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Recently, nanomaterials, such as nanosilica, are receiving special attention due to their ability to
improve the performance of cement-based materials compared to traditional mineral admixtures.
The advantages of nano-materials include: production of high performance concrete and a
reduction in the quantity of cement, thus decreasing the life cycle cost and the environmental
impact of construction materials.
In this study, the behavior of cement-based materials (paste, mortar and concrete) prepared with
nanosilica was studied. The mechanical, durability and microstructural properties of nanosilicabased concrete specimens were investigated. Further, the service life of concrete modified with
nanosilica was computed and compared with that of control specimens. Several micro-imaging
and analysis techniques, such as scanning electron microscopy (SEM), field emission scanning
electron microscope (Fe-SEM), X-ray diffraction (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR) were utilized to characterize the microstructural properties of the
developed concrete. Also, the mechanical properties, namely hardness and elastic modulus of the
nanoosilica-based cement paste were determined by nanoindentation (NI) technique. Molecular
dynamics (MD) simulation models were developed to compute the elastic properties of different
phases present in the hydrated cement paste. The elastic properties were then compared with the
experimental results obtained from the NI.
The test results indicate that the combined effect of pozzolanic reaction of the supplementary
cementing materials and the filling ability of nano silica considerably improved the mechanical
properties and durability characteristics of concrete. Also, the microstructure of concrete
mixtures containing nanosilica was dense, particularly at the interfacial zone. The service life of
the developed concrete was significantly more than that of the control mix. NI results show that
the indentation modulus and hardness of the hydrated phases of all the samples examined are
within the range of 24 to 43 GPa and 0.72 to 1.82 GPa, respectively. Further, the volume fraction
of the C-S-H phase of the specimens prepared with nanosilica is more than that of those prepared
with cement only. Finally, the results of the MD simulation corroborate the experimental
findings.
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ﻋﻨﻮان اﻟﺮﺳﺎﻟﺔ :ﺗﻄﻮﯾﺮ اﻟﺨﺮﺳﺎﻧﺔ ﻋﺎﻟﯿﺔ اﻷداء ﺑﺄﺳﺘﺨﺪام اﻟﻤﻮاد اﻟﻤﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ.
اﻟﺘﺨﺼﺺ اﻟﺮﺋﯿﺴﻲ :اﻟﮭﻨﺪﺳﺔ اﻟﻤﺪﻧﯿﺔ.
ﺗﺎرﯾﺦ اﻟﺪرﺟﺔ اﻟﻌﻠﻤﯿﺔ :دﯾﺴﻤﺒﺮ 2015 ،م.

ﻓﻲ اﻵوﻧﺔ اﻷﺧﯿﺮة ،اﻟﻤﻮاد ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ ،ﻣﺜﻞ اﻟﺴﯿﻠﯿﻜﺎ ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ ،ﺗﺤﻈﻰ ﺑﺎھﺘﻤﺎم ﺧﺎص ﻧﻈﺮا ً ﻟﻘﺪرﺗﮭﺎ ﻋﻠﻰ ﺗﺤﺴﯿﻦ أداء اﻟﻤﻮاد
اﻻﺳﻤﻨﺘﯿﺔ ﻣﻘﺎرﻧﺔ ﻣﻊ اﻟﺨﻠﻄﺎت اﻟﻤﻌﺪﻧﯿﺔ اﻟﺘﻘﻠﯿﺪﯾﺔ .ﻣﺰاﯾﺎ اﻟﻤﻮاد اﻟﻤﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ ﺗﺸﻤﻞ :إﻧﺘﺎج ﺧﺮﺳﺎﻧﺔ ﻋﺎﻟﯿﺔ اﻷداء وإﻧﺨﻔﺎض ﻓﻲ ﻛﻤﯿﺔ
اﻻﺳﻤﻨﺖ ،ﻣﻤﺎ ﯾﺆدي إﻟﻰ ﺧﻔﺾ ﺗﻜﻠﻔﺔ اﻟﺘﺪوﯾﺮ واﻷﺛﺮ اﻟﺒﯿﺌﻲ ﻟﻤﻮاد اﻟﺒﻨﺎء.
ﻓﻲ ھﺬه اﻟﺪراﺳﺔ ،ﺗﻢ دراﺳﺔ ﺳﻠﻮك اﻟﻤﻮاد اﻻﺳﻤﻨﺘﯿﺔ )ﻋﺠﯿﻨﺔ اﻷﺳﻤﻨﺖ وﻋﺠﯿﻨﺔ اﻷﺳﻤﻨﺖ واﻟﺮﻣﻞ وﻛﺬﻟﻚ اﻟﺨﺮﺳﺎﻧﺔ( اﻟﺘﻲ أﻋﺪت ﻣﻊ اﻟﻤﻮاد
ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ .وﻗﺪ ﺗﻢ اﻟﺘﺤﻘﻖ ﻣﻦ اﻟﺨﺼﺎﺋﺺ اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ واﻻﻧﺸﺎﺋﯿﺔ واﻟﻤﺘﺎﻧﺔ ﻟﻠﻌﯿﻨﺎت اﻟﺨﺮﺳﺎﻧﯿﺔ اﻟﻤﻌﺪة ﻣﻊ اﻟﻤﻮاد ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ.
وﻋﻼوة ﻋﻠﻰ ذﻟﻚ ،ﻋﻤﺮ اﻟﺨﺪﻣﺔ ﻟﻠﺨﺮﺳﺎﻧﺔ اﻟﻤﻌﺪﻟﺔ ﻣﻊ اﻟﻤﻮاد ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ ﻗﺪ ﺣﺴﺒﺖ وﻗﻮرﻧﺖ ﻣﻊ ﻋﯿﻨﺎت اﻟﺨﺮﺳﺎﻧﺔ اﻟﻐﯿﺮ ﻣﻌﺪﻟﺔ .وﻗﺪ
اﺳﺘﺨﺪﻣﺖ اﻟﻌﺪﯾﺪ ﻣﻦ ﺗﻘﻨﯿﺎت اﻟﺘﺼﻮﯾﺮ اﻟﺠﺰﺋﻲ واﻟﺘﺤﻠﯿﻞ ،ﻣﺜﻞ اﻟﻤﺠﮭﺮ اﻻﻟﻜﺘﺮوﻧﻲ اﻟﻤﺎﺳﺢ ،ﺣﻘﻞ أﻧﺒﻌﺎﺛﺎت اﻟﻤﺴﺢ اﻹﻟﻜﺘﺮوﻧﻲ اﻟﻤﺠﮭﺮي،
أﻧﺤﺮاﻓﺎت اﻷﺷﻌﺔ اﻟﺴﯿﻨﯿﺔ وأﺷﻌﺔ ﻓﻮرﯾﺮ اﻟﻄﯿﻔﯿﺔ ﺗﺤﺖ اﻟﺤﻤﺮاء ﻟﺘﻮﺻﯿﻒ اﻟﺨﺼﺎﺋﺺ اﻟﻤﺠﮭﺮﯾﺔ ﻟﻠﺨﺮﺳﺎﻧﺔ اﻟﻤﺘﻘﺪﻣﺔ.
أﯾﻀﺎ ،ﺗﻢ ﺗﺤﺪﯾﺪ اﻟﺨﺼﺎﺋﺺ اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ ،وھﻲ اﻟﺼﻼﺑﺔ وﻣﻌﺎﻣﻞ اﻟﻤﺮوﻧﺔ ﻟﻌﺠﯿﻨﺔ اﻷﺳﻤﻨﺖ اﻟﻤﻌﺪﻟﺔ ﻣﻊ اﻟﻤﻮاد ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ ﺑﻮاﺳﻄﺔ ﺗﻘﻨﯿﺔ
اﻟﺘﺤﺪﯾﺪ ﻣﺘﻨﺎھﻲ اﻟﺼﻐﺮ .ﺗﻢ ﺗﻄﻮﯾﺮ ﻧﻤﺎذج ﻣﺤﺎﻛﺎة دﯾﻨﺎﻣﯿﻜﯿﺔ ﺟﺰﺋﯿﺔ ﻟﺤﺴﺎب ﺧﺼﺎﺋﺺ اﻟﻤﺮوﻧﺔ اﻟﻤﻮﺟﻮدة ﻓﻲ ﻋﺠﯿﻨﺔ اﻻﺳﻤﻨﺖ اﻟﺮطﺒﺔ .ﺑﻌﺪ
ذﻟﻚ ،ﺗﻢ ﻣﻘﺎرﻧﺔ ﺧﺼﺎﺋﺺ اﻟﻤﺮوﻧﺔ ﻣﻊ ﻧﺘﺎﺋﺞ اﻟﺘﺠﺎرب اﻟﺘﻲ ﺗﻢ اﻟﺤﺼﻮل ﻋﻠﯿﮭﺎ ﻣﻦ ﺗﻘﻨﯿﺔ اﻟﺘﺤﺪﯾﺪ ﻣﺘﻨﺎھﻲ اﻟﺼﻐﺮ
ﻧﺘﺎﺋﺞ اﻻﺧﺘﺒﺎر ﺗﺸﯿﺮ أن اﻟﺘﺄﺛﯿﺮ اﻟﻤﺸﺘﺮك ﻟﺮد ﻓﻌﻞ اﻟﺒﻮز وﻻﻧﯿﺔ ﻟﻠﻤﻮاد اﻻﺳﻤﻨﺘﯿﺔ اﻟﺘﻜﻤﯿﻠﯿﺔ وﻗﺪرة اﻟﻤﻞء ﻟﻠﺴﯿﻠﯿﻜﺎ ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ ﻗﺪ ﺣﺴﻨﺖ
اﻟﺨﺼﺎﺋﺺ اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ وﺧﺼﺎﺋﺺ اﻟﻤﺘﺎﻧﺔ ﻟﻠﺨﺮﺳﺎﻧﺔ ﺑﺸﻜﻞ ﻛﺒﯿﺮ .أﯾﻀﺎ ً ،ﻛﺎﻧﺖ اﻟﺨﻠﻄﺎت اﻟﺨﺮﺳﺎﻧﯿﺔ اﻟﺘﻲ ﺗﺤﺘﻮي ﻋﻠﻰ اﻟﺴﯿﻠﯿﻜﺎ ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ
ﻛﺜﯿﻔﺔ ،ﻻﺳﯿﻤﺎ ﻓﻲ اﻟﻤﻨﻄﻘﺔ اﻟﺒﯿﻨﯿﺔ .ﻋﻤﺮ اﻟﺨﺪﻣﺔ ﻟﻠﺨﺮﺳﺎﻧﺔ اﻟﻤﻄﻮرة ﻛﺎن أطﻮل ﺑﻜﺜﯿﺮ ﻣﻦ ﻋﻤﺮ اﻟﺨﺮﺳﺎﻧﺔ اﻟﺘﻲ ﻻ ﺗﺤﺘﻮي ﻋﻠﻰ اﻟﺴﯿﻠﯿﻜﺎ ﻣﺘﻨﺎھﯿﺔ
اﻟﺼﻐﺮ .ﻧﺘﺎﺋﺞ اﻟﺘﺤﺪﯾﺪ ﻣﺘﻨﺎھﻲ اﻟﺼﻐﺮ ﯾﻮﺿﺢ أن ﻣﻌﺎﻣﻞ اﻟﺘﻨﺎھﻲ واﻟﺼﻼﺑﺔ ﻟﻠﻤﺮاﺣﻞ اﻟﺮطﺒﺔ ﻟﻜﻞ اﻟﻌﯿﻨﺎت اﻟﻤﺨﺘﺒﺮة ﻛﺎﻧﺖ ﺿﻤﻦ اﻟﻨﻄﺎق 24
اﻟﻰ  43ﻣﯿﻘﺎﺑﺎﺳﻜﺎل و  0.72اﻟﻰ  1.82ﻣﯿﻘﺎﺑﺎﺳﻜﺎل ،ﻋﻠﻰ اﻟﺘﻮاﻟﻲ .ﻋﻼوة ﻋﻠﻰ ذﻟﻚ ،ﻓﺄن ﻧﺴﺒﺔ ﺣﺠﻢ ﻣﺮﺣﻠﺔ ﺳﻲ-اس-اﺗﺶ ﻟﻠﻌﯿﻨﺎت اﻟﻤﻌﺪة ﻣﻊ
اﻟﺴﯿﻠﯿﻜﺎ ﻣﺘﻨﺎھﯿﺔ اﻟﺼﻐﺮ أﻛﺜﺮ ﻣﻦ ﺗﻠﻚ اﻟﻤﻌﺪة ﻣﻊ اﻷﺳﻤﻨﺖ ﻓﻘﻂ .أﺧﯿﺮا ً ،اﻟﻨﺘﺎﺋﺞ ﻣﻦ ﻧﻤﺎذج اﻟﻤﺤﺎﻛﺎة اﻟﺪﯾﻨﺎﻣﯿﻜﯿﺔ اﻟﺠﺰﺋﯿﺔ أﻛﺪت اﻟﻨﺘﺎﺋﺞ اﻟﺘﻲ ﺗﻢ
اﻟﺤﺼﻮل ﻋﻠﯿﮭﺎ ﻣﻦ اﻟﺘﺠﺎرب.
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CHAPTER 1

