

MWCNT d>50 0.485 0.5 25.7 

MWCNT d>50 0.485 0.8 23.7 

MWCNT d>50 0.6 0.8 32.9 

MWCNT d>50 0.65 0.8 34.6 

MWCNT d>50 0.485 0.8 28.3 

MWCNT d>50 0.485 0.8 31.4 

MWCNT d>50 0.6 0.1 36.8 

MWCNT d>50 0.6 0.2 37 

MWCNT 20-30 0.485 0.3 35.2 

MWCNT 20-30 0.6 0.3 41.7 

MWCNT 20-30 0.485 0.3 33.7 

MWCNT 20-30 0.6 0.5 34.6 

MWCNT 20-30 0.6 0.8 33 

MWCNT d=60-100 0.4 0.5 44.82 

MWCNT d=60-100 0.4 0.5 48.49 

MWCNT d=60-100 0.4 0.75 37.92 

MWCNT d=60-100 0.4 1 27.58 

MWCNT d=60-100 0.4 1 23.9 

MWCNT 9.5 0.4 0.1 33 
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MWCNT 9.5 0.4 0.2 152.6 

MWCNT 9.5 0.4 0.1 33 

MWCNT 9.5 0.4 0.1 27.6 

MWCNT 9.5 0.4 0.2 143.5 

MWCNT 9.5 0.4 0.2 13.6 

Carbon Fiber+MWCNT .10-30 0.4 0.25   

Carbon Fiber+MWCNT .10-30 0.4 0.5   

Carbon Fiber+MWCNT .10-30 0.4 0.75   

Carbon Fiber+MWCNT .10-30 0.4 1   

CNF Direct Synthesis   0.4   22 

CNF Direct Synthesis   0.4   55 

CNF Direct Synthesis   0.4   40 

CNF Direct Synthesis   0.4   56 

CNF d=60-150 0.4 0.1   

CNF d=60-150 0.4 0.2   

CNF d=60-151 0.4 0.1   

CNF d=60-152 0.4 0.1   

CNF d=60-153 0.4 0.2   

CNF d=60-154 0.4 0.2   
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