INTRODUCTION

1.1

General

Portland cement concrete is a widely used construction material. As of 2012, over 25 billion tons
of concrete is reported to be produced yearly [1]. However, the production of cement (an
important constituent of concrete) consumes large quantity of energy and it leads to the release
of a substantial volume of carbon dioxide “CO2” to the environment. It is established that one ton
of cement generates about one ton of CO2 [2-4]. Consequently, the environmental issues related
to cement production necessitated the idea of developing alternate materials for sustainable
development of the cement and concrete industries by satisfying the greenhouse gas emission
requirements.
Researchers in the fields of science and engineering are evaluating the feasibility of adopting
nanotechnology for possible novel applications [5]. Specifically, utilization of nanomaterials in
cement-based materials (CBM) is attracting considerable attention. Use of nanomaterials in
construction materials has three major advantages. Firstly, development of high performance
concrete can be achieved for particular applications. Secondly, a similar strength concrete can be
obtained by decreasing the quantity of cement used in concrete and thus decreasing the
environmental impact and cost of construction materials. Finally, the construction periods can be
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reduced, because with less curing time, a high performance concrete may be produced [6]. The
development of high performance concrete results in several benefits, for example beam and
column sizes can be reduced and thus height of multistory building can be increased; and larger
span to depth ratio may be realized by using high strength concrete in prestressed concrete
construction. The risk of reinforcement corrosion may be significantly minimized in marine
concrete structures due to the low permeability characteristics of high performance concrete and
thus enhance the durability of the structures. Moreover, high performance concrete can function
far better in adverse and extreme climatic conditions, and hence the repair and maintenance costs
can be greatly reduced.
With the advent of nanostructured materials, the determination of the mechanical properties of
these materials has become more difficult. One of the most suitable techniques to evaluate the
mechanical properties at small scale is Nanoindentation (NI). It is possible to measure very small
volumes of materials using this technique. Although the technique was established and used
primarily for examining homogenous materials, such as glass, polymers, metals, crystals, films
and coating materials, the technique is utilized to study heterogeneous materials namely
cementitious composite. However, the analysis of the experimental data is more complex as a
result of heterogeneity nature of cementitious matrix. Heterogeneity of structural materials, such
as cementitious matrix, is mainly due to mixing of constituents that are nonreactive. It can also
develop due to the chemical reactions resulting from the mixing of essential constituents.

The internal features (at micro level) of cement-based samples modified with nanoparticles can
best be evaluated through microstructural characterization, which comprises of three major
aspects. Firstly, compounds and different phases present in a sample can be identified. Secondly,
2

the surface topography, grain shape, size and structure of samples can be characterized. Finally,
chemical composition and its changes in the samples can be established. Microstructural
characterization, in general, is attained by interacting precisely prepared sample with some form
of probe. High energy electron beam, X-ray radiation and optical light are normally employed as
the probes. Three kinds of probes form the basis for electron microscopy, X-ray diffraction and
optical microscopy. When the sample interacts with the probe, scattered or excited signal is
gathered and processed into a system where it can be interpreted [7].
The behavior of cement-based materials (CBM) incorporating nanomaterials can be simulated or
modeled by molecular dynamics (MD) simulation, which is an approach that follows the
physical time evolution of system by integrating Newton’s laws of motion. The major advantage
of MD simulation is that, detailed understanding of how molecular structure affects the
material’s performance and its properties can be obtained. Also, by employing the simulation,
the number of experiments by an order of magnitude can be greatly reduced.
In recent years, special types of nanomaterials have drawn the attention of some concrete
researchers because of their remarkable physical, mechanical, electrical, chemical, and thermal
properties. Thus, this study was conducted to evaluate the mechanical, durability and
microstructural characteristics of nanoconcrete developed utilizing nanosilica in combination
with silica fume and locally available natural pozzolan.

1.2

Significance of the Research

A review of literature clearly indicates that appreciable amount of work exists on the
improvement of some mechanical, durability and microstructural properties of CBM
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incorporating nanomaterials. However, the current research work is unique in the following
aspects:


The study was comprehensive as it comprises evaluation of conventional mechanical and
durability properties, microstructural characterization and molecular level behavior
simulation of the developed nanosilica concrete.



Corrosion and sulfate attack, which are the major durability problems in the Kingdom of
Saudi Arabia, have not been addressed in the previous research studies. This study
investigates these characteristics.



The combined effect of locally available natural pozzolan and nanomaterials has not been
investigated by researchers. The current work examined the possibility of developing
concrete utilizing natural pozzolan and nanosilica.



The study contributed significantly toward utilization of nanoindentation and other
microstructural techniques for the characterization and evaluation of cement-based
materials modified with nanomaterials.

1.3

Research Objectives

The primary objective of this research work was to develop high performance concrete utilizing
nanosilica, silica fume and natural pozzolan.
The specific objectives were the following:
1) Assess the mechanical, durability and microstructural properties of CBMs prepared with
nanosilica, silica fume and natural pozzolan,
2) Evaluate the micro-mechanical properties of the developed CBMs prepared with nanosilica,
silica fume and natural pozzolan,
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3) Perform a molecular level behavior modeling of the materials using MD simulations, and
5) Evaluate the service-life of the developed concrete.

Organization of the Dissertation

1.4

The dissertation is divided into seven distinct chapters. Each of the chapters focused on a
particular issue of the research work. The content in each chapter of this dissertation is as
follows:


Chapter 1 presents the general introduction and overview of the work, significance of the
research, research objectives and organization of the dissertation.



Chapter 2 presents an extensive and comprehensive literature review on the topic of this
study.



Chapter 3 discusses the details of the experimental work conducted to achieve the
research objectives.



Chapter 4 presents the test results and discussion for evaluation of macro properties of the
developed concrete mixtures.



Chapter 5 presents the test results and discussion for evaluation of micro properties of the
developed concrete mixtures.



Chapter 6 presents a step by step procedure, results and discussion of molecular level
simulation of phases present in hydrated cement paste.



Chapter 7 presents conclusions, recommendations emanating from the study and
suggestions for future work.\
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CHAPTER 2

LITERATURE REVIEW
This chapter briefly summarizes the work of earlier researchers related to the current research
study.

2.1

Background on Nanotechnology in Concrete

Due to the innovative use of materials in nanometer scale (< 100 nm), nanotechnology has
attracted substantial interest of researchers in recent years. In general, nanotechnology refers to
the fundamental understanding, manipulation and development of material’s nano and
microstructure and their integration into macro constituent thereby introducing a new
functionality. If used properly, nanomaterials (due to their increased surface area) can result in
significant improvement in cement-based materials (CBM) properties. The mechanical behavior
of CBM exists in a nano- and a micro-scale. Consequently, the molecular structure of the
cement-based materials can be altered with the use of nanotechnology [5, 8-11]; and
subsequently the bulk properties of the material will be improved. Hence, the durability
characteristics, mechanical properties and sustainability of the materials can be enhanced using
the new innovation. In construction industry, nanotechnology can be utilized to produce highperformance, durable and cost-effective cement-based materials. Figure 2.1 provides the particle
size and specific surface area of concrete materials.
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Figure 2.1: Particle size and Specific surface area of concrete materials [11].

2.2

Properties of cement-based materials incorporating Nanosilica

2.2.1 Mechanical Properties
Several research studies were performed to examine the mechanical properties of CBM
containing nanosilica. These studies have shown that CBM incorporating nanosilica exhibited
improved mechanical properties. Jo et al. [12] carried out experiments to study the behavior of
cement mortars modified with NS. The NS, silica fume (SF) and ordinary portland cement
(OPC) were employed as cementitious materials. It was reported that the compressive strengths
of mortars containing NS were found to be higher compared to those mortars containing SF after
7 and 28 days of curing. Also, it was revealed that NS promoted the pozzolanic reaction by
acting as an activator. Ltifi et al. [13] studied the effect of addition of NS on the properties of
cement pastes and mortars. The tests conducted were workability, setting time and compressive
strength. It was reported that with an increase in the content of NS, the flow time increased very
quickly. Also, with an increase in the content of NS, the setting time of fresh pastes was slightly
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accelerated. The study confirmed that the strength of the cement mortars improved with the
addition of NS.
The effect of NS on compressive strength, rheology, unrestrained shrinkage, weight loss,
apparent porosity and water absorption of mortars were examined using factorial design
experiments [14]. It was reported that during the rheological measurements, the addition of NS
leads to rapid formation of structures. Also, it was found that for the range of NS additions
studied, the compressive strength, apparent porosity and water absorption indicated a lack of fit
of second order of the model. The authors reported that, after 7 days of curing, the maximum
unrestrained shrinkage of the mortars containing NS increased by 80%. But, after 28 days, the
increase is 54% compared to silica fume mortars in the same periods. The thermal, physical,
mechanical properties and microstructure of self-compacting concrete (SCC) with different
amounts of NS were investigated by Nazari and Riahi [15]. It was reported that the flexural
strength of the SCC was improved with the addition of NS and the negative effect of
superplasticizer on flexural strength of the specimens was recovered. Also, the authors found that
calcium silicate hydrate (CSH) gel formation can be accelerated by replacing cement with NS up
to 4 wt. %, this is attributed to the increased crystalline calcium hydroxide (CH) at the early ages
of hydration. They also reported that physical and mechanical properties and pore structure of
the concrete specimens were improved with the addition of NS up to 4 wt%. Doroganov [16]
reported that the strength of medium-cement concretes increases and their softening alleviates
with addition of NS to refractory concretes.
To assess the influence of three combined mineral additions (MA) (microsilica, nanosilica and
metakaolin) on performance of cement pastes, an experimental investigation was performed by
Barluenga et al. [17]. Physical and mechanical characterizations of the hardened pastes were
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carried out and the ultrasonic pulse velocity (UPV) and compressive strength were determined at
1, 7, 14 and 28 days on air and water cured specimens. They reported that inclusion of active
MA enhanced the compressive strength by about 20%, while the apparent density was slightly
lower. In a different study, Hou et al. [18] examined the effects of combination of fly ash (FA)
and colloidal NS (CNS) on the behaviors of cement paste. Both hardened and fresh properties of
the mixtures were measured. They reported that the final and initial setting times of all pastes
were greatly shortened with the CNS. They also reported that the viscosity of all the mixtures
was increased with the addition of CNS. However, the incorporation of CNS led to decreased in
fluidity. They attributed the reduction in fluidity to the increased water demand of the CNS.
Hou et al. [19] investigated the influence of CNS addition on strength development and
hydration of fly ash-cement pastes. They reported that the addition of CNS accelerated the
hydration of FA at early age and thereby early age strength of the pastes was enhanced. But, at
the later age, the pozzolanic reaction of FA was considerably hindered which was attributed to
the reduction in CH content due to hindered cement hydration and CNS hydration.
Ozyildirim and Zegetosky [20] conducted an experiment to determine the impact of
nanomaterials on concrete performance. The tests conducted were compressive strength, air
content, modulus of elasticity, density, slump, permeability and length change. Compressive
strength of concretes incorporating nanomaterials increases compared to control concrete.
Ibrahim et al. [21] reported that high strength mortars with equivalent residual strength after
exposure to 700ºC to that of control cement mortar specimens can be produced by replacing
cement with high-volume FA and CNS. Furthermore, Kim et al. [22] developed a
homogenization model to examine the influence of NS on the stiffness and strength of concrete.
They reported that with increase in NS content, the stiffness and strength of the cement paste
9

increases. Fernandez et al. [23] reported that the mechanical properties of lime mortars improved
with addition of NS.
Hosseini et al. [24] carried out experiments to examine the influence of NS on mechanical
properties of cement mortars in ferrocement. The authors reported that cement mortars
incorporating NS have a considerable higher strength and denser interfacial transition zone than
the OPC ferrocement mortars. Qing et al. [25] reported that cement hydration process was found
to be accelerated with the addition of NS and also the compressive strength of hardened cement
paste and bond strengths of aggregate-paste interface of mortars containing NS were higher than
those containing SF, especially at early ages.
Ozyildirim and Zegetosky [26] studied the effects of NS on the strength and permeability of
concrete. Specimens containing NS were tested for compressive strength and permeability and
compared with similar properties containing SF, FA, slag and Portland cement. They reported
that the concrete containing NS had the highest enhancement in compressive strength. Their
study revealed that some of the nano-materials studied have possible applications in concrete.
However, they concluded that further studies need to be conducted before nano-materials can be
applied in concrete. In particular, the materials should be examined to achieve uniformity by
improving dispersion and enhanced quantities of ingredients.
Rheological, mechanical, durability and microstructural behaviors of high performance self
compacting concrete (HPSCC) incorporating micro-SiO2 (MS) and NS were investigated by
Jalal et al. [27]. Some of the tests conducted were compressive strength and split tensile strength
and microstructural study through SEM. The authors report that all properties improved
significantly with the addition of MS and NS. It was also reported [28-29] that incorporation of a
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small amount of NS increased early compressive strengths and decreased setting times of highvolume slag and fly ash concretes.

2.2.2 Durability Characteristics
Durability of concrete is generally defined as the concrete ability to resist aggressive agents
attack. The attack can be either physical (salt weathering, fire, freezing and thawing,
efflorescence or abrasion) or chemical (chloride penetration causing reinforcement corrosion,
acid attack, sulfate attack, alkali-silica reaction, etc.). A number of researches have been
conducted to evaluate the durability performance of CBM incorporating nanosilica.
Ozyildirim and Zegetosky [20,26] reported that permeability of concretes incorporating
nanomaterials was in the range of moderate to high. However, concrete containing NS had the
highest enhancement in permeability. Jalal et al [27] reported that water absorption, capillary
absorption, chloride concentration, electrical resistivity of the HPSCC improved significantly
with the addition of MS and NS.
He and Shi [30] examined the microstructure and chloride permeability of cement mortar
containing nano-particles (Fe2O3, Al2O3, TiO2, and SiO2) and nano-clays (montmorillonite).
They reported that the use of nanomaterials enhanced the resistance of chloride penetration of the
mortar, as evidenced by the reduction in the apparent diffusion coefficients of chloride ion. The
improvement was especially significant in mixes with NS and NC. Also, addition of small
quantity of NS particles in cement paste led to the reduction of calcium leaching [31].
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2.2.3

Microstructural Properties

In general, CBMs constitute crystalline phases, amorphous phases and pore sizes. For hydrated
cement paste, the major constituent phases include amorphous CSH gels, CH (portlandite)
crystals, unhydrated clinker and porosity. When paste is mixed with aggregate, the interfacial
transition zone (ITZ) between the aggregate and paste affects the structure of the matrix system
on the micro and nano levels [32]. As the micro and nanoscale characteristics are related to the
behavior and performance of materials at the macro level, studying the structure of cement-based
materials at the micro and nanoscales is helpful in understanding their performance.
Jo et al [12] revealed that the use of NS improved the microstructure of the cement mortars by
behaving as filler. Ozyildirim and Zegetosky [20] studied the impact of nanomaterials on
concrete performance using atomic force microscope (AFM) technique. They reported that NS
concrete was observed to have overall lowest roughness values. A more uniform cement paste
corresponds to lower roughness values. Hosseini et al [24] reported that cement mortars
incorporating NS have a considerable denser interfacial transition zone than the OPC
ferrocement mortars as depicted from SEM images. In their study, Ozyildirim and Zegetosky
[26] examined some of the concretes with improved mechanical and durability properties with
the use of AFM and nano-indenter to analyze the causes for the enhancement. The authors
reported that the microstructure of concrete containing NS was found to be denser and uniform
compared to the plain concrete. In addition, the field emission scanning electron microscopy
(FESEM) revealed that the addition of nano-materials led to denser cement mortar [30]. Also,
incorporating nanomaterials in the mortars changed the morphology of cement hydration
products.
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Belkowitz [33] examined the influence of NS on the cement hydration process. The heat of
hydration of the mixes was measured and the concentration of CH was recorded through X-ray
diffraction (XRD). Other tests conducted were compressive strength and SEM. It was reported
that with the incorporation of NS to cement, an earlier and greater heat was generated. Also, the
authors confirmed that the concentration of CSH was higher and the pore structure was dense in
the cement paste containing NS. Furthermore, Amiri et al. [34] studied the nano structural
properties of concrete using AFM technique. Their results led to a new aspect of silicate-hydrate,
which helps to establish quantitative relations between the nano structure and bulk properties.
It has been reported [35-38] that significant enhancement was observed in concrete mixtures
containing NS in terms of strength development, reactivity, densification of interfacial transition
zone and refinement of pore structure. The enhancement was mainly due to the large surface area
of NS particles. Figure 2.2 shows hydration process of cement and role of nanosilica during
pozzolanic reaction of CBM.

Figure 2.2: Hydration process of cement and role of nanosilica during pozzolanic reaction of CBM [22].
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2.3

Micro-mechanical properties of cement-based materials

In the last few decades, assessment of mechanical properties of materials at micro and nano
levels was made possible with the advent of advanced instrumentation. Nanoindentation plays an
essential role in that regard. It is based on establishing contact between the surface of the
material of interest (sample) and indenter tip of known properties and geometry (Fig. 2.3).
Hence, the test consists of continuously loading the specimen while the applied load P and the
penetration depth h are monitored and recorded [39-44]. A typical indentation load versus
indentation depth response (P-h curve) is shown in Fig. 2.4. Conventionally, the experimental
indentation data is analyzed to derive two major properties namely, indentation hardness H and
indentation modulus M. However, other properties such as contact creep modulus, yield strength,
fracture toughness, residual stress and strain hardening index can also be determined [45]. While
the indentation hardness is related to the strength properties of the sample, the indentation
modulus (or reduced modulus) is associated with the elasticity (i.e. elastic modulus and poisson’s
ratio) of the indented half-space [42-43].
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Figure 2.3: Indentation on duralumin with a tungsten carbide conical indenter [43].

Figure 2.4: Typical indentation load versus indentation depth response curve of a NI
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Although nanoindentation technique was established and used primarily for examining
homogenous materials such as glass, polymers, metals, crystals, films and coating materials [42],
the technique is utilized to study heterogeneous materials namely cementitious composite [4653]. However, the analysis of the experimental data is more complex as a result of heterogeneity
nature of cementitious matrix. Heterogeneity of structural materials, such as cementitious matrix,
is mainly due to mixing of constituents that are nonreactive. It can also develop because of the
chemical reactions resulting from the mixing of essential constituents. Consequently, new
constituent phases are generated [54].

Nanoindentation can be utilized to examine phase

properties independent of each other. But, in order to address the problem associated with
heterogeneity of composite materials, it is highly recommended to conduct large grids of
indentation on cementitious samples [43-44].
Mondal et al. [55] performed an experiment to compare the effects of adding SF and NS to
concrete and to give better information of the changes in the concrete nanostructure using NI
technique. The study indicated that the percentage of the high-density CSH increased
significantly with the use of nanosilica. Also, nanoindentation results of cement paste samples
with similar percentages of silica fume and nanosilica were compared. The volume of highdensity CSH in samples containing nanosilica had virtually double that of samples containing
silica fume. The authors found that the elastic modulus of the CSH phase of cement paste was
within a range of 10 to 30 GPa, and indentation hardness values ranged from 0.25 to 1 GPa.
They also reported that spectra of magnetic resonance of the cement pastes with NS showed that
nanoparticles improve the average chain length of CSH gel.
Use of nanoindentation by Ulm and co-workers [56-59] had revealed three different phases of
CSH which includes ultra-high density (UHD), high density (HD) and low density (LD). These
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phases have distinct hardness and stiffness values and dissimilar volume fractions. They found
that the mean stiffness and hardness values are inherent properties of the CSH and remain
constant irrespective of the CBM. It was reported that the low density CSH degrades much more
during calcium leaching compared to high density CSH. Their findings show that the ratio of LD
to HD CSH in the final product plays an important role in optimization and mix design of
cement.
Mondal et al. [60-61] used NI with in-situ scanning probe microscopy imaging and revealed that
the Young’s modulus of the ITZ around aggregates does not improve with distance from the
interface. This raises questions about the reality of the ITZ and implies that intense heterogeneity
and weak bonding between paste and aggregate most likely governed the interface failure [62].
Nemecek [42] studied the NI and the micromechanical properties of cement pastes. The
micromechanical response of constituents phases (both the hydrated and unhydrated clinker) of
the cement was assessed. Critical subjects relating to the experimental paths of loading and their
influences on the assessment of elastic properties were addressed in the study. Series of
multicycle experiments were carried out to show impact on creep. The study covered a wide
range of maximum applied loads and their corresponding penetration depths. Based on the
outcome of this study, it was shown that hydrated phases of cement paste were purely subjected
to creep deformation. Sequel to the determination of elastic properties by NI and use of standard
Oliver–Pharr technique for loading–unloading analysis with no dwell phase at the peak load, it
is evident that strong size effect manifested in cement paste.
Davydov et al. [41] investigated various critical issues associated with experimental procedure
and data processing of the NI technique. The volume percentages of different constituent phases
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acquired by XRD method and back-scattered electron (BSE) are found to be different from those
obtained by statistical NI (SNI) analysis for the same sample. Results from transmission electron
microscope (TEM) images indicated that the representative volume element (RVE) of lowdensity and high density CSH is approximately 500 nm and 100 nm, respectively. This shows
that suitable penetration depths need to be chosen for NI experiments. Also, the authors studied
the effect of penetration depth by changing the maximum applied load from 1 mN to 5 mN.
Further, the authors proposed a manual indentation method as a substitute to the SNI method,
which combines results from NI technique with information from BSE and AFM. In the
proposed method, a high density CSH can be accurately indented around unhydrated clinkers
using AFM. However, the results from the method still indicate a big scatter.
In their study, Da Silva et al. [40] illustrated a procedure utilized to determine the elastic
properties of high performance cementitious composites (HPCC) at macro level using NI
technique. The elastic properties of HPCC mixtures with fly ash and quartz filler at various
scales were evaluated, utilizing compressive strength and dynamic and static elastic moduli tests
(macroscale) and NI test (microscale). For the NI test, grid indentation was applied to test a
representative area of the samples and subsequently deconvolution technique was utilized to
process the results statistically. The results were complemented by a porosimetry test and then
overall macroscale properties were predicted by adding them into a two-step systematic
homogenization program. The findings show that a consistent advanced estimation of HPCC
elastic properties can be obtained by the illustrated procedure.
The viscoelastic properties of cement paste at short-term were evaluated using NI by Jones and
Grasley [63]. The elastic–viscoelastic correspondence principle was used to derive a timedependent solution. The solution was then applied to obtain the time-dependent properties and to
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analyze creep indentation tests conducted on hardened cement pastes. The effect of
approximating CSH viscoelastic properties with a time-independent bulk modulus or timeindependent Poisson’s ratio was discussed by the authors. Also, arguments for employing a timeindependent Poisson’s ratio for short-term response are shown. The findings from the measured
NI creep show a trimodal trend both in the extracted viscoelastic uniaxial compliance and also in
the displacement versus time response of the test data.

2.4

Molecular level modeling of cement-based materials

CBMs containing nanomaterials can be modeled to improve the fundamental understanding of
their behavior and predict the material performance and properties. A number of research studies
were performed to model the behavior of CBM using MD simulations. Al-Ostaz et al. [64]
presented a general step to examine the complex hydrated cement phases using MD and
microporomechanics techniques. The MD technique was used to estimate mechanical properties
of major hydrated cement constituents: CSH and CH. Mineral crystal of jennite and tobermorite
14 Å were used as crystal structure of CSH. Microporomechanics technique was utilized to
compute the properties of two forms of CSH, that is, HD and LD CSH gels. The results obtained
were compared with existing experimental and computational data.
Wu et al. [65] applied MD simulation technique to examine the elastic properties of major
compound compositions of Portland cement. The authors studied the significance of three
commonly used force fields: Universal force field (UFF), Condensed phase Optimized Molecular
Potentials for Atomic Simulation Studies (COMPASS) and Dreiding. Also, they investigated
combination of various force fields and simulation cell sizes and then compared their results with
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experimental values. They concluded that their findings may possibly be utilized as nanoscale
properties for multi-scale modeling of cementitious composites, concrete, and aggregate. Figures
2.5 through 2.7 present the crystal structures of C3S, C2S and C3A.

Figure 2.5: Crystal structure of C3S [65].

Figure 2.6: Crystal structure of C2S [65].
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Figure 2.7: Crystal structure of C3A [65].

Alkhateb et al. [66] attempted to link latest findings of nanoscience and science-based innovation
to the challenging and ancient cement technology. The authors highlighted the initial outcomes
in production and characterizing cement-graphene nanocomposites. They used a bottom-up
method to correlate the molecular assembly of the composites with their macroscopic properties.
Tests conducted were XRD, AFM, SEM and resonant ultrasound spectroscopy (RUS). MD
simulation was conducted to compute the interfacial strength between CSH and the
functionalized graphene nanoplatelets. The interfacial strength was improved due to the
functionalized graphene nanoplatelets, which tends to enhance the general mechanical properties.
A strong correlation between the performance and morphology of the composite was obtained
using the holistic approach. Figure 2.8 shows the typical molecular model for (C-S-H)-G()-C-SH hybrid nanocomposite interfacial addendum.
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Figure 2.8: Molecular model for (C-S-H)-G()-C-S-H hybrid nanocomposite interfacial addendum [66]
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CHAPTER 3

EXPERIMENTAL PROGRAM
This research work focused on developing high performance concrete modified with nanosilica.
The work was carried out in three major steps. Firstly, mortar specimens were prepared to
determine the optimum percentage of nanosilica to be used as a replacement of cement in
concrete. Concrete specimens of appropriate sizes were then prepared with the optimum
percentage of nanosilica. Specimens were also prepared with ordinary Portland cement and other
supplementary cementitious materials, without nanosilica, for comparison purposes. The
mechanical and durability properties of the prepared concrete specimens were then evaluated.
Secondly, micro analytical techniques, such as scanning electron microscopy (SEM), field
emission scanning electron microscopy (FESEM), X‐ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FTIR) were utilized to characterize cement paste prepared with
and without nanosilica. Also, nanoindentation (NI) technique was utilized to determine the
micro-mechanical properties of the cement paste specimens. Thirdly, molecular dynamics
simulation was conducted to model the behavior of CBM containing nanosilica.
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3.1

Materials

3.1.1 Cementitious and Nano Materials
(i) Cement
ASTM C150 Type I cement was utilized in the preparation of the cement paste, mortar and
concrete mixtures. The specific gravity of the cement was 3.15 and its chemical composition is
provided in Table 3.1.
Table 3.1: Chemical composition of Portland cement (Khan, 2013).

Constituent

Weight (%)

Silica (SiO2)
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Alumina (Al2O3)

5.64

Ferric oxide (Fe2O3)

3.8

Lime (CaO)

64.35

Magnesia (MgO)

2.11

Sulfate (SO3)

2. 1

Potassium Oxide (K2O)

0.36

Sodium Oxide(Na2O)

0.19

Tricalciumsilicate (C3S)

55

Dicalcium silicate (C2S)

19

Tricalcium aluminate (C3A)

10

Tetracalciumaluminoferrite (C4AF)

7

(ii) Silica Fume
The silica fume used in this research work was obtained from a local ready mix industry. Its
chemical composition, as determined using X-ray florescence (XRF) technique, is shown in
Table 3.2. Also, the scanning electron microscopy (SEM) and x-ray diffraction (XRD) diagrams
of the silica fume are shown in Fig. 3.1 and 3.2, respectively.
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Table 3.2:Chemical composition of silica fume

Constituent

Weight (%)

Silica (SiO2)

93.62

Alumina (Al2O3)

0.73

Ferric oxide (Fe2O3)

0.24

Lime (CaO)

0.76

Magnesia (MgO)

1.80

Potassium Oxide (K2O)

1.24

Sodium Oxide(Na2O)

0.51

Phosphorus Oxide (P2O5)

1.07

Loss on Ignition

1.55

Figure 3.1: SEM diagram of silica fume
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Figure 3.2: XRD diffractogram of silica fume

(iii) Natural Pozzolan
The natural pozzolan utilized was sourced from a local supplier. Its specific surface area and
average particle size are 442 m2/kg and 33 µm, respectively. Its oxide composition, as
determined using X-ray florescence (XRF) technique, is shown in Table 3.3. Also, SEM and
XRD diagrams of the natural pozzolan are presented in Fig. 3.3 and 3.4, respectively.

Figure 3.3: SEM diagram of natural pozzolan
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Table 3.3: Chemical composition of natural pozzolan

Constituent

Weight (%)

Silica (SiO2)

40.24

Alumina (Al2O3)

11.90

Ferric oxide (Fe2O3)

17.62

Lime (CaO)

11.83

Magnesia (MgO)

8.33

Potassium Oxide (K2O)

1.67

Sodium Oxide(Na2O)

3.60

Phosphorus Oxide (P2O5)

1.37

Loss on Ignition

1.6

Figure 3.4: XRD diffractogram of natural pozzolan
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(iv) Colloidal Nanosilica
Colloidal nanosilica, Cembinder 8, used in this study was supplied by AkzoNobel Germany and
its properties, as supplied by the manufacturer, are shown in Table 3.4. The transmission electron
microscopy (TEM) and XRD diagrams of the colloidal nanosilica are shown in Fig. 3.5 and 3.6,
respectively.
Table 3.4: Properties of colloidal nanosilica

Properties
Solid content (%)
Average particle size (nm)
Bulk density (g/cm3)
Specific surface area (m2/g)
Na2O content (%)
Viscosity (cps)
pH

Values
50
35
1.4
80
0.2
15
9.5

Figure 3.5: TEM of Colloidal Nanosilica
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Figure 3.6: XRD diffractogram of Colloidal Nanosilica

3.1.2 Fine aggregate
Local dune sand, mostly quartz, was used in the preparation of the mortar and concrete
specimens. Its specific gravity and absorption were 2.56 and 0.5%, respectively. The particle size
distribution of the fine aggregate is presented in Table 3.5.
Table 3.5: Particle size distribution of fine aggregate

ASTM Sieve #

Size

% passing

4

4.75 mm

100

8

2.36 mm

100

16

1.18 mm

100

30

600 µm

76

50

300 µm

10

100

150 µm

4
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3.1.3 Coarse aggregate
Crushed limestone aggregate obtained from a local quarry was used as coarse aggregate. Its
absorption and specific gravity were 1.5% and 2.60, respectively. The particle size distribution of
the coarse aggregates chosen according to ASTM C 33 is shown in Table 3.6.
Table 3.6: Particle size distribution of coarse aggregate.

Sieve size, mm

Cumulative

Cumulative

(inch)

% Retained

12.5 (1/2)

(% Retained)

(% passing)

10

10

90

9.5 (3/8)

40

50

50

4.75 (3/16)

40

90

10

2.36 (3/32)

10

100

0

3.1.4 Superplasticizer
A superplasticizer (SP), Glenium 51®, was used in all the mixes in order to maintain a suitable
workability. It was obtained from a local supplier. The properties of the SP, as supplied by the
manufacturer, are presented in Table 3.7.
Table 3.7: Properties of Superplasticizer

Properties

Values

Chloride content

≤ 0.1 %

Alkali content

≤ 5.0 %
1.08±0.02 g/cm3

Specific gravity @ 20°C
pH-value @ 20°C

7.0±1.0
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3.2

Preparation of Trial Mixtures

The quantity of nanosilica to be used as replacement of cement in concrete was determined from
trial mixtures. Mortar specimens were prepared to determine the optimum percentage of
nanosilica. Sand/binder ratio and water-binder (w/b) ratio adopted were 2.75 and 0.36,
respectively. Table 3.8 presents the mixture proportions in the mortar mixtures. For the
preparation of the mixtures, cement and fine aggregate were dry mixed in the mixer. A
homogenous mortar was achieved by mixing together all the components with water and then SP
was added to enhance the workability of the mixture. For the mortar mixtures containing
nanosilica, as the nano-materials are difficult to disperse evenly due to their large surface area,
the mixing was done as follows: Firstly, the colloidal nanosilica was sonicated with part of
mixing water for 5 minutes using a high intensity ultrasonic processor (VCX 500). Afterward,
the remaining water and SP were added to the mixed cement and fine aggregate at medium
speed. The sonicated nanosilica was then added to the wet mixture at high speed until
homogeneous composite was achieved.
Table 3.8: Mixture proportions of mortar mixtures

Mix ID

w/b ratio

s/b ratio

Cement (g)

MS0
MS1
MS2
MS3
MS4
MS5
MS6
MS7
MS8

0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36
0.36

2.75
2.75
2.75
2.75
2.75
2.75
2.75
2.75
2.75

514
509
504
498
493
488
483
478
473
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NS (%)
0
1
2
3
4
5
6
7
8

SP (%)
0.8
1.0
1.1
1.3
1.4
1.6
1.7
1.9
2.0

3.3

Concrete Mixture Proportion

Based on the results from trial mixes on mortar, the concrete specimens were prepared. The
water-binder (w/b) ratio used in the concrete mixtures was 0.36. The water content in the
colloidal nanosilica was considered in the calculation of total mixing water of the mixtures. The
volume of SP used in the mixtures was calculated as a proportion of the weight of the
cementitious materials. In all mixtures, the dosage of SP used was adjusted to avoid bleeding or
segregation. Review of work conducted by other researchers [67-75] indicates that the optimum
percentage of natural pozzolan used as replacement of cement is between 15 and 22%. Hence,
20% natural pozzolan was used as a replacement of cement in this study. The proportions of
constituents used in the concrete mixtures are shown in Table 3.9.

3.4

Casting and Curing of Concrete Specimens

The mixing procedure used in the preparation of mortar mixtures was adopted for concrete
mixtures. However, the fine and coarse aggregates were dry mixed in a revolving drum-type
mixer and followed by adding cementitious materials and portion of the mixing water. The
sonicated nanosilica was then added until homogeneous mixture was obtained. Both the mortar
and concrete specimens were compacted on a vibration table and kept in molds concealed with
plastic sheets under favorable laboratory conditions for 24 hours. Thereafter, they were
demolded and then covered with wet burlap until the time of testing. Table 3.10 presents the
details of the test specimens prepared for the evaluation of mechanical and durability properties.

32

Table 3.9: Mixture proportions in concrete

Fine
Mix
ID

Composition*

NS
(kg/m3)

NP

SF

Cement

Water

SP
aggregate

3

(kg/m )

3

(kg/m )

3

(kg/m )

Coarse
aggregate

3

(kg/m3)

(kg/m )
(kg/m3)

(kg/m3)

M1

C=100%

--

--

--

400

144

754

1130

3.6

M2

C=94%, SF=6%

--

24

--

376

144

750

1126

4.4

M3

C=80%,NP=20%

--

--

80

320

144

752

1128

4.4

M4

C=95%,NS=5%

20

--

--

380

144

741

1112

6.0

M5

C=89%,NS=5%.SF=6%

20

24

--

356

144

738

1107

6.8

M6

C=75%,NS=5%,NP=20%

20

--

80

300

144

740

1110

6.8

M7

C=94%,NS=6%

24

--

--

376

144

739

1108

6.8

M8

C=88%,NS=6%,SF=6%

24

24

--

352

144

736

1104

7.6

M9

C=74%,NS=6%,NP=20%

24

--

80

296

144

738

1106

7.6

*C=Cement, SF=Silica Fume, NP=Natural Pozzolan, NS=Nanosilica
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Table 3.10: Details of the test specimens

TEST AGE

SPECIMEN
SIZE

No. of
Specimens

ASTM C 39

3, 7, 14, 28 & 90
days

100 mm cube

15

ASTM C 78

28 days

40 × 40 × 160
mm

3

Drying
Shrinkage

ASTM C 157

28 days cured,
then measure at
3, 7, 14, 28 & 90
days

50 × 50 × 250
mm

3

Chloride
permeability

ASTM C 1202

28 days

75 × 150 mm
cylinder

1

75 × 150 mm
cylinder

1

PROPERTY
Compressive
strength
Flexural Tensile
strength

Chloride
diffusion

TEST
STANDARD

ASTM C 1556

Corrosion
(rate &
potential)

LPR Method

Sulfate attack

ASTM C452

3.5

28 days cured
and then
immersed in 5%
Cl- solution for 6
months
28 days cured
and then partly
submerged in
5% Cl- solution
28 days cured
and then
immersed in
2.1% SO3-

12 mm bar
centered in a
cylinder of
75 × 150 mm
size
50 × 50 × 50
mm mortar
cube

3
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Preparation of Cement Paste Samples for Microstructural Studies

Cement paste specimens were prepared with five w/b ratio levels, i.e. 0.24, 0.30, 0.36, 0.42 and
0.48. For each w/b ratio, two samples were prepared, one with nanosilica and the other without
nanosilica. The percentage of nanosilica used as replacement of cement was 5%. The cement
and water were mixed together and required quantity of SP was added to maintain a suitable
flow. For the samples with nanosilica, the colloidal nanosilica was sonicated with the mixing
water and the required quantity of SP for five minutes. Afterward, sonicated nanosilica was then
mixed with the cement until homogeneous composite was achieved. The samples were cast into
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cylindrical plastic tubes (20 mm high and 15 mm diameter) and then compacted on a vibration
table and kept in molds covered with plastic sheets under laboratory conditions for 24 hours.
After 24 hours, the samples were demolded and then cured in water for 27 days.

3.6

Evaluation of Macro Level Properties

3.6.1 Compressive Strength
Mortar cube specimens, measuring 50 x 50 x 50 mm, were prepared to determine the
compressive strength in accordance with ASTM C 109 [76] after 7 and 28 days of water curing.
The test was conducted using a compressive testing machine (AutoTest 200) with a load capacity
of 200 kN and the compressive load was applied at a loading rate of 1.0 kN/s for all the
specimens and the maximum load at failure was observed.
Cube concrete specimens measuring 100 x 100 x 100 mm were prepared in accordance with
ASTM C 39 [77] and tested after 3, 7, 14, 28 and 90 days of curing. A hydraulic machine, shown
in Fig. 3.7, with a load capacity of 3000 kN was utilized to determine the compressive strength
of concrete specimens. The compressive strength was conducted on three specimens for each
age and its value was reported as the average of the three specimens.

3.6.2 Flexural Strength
The flexural tensile strength was determined using three-point loading test in accordance with
ASTM C 78 [78] on 40 x 40 x 160 mm prism after 28 days of curing. During the testing, the
mid-span deflection and the load of the prism were monitored and the maximum load was used
to determine the flexural strength. A universal testing machine (INSTRON 300k), shown in Fig.
3.8, with a loading capacity of 1,000 kN was used to conduct the test. The loading rate adopted
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was 0.5 mm/min. Three specimens were tested and the average value was calculated for each
mix.

Figure 3.7: Compressive strength testing machine

Figure 3.8: Testing set-up for Flexural strength testing
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3.6.3 Drying Shrinkage
Concreter specimens of 50 x 50 x 250 mm were prepared for measurement of drying shrinkage
according to ASTM C157 [79]. The specimens were cured in water for 28 days and, thereafter,
they were taken out and surface dried; the initial length was measured. Lengths of the same
specimens were measured after 3, 7, 14, 28 and 90 days. Three specimens were assessed and the
average value is reported for each mix. Figures 3.9 shows the set-up used for the drying
shrinkage measurement. The set-up comprises an LVDT attached to a data logger. In order to
ensure that the specimens remain perfectly vertical, a frame with smooth base was used during
the test. The test was initialized with a standard rod of known length. Subsequently, the specimen
is placed in and the length is read.

Figure 3.9: Drying Shrinkage testing set-up
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3.6.4 Rapid Chloride Permeability
The chloride permeability of the concrete specimens was assessed after 28 days of water curing
in accordance with ASTM C 1202 [80] test procedure. A 75x150 mm cylindrical specimen was
prepared and then the specimen was cut into three disks. The test was conducted on each disk
and the average total charge passed, in Coulombs, of the three disks was calculated along with
the standard deviation. Fig. 3.10 shows the rapid chloride permeability test set-up.

Figure 3.10: Test set-up for Rapid Chloride Permeability.

3.6.5 Chloride Diffusion
For chloride diffusion, a 75x150 mm cylindrical concrete specimen was prepared for each mix.
After 28 days of water curing in accordance with ASTM C 1556 [81] test procedure, the
specimens were allowed to dry for seven days and then coated with an epoxy resin on the curved
surface and the bottom surface. The specimens were exposed to 5% sodium chloride solution
ensuring unidirectional diffusion of chloride ions for a period of 6 months. Thereafter, powder
samples were obtained at intervals of 4 mm from the surface and the powder was analyzed by
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spectrophotometric method to determine the chloride profile. In order to determine the free
chloride concentration, 3 gm of the powder was dissolved in 50 ml of hot distilled water. The
solution was then kept in a beaker for 24 hours, afterward the sample was filtered in a flask and
the filtrate was made 100 ml by adding distilled water. A 0.2 ml sample is then taken with micro
pipette from the diluted mixture and added to 9.8 ml distilled water in a small beaker. Thereafter,
2 ml each of mercuric thiocyanate and 0.25 M ammonium ferric sulfate were added to the
solution and the solution was shaken gently. The solution changes color due to presence of
chlorides in the sample. Small amount of the solution was then taken into a test tube and placed
inside a spectrophotometer. The spectrophotometer detects the change in color and displays the
results as absorption. The absorption was used to determine the chloride concentration and then
the chloride concentrations were plotted against the concrete depth. The resulting chloride profile
was used to determine the coefficient of chloride diffusion according to Fick’s second law of
diffusion (Umar, 2013). Fig. 3.11 shows some samples after filtration.

Figure 3.11: Some samples after filtration of digested chlorides
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3.6.6 Corrosion Measurements
Cylindrical concrete specimens (75 mm in diameter and 150 mm high) with a centrally placed
reinforcing bar were prepared for the determination of corrosion rate and corrosion potential.
Epoxy coating was applied to the steel bar at the bottom and at the interface between the
concrete and air to avoid the initiation of corrosion at those critical places. All the specimens
were then cured in water tanks for a period of 28 under laboratory conditions and the specimens
were then partly submerged in 5% sodium chloride solution in a plastic tank to allow corrosion
to take place. Corrosion measurements were then carried out at regular intervals. Reinforcement
corrosion was assessed by measuring corrosion potentials and corrosion current density. The
most commonly used electrochemical technique, i.e., linear polarization resistance method
(LPRM), was used to determine the corrosion current density (Icorr). The test equipment used was
Gamry Instruments. The corrosion rate measurement was performed (as shown in Figure 3.12)
using a three-electrode system consisting of: i) reference electrode (which is used as another
half-cell forming thereby a complete cell), ii) counter electrode (which is used to apply the
external current) and iii) steel reinforcement in the concrete specimen (often known as the
working electrode). The working electrode was polarized to ±10 mV of the equilibrium potential
at a scan rate of 0.05 mV per second. After a suitable initial delay, typically 60 seconds, the steel
was polarized [82].
The slope of the applied potential versus measured current was used to determine the linear
polarization resistance, Rp. The corrosion current density was then calculated using the following
relationship [83]:

I corr 

B
Rp

(3.1)
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where:
Icorr = corrosion current density (µA/cm2)
Rp = polarization resistance (kΩ.cm2)

B

a c
 a   c 2.303

(3.2)

 a = anodic Tafel constant
 c = cathodic Tafel constant
The corrosion potential was measured using a digital multimeter. The negative terminal of the
multimeter was connected to the steel bar in the cylindrical concrete specimen and its positive
terminal was connected to the electrical lead of a saturated calomel reference electrode (SCE)
[82]. The test set-up for corrosion potential measurements is presented in Figure 3.13.

Figure 3.12: Experimental set-up for corrosion rate measurement
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Figure 3.13: Test set-up for corrosion potential measurement

3.6.7 Sulfate Attack
Mortar specimens were prepared for the evaluation of sulfate attack. Half of the specimens were
cured in water tanks under laboratory conditions while the remaining half were immersed in
2.1% sulfate solution (1.05% from sodium sulfate, 1.05% from magnesium sulfate). After six
months of exposure, the specimens were removed from the water and the sulfate solution. The
compressive strength of the specimens was then evaluated. Also, changes in morphology due to
sulfate attack were observed using scanning electron microscopy (SEM).
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3.7 Evaluation of Micro Level Properties

3.7.1 Morphology
The morphology of the specimens was evaluated utilizing SEM. This was conducted on the
fractured concrete specimens after 28 days compressive strength test in order to study the effect
of nanosilica on the concrete morphology. The fractured surface was coated with gold to enhance
the resolution and minimize electric charge. Also, SEM was performed on all the cement paste
specimens in order to characterize the morphology and grain structure of their top surfaces.
Energy dispersive x-ray spectroscopy (EDS) was used to determine the elemental composition of
various phases within the specimens. Elemental distribution at selected locations was obtained
using line-scans and X-ray mapping technique [7]. Figure 3.14 shows the scanning electron
microscope utilized in this study.

Figure 3.14: Scanning electron microscope (SEM) machine
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3.7.2 Field Emission Scanning Electron Microscopy (FESEM)
In order to study fine microstructural details of the cement paste samples, field emission
scanning electron microscope (FESEM) technique was used. FESEM (Lyra 3, Tescan, Czech
Republic) with accelerating voltage of 20 kV was utilized in this study to detect the secondary
electrons (SE). The equipment has the ability to examine nanostructured materials. Also, it has
high resolution and brightness compared to non-field emission SEM. The machine has an
infrared camera in the chamber for live imaging and a fully automated software controlled
operation. The micrographs were obtained at a magnification of 100,000x and 200,000x. Figure
3.15 shows the FESEM machine used in this study.

Figure 3.15: Field emission scanning electron microscope (FESEM) machine
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3.7.3 X-ray Diffraction (XRD)
X-ray diffraction undertakes material characterization by phase identification and, hence, it is an
important tool to support chemical information obtained by other techniques. XRD can also be
used for crystal structure and lattice parameter determination. In this study, fine powders of all
the prepared cement paste samples were analyzed using Rigaku Ultima IV XRD equipment, in
order to identify various phases of the constituents present in the samples. The testing was
conducted by varying the diffraction angle from 4o to 80o (2-theta). The intensity of diffracted
X-rays in counts per second (cps) was noted as the detector and sample continue to rotate via
their corresponding angles. The data obtained was analyzed to determine the different phase
constituents and their approximate (semi-quantitative) percentage volume [7]. Figure 3.16 shows
the XRD machine utilized in this study.

Figure 3.16: X-ray diffraction (XRD) machine
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3.7.4 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) was performed using Nicolet 6700 FT-IR, as
shown in Figure 3.17. The test was conducted on selected cement paste samples. During the test,
300 mg of potassium bromide (KBr) and 3 gm of powdered sample were thoroughly mixed
together to form a pellet. The pellet was then placed in the specimen chamber of the equipment.
However, background data were first obtained using OMNIC software before putting the
specimen. Thereafter, data for all the specimens analyzed was obtained for a range of 600 to
4000 cm-1 wavelength. The data acquired for each specimen was adjusted by deducting the
background data from it and the final output was wavelength in cm-1 against transmittance in
percentage.

Figure 3.17: Fourier Transform Infrared Spectroscopy (FTIR) machine
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3.7.5 Nanoindentation (NI)
Nanoindentation test was conducted using a nanoindenter manufactured by CSM Instruments,
Switzerland. The indenter is equipped with pyramidal Berkovich diamond tips (as shown in
Figure 3.18) and the direction of indentation is vertical. The displacement and load resolution of
the indenter are 0.01 nm and 0.5 mN, respectively. Indentation was performed on selected areas
of well flat and smooth cement paste samples. Grinding and polishing were carried out in the
following steps: First, about 5 mm thick slice was cut from each of the cement paste samples
using an automatic cutting machine. The slices were mounted in epoxy resin and then manually
ground with grits of 240, 320, 400 and 600 using Handimet 2 – Roll Grinder, manufactured by
Buehler lake Bluff, USA. After the grinding process, the samples were polished with 0.05 µm
diamond paste and then cleaned in ultrasonic bath for 2 minutes. Before the indentation, electron
and optical microscopes were utilized to examine the level of roughness of the polished samples.
For the testing, a grid of 10 x 5 indents was assessed inside a region marked on the sample, to
allow the indents to be located easily by SEM after the test. The indents were located at 50 µm
apart to prevent the effect of residual stresses from adjacent impressions. Also, the maximum
applied load during the test was 30 mN. The time adopted for loading, holding and unloading
stages were 30, 180 and 30 seconds, respectively. A large value of holding time was chosen to
allow creep to take place. All testing was conducted at room temperature.
The test is based on establishing contact between the surface of the sample and indenter tip of
known properties and geometry. Hence, the test consists of continuously loading the sample
while the applied load and the penetration depth are monitored and recorded. The experimental
indentation data was analyzed to derive three major properties namely, indentation hardness H,
indentation modulus M and creep, C.
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Figure 3.18: Cement paste sample under Nanoindentation (NI) machine
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CHAPTER 4

RESULTS AND DISCUSSION FOR MACRO LEVEL
PROPERTIES
In this study, various mechanical properties and durability characteristics of cement-based
materials which include compressive strength, flexural strength, drying shrinkage, rapid chloride
permeability, chloride diffusion, corrosion current density, corrosion potential and sulfate attack
were investigated. This chapter presents the experimental results obtained in this work and their
discussion for evaluation of macro level properties.

4.1

Compressive strength

4.1.1 Compressive Strength of Mortar Specimens

The compressive strength of mortar specimens at 7 and 28 days is presented in Figure 4.1. The 7day compressive strength increased from 33.7 MPa with only cement to 52.8 MPa with 6%
nanosilica, indicating enhancement by about 57% with an increase in the quantity of nanosilica.
The 28-day compressive strength increased by about 43% with an increase in the quantity of
nanosilica as the compressive strength of the mix containing 5% nanosilica was 65.9 MPa
relative to the mix containing only cement that exhibited compressive strength of 46 MPa. It
should be noted that the enhancement in strength is more at 7 days than 28 days. By increasing
the replacement ratio above 6% and 5% for 7 and 28 days curing, respectively, the compressive
strength decreased, however, it is still significantly more than that of control samples. It is
evident, from the trial mixtures, that as the quantity of nanosilica is more than a critical value,
49

agglomeration becomes a problem and hence the nanosilica cannot be well dispersed in a matrix
[84]. This is due to the fineness and high surface area of the nanosilica, thus there is a need to
limit its amount in the composite. Consequently, the replacement ratios chosen to prepare the
concrete specimens are 5 and 6%.
7 days

28 days

Compressive strength (MPa)

70
65
60
55
50
45
40
35
30
25
20
0

1

2

3

4

5

6

7

8

Nanosilica content (%)
Figure 4.1: Compressive strength of mortar specimens at 7 and 28 days

4.1.2 Compressive Strength of Concrete Specimens
Table 4.1 presents the compressive strength development of the concrete specimens. Percentage
increase in compressive strength for all the mixes in comparism with the reference mix (Portland
cement only), for better evaluation, is provided in Figure 4.2. It can be noted that there is a
significant increase in the compressive strength with the use of nanosilica. At 3 days, an increase
of 32.1%, 35.8%, 24.3% and 26.2% (relative to the reference mix, M1) was noted in mixes M4,
M5, M7 and M8, respectively. However, there is a slight decrease in the strength by 3% and
5.6% for the mixtures containing natural pozzolan, i.e. mixes M6 and M9, although they
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contained nanosilica. Further, an increase in compressive strength was noted in all the mixtures
containing nanosilica at 7 days. The improvement in the compressive strength in M4, M5, M6,
M7, M8 and M9 mixes was 42.7%, 46.9%, 14.8%, 31.5%, 34.2% and 12.7%, respectively,
compared with the control mix, M1. A similar trend of results was observed for the specimens
cured for 14, 28 and 90 days. It can be observed, by close inspection of the strength values, that
the highest improvement in the compressive strength was noted in the mix containing nanosilica
and silica fume compared with the mixes containing nanosilica only for both the replacement
ratios.
Table 4.1: Compressive strength of Concrete mixtures

Mix
ID
M1
M2
M3
M4
M5
M6
M7
M8
M9

Composition
C=100%
C=94%, SF=6%
C=80%,NP=20%
C=95%,NS=5%
C=89%,NS=5%,SF=6%
C=75%,NS=5%,NP=20%
C=94%,NS=6%
C=88%,NS=6%,SF=6%
C=74%,NS=6%,NP=20%

3 days
34.4
34.9
30.1
45.4
46.7
33.4
42.8
43.4
32.5

Compressive strength (MPa)
7 days 14 days 28 days
37.1
39.1
42.8
39.3
44.1
45.1
35.6
38.6
40.9
52.9
55.7
61.4
54.5
58.5
63.5
42.6
46.2
49.3
48.8
54.6
60.3
49.8
56.1
61.3
41.8
46.2
51.6
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90 days
44.9
50.7
44.1
62.5
64.2
53.6
61.8
62.7
54.4

Percentage increase in Compressive
strength (%)
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Figure 4.2: Percentage increase in compressive strength of blended concrete mixtures compared with control mixture

a) Effect of nanosilica on compressive strength of concrete containing silica fume
Figure 4.3 presents the compressive strength of concrete mixtures prepared with partial
replacement of cement with silica fume, while Figure 4.4 shows the percentage increase in
compressive strength of mixtures containing both nanosilica and silica fume (i.e. M5 and M8)
relative to the mixture incorporating cement only (M1). As can be observed from Figure 4.3,
compressive strength increases with the use of nanosilica in M5 and M8 mixes. It can be noted
from Figure 4.4 that the percentage increase in compressive strength of M5 compared with M1
after 3, 7, 14, 28 and 90 days is 35.8%, 46.9%. 49.6%, 48.4% and 43.0%, respectively. On the
other hand, an increase of 26.2%, 34.2%, 43.5%, 43.2% and 39.6% was observed in M8 relative
to M1 after 3, 7, 14, 28 and 90 days of curing, respectively. This indicates that application of
nanosilica in mixes containing silica fume caused the compressive strength to improve
significantly.
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Figure 4.3: Compressive strength of mixtures containing silica fume
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Figure 4.4: Percentage increase in compressive strength of M5 and M8 mixtures compared to M1 mixture
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b) Effect of nanosilica on compressive strength of concrete containing natural pozzolan
The compressive strength of concrete mixes containing natural pozzolan is presented in Figure
4.5. For better assessment of the effect of nanosilica on the mixes, percentage increase in
compressive strength of mixes containing both nanosilica and natural pozzolan (i.e. M6 and M9)
compared with the mixture containing cement only (M1) is shown in Figure 4.6. A significant
increase in the compressive strength with the use of nanosilica can be noted. The percentage
increase in compressive strength after 3, 7, 14, 28 and 90 days for M6 relative to M1 is -2.9%,
14.8%. 18.2%, 15.2% and 19.4%, respectively. However, an increase of -5.5%, 12.7%. 18.2%,
20.6% and 21.2% was noted in M9 compared with M1 at 3, 7, 14, 28 and 90 days of curing,
respectively. By analyzing the data, it is apparent that the least improvement in compressive
strength is noted at early age of curing. This may be due to the slow reactivity of natural
pozzolan [71], which leads to less early strength. However, enhanced compressive strength at the
later age may be attributed to the pozzolanic reaction between calcium hydroxide on one hand
and natural pozzolan and nanosilica on the other hand. The combined reaction resulted in the
formation of additional CSH gel which enhances the compressive strength.
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Figure 4.5: Compressive strength of mixtures containing natural pozzolan
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Figure 4.6: Percentage increase in compressive strength of M6 and M9 mixtures relative to M1 mixture
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c) Comparative effect of nanosilica and silica fume on compressive strength of concrete
For better evaluation of comparative effect of nanosilica and silica fume on compressive strength
of concrete, Figure 4.7 shows the compressive strength of mixes containing cement only, cement
and silica fume; and cement and nanosilica i.e. M1, M2 and M7, respectively. Further, Figure 4.8
presents the percentage increase in compressive strength of M2 and M7 relative to M1. It can be
noted from Figure 4.7 that the strength of M2 is slightly more than that of M1, especially at the
early ages. However, significant increase in strength is observed in M7 compared with M1. It can
be noticed from Figure 4.8 that the percentage increase in compressive strength after 3, 7, 14, 28
and 90 days for M2 relative to M1 is 1.5%, 5.9%. 12.8%, 5.4% and 12.9%, respectively. On the
other hand, an increase of 24.4%, 31.5%. 39.6%, 40.9% and 37.6% was noted in M7 compared
with M1 at 3, 7, 14, 28 and 90 days of curing, respectively. The improvement in strength in the
mixes containing nanosilica may be attributed to the fact that the bond between aggregate and
cement matrix improved with the use of nanosilica. This is due to the pozzolanic reaction
between calcium hydroxide released in the cement hydration process and nanosilica to form
more calcium silicate hydrate on the surface of aggregate particles. Further, nanosilica have high
surface area and is very fine, this enables the material to fill the pores in the matrix thereby
improving the compressive strength significantly unlike silica fume. Hence, nanosilica acts as a
filler and a pozzolan. Similar results have been noted in earlier [84-86].
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Figure 4.7: Compressive strength of M1, M2 and M7 mixtures
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Figure 4.8: Percentage increase in compressive strength of M2 and M7 mixtures relative to M1 mixture
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4.2 Flexural Strength
The flexural strength after 28 days of curing of the concrete mixtures is shown in Table 4.2 and
also the percentage increase in flexural strength relative to the control mix containing Portland
cement alone is depicted in Figure 4.9. A significant flexural strength improvement was noted
with the use of nanosilica. The percentage increase in flexural strength for M2, M3, M4, M5,
M6, M7, M8 and M9 mixes relative to M1 mix is 21.2%, 7.1%. 60.6%, 68.5%, 55.6%, 46.8%,
61.1% and 42.3%, respectively. Figures 4.10 and 4.11 show the typical load-deformation curves
obtained in this study. It can be inferred from the figures that the failure of the specimens in
flexure is abrupt devoid of any intrinsic softening. This is a well-known characteristic of normal
and high performance concretes [87]. However, Figure 4.11 shows that specimens containing
nanosilica continue to withstand more loads with the increase in deformation, thereby enhancing
the flexural strength.
Table 4.2: Flexural strength of Concrete specimens

Mix ID

Composition

M1
M2
M3
M4
M5
M6
M7
M8
M9

C=100%
C=94%, SF=6%
C=80%,NP=20%
C=95%,NS=5%
C=89%,NS=5%,SF=6%
C=75%,NS=5%,NP=20%
C=94%,NS=6%
C=88%,NS=6%,SF=6%
C=74%,NS=6%,NP=20%
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Flexural Tensile strength
(MPa)
3.78
4.58
4.05
6.07
6.37
5.88
5.55
6.09
5.38

Percentage increase in flexural strength (%)
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Figure 4.9: Percentage increase in Flexural strength of blended concrete mixtures relative to reference mixture
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Figure 4.10: Load-Deflection curves for three specimens of M1
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Figure 4.11: Load-Deflection curves for three specimens of M5

a) Effect of nanosilica on flexural strength of concrete containing silica fume
Figure 4.12 shows the flexural strength of concrete mixtures prepared with partial replacement of
cement with silica fume while Figure 4.13 presents the percentage increase in flexural strength of
mixtures containing both nanosilica and silica fume compared with the mixture containing
cement only. As can be seen from Figure 4.12, flexural strength increases by adding nanosilica to
M5 and M8 mixes. It can be noted from Figure 4.13 that the percentage increase in flexural
strength of M5 and M8 compared with M1 is 68.5% and 61.1%, respectively. This implies that
use of nanosilica in mixtures containing silica fume caused the flexural strength to further
improve significantly. This increase in the flexural strength may be attributed to the filling ability
and the pozzolanic reaction between calcium hydroxide and the nanosilica thereby forming more
calcium silicate hydrate.
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Figure 4.12: Flexural strength of mixtures containing silica fume
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Figure 4.13: Percentage increase in flexural strength of M5 and M8 mixtures compared with M1 mixture

b) Effect of nanosilica on flexural strength of concrete containing natural pozzolan
The flexural strength of concrete mixes containing natural pozzolan is shown in Figure 4.14. For
better assessment of the effect of nanosilica on the mixtures, the percentage increase in flexural
strength of mixtures containing both nanosilica and natural pozzolan (i.e. M6 and M9) compared
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with the control mix containing cement only is presented in Figure 4.15. It can be noted that
there is significant increase in flexural strength in the mixes containing both nanosilica and
natural pozzolan compared with the mixture containing cement only. The percentage increase in
flexural strength for M6 and M9 relative to M1 is 55.6% and 42.3%, respectively.
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Figure 4.14: Flexural strength of mixtures containing natural pozzolan
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Figure 4.15: Percentage increase in flexural strength of M6 and M9 mixtures compared with M1 mixture
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c) Comparative effect of nanosilica and silica fume on flexural strength of concrete
For better assessment of comparative effect of nanosilica and silica fume on flexural strength of
concrete, Figure 4.16 shows the flexural strength of mixtures containing cement only, cement
and silica fume; and cement and nanosilica i.e. M1, M2 and M7, respectively. Further, Figure
4.17 presents the percentage increase in flexural strength of M2 and M7 relative to M1. It can be
observed from Figure 4.16 that the strength of M2 and M7 are more than that of M1. However,
M7 exhibited higher increase in strength than M2. The percentage increase in flexural strength of
M2 and M7 compared with M1 is 21.2% and 46.8%, respectively. Again, the noticeable
enhancement in strength of the concrete mixtures containing nanosilica can be attributed to the
filling and pozzolanic effects of the nanosilica, which improved the bond between aggregate and
cement matrix thereby densifying the interface structure between them. Also, the filling ability of
nanosilica enables sealing the pores in the concrete, thus restraining micro cracks propagation
and hence enhanced flexural strength. This is in accordance with earlier studies [88-89]. Figure
4.18 shows a typical mode of failure of the concrete specimens in flexure.
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Figure 4.16: Flexural strength of M1, M2 and M7 mixtures
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Figure 4.18: Typical mode of failure of the specimens in flexure
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4.3 Drying Shrinkage
Table 4.3 presents the average values of drying shrinkage of the concrete specimens after 28
days of moist curing. It can be noted that there is increase in shrinkage strain with the use of
nanosilica and silica fume in the concrete mixtures. However, a decrease in shrinkage strain was
observed in the mixtures containing natural pozzolan relative to the OPC mix. This may be
attributed to the increase in the degree of hydration due to incorporation of nanosilica and silica
fume, which are very fine in nature. In contrast, natural pozzolan is said to retain water for longer
time than OPC concrete [71], thus reducing the drying shrinkage.

Table 4.3: Drying Shrinkage of the Concrete mixtures

Mix ID
M1
M2
M3
M4
M5
M6
M7
M8
M9

3
-112
-144
-54
-134
-163

Shrinkage strain (microns)
Exposure period (days)
7
14
28
90
-149
-213
-307
-397
-189
-261
-343
-441
-124
-196
-288
-402
-190
-267
-369
-482
-203
-281
-402
-493

270
-415
-453
-398
-487
-511

-103

-153

-207

-302

-393

-395

-187
-165

-235
-209

-285
-260

-395
-388

-465
-465

-495
-471

-116

-162

-221

-318

-425

-437

Composition
C=100%
C=94%, SF=6%
C=80%, NP=20%
C=95%, NS=5%
C=89%, NS=5%, SF=6%
C=75%, NS=5%,
NP=20%
C=94%, NS=6%
C=88%, NS=6%, SF=6%
C=74%, NS=6%,
NP=20%
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a) Effect of nanosilica on drying shrinkage of concrete containing silica fume
Figure 4.19 shows the drying shrinkage of concrete mixtures prepared with partial replacement
of cement with silica fume. As can be noted from the figure that the drying shrinkage of M2 is
less than that of M5 and M8. This indicates that the use of nanosilica in mixtures containing
silica fume increases the drying shrinkage.
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Figure 4.19: Drying shrinkage of mixtures containing silica fume

b) Effect of nanosilica on drying shrinkage of concrete containing natural pozzolan
The average values of drying shrinkage of concrete mixtures incorporating natural pozzolan are
presented in Figure 4.20. It can be observed that the drying shrinkage of M3 is similar to that of
M6, while the drying shrinkage of M9 is slightly more than that of M3. This shows that use of
nanosilica in mixtures containing natural pozzolan does not increase drying shrinkage
significantly.

66

-500

Shrinkage strain (microns)

-450
-400
-350
-300

M1_Control

-250

M3_C80-NP20

-200

M6_C75-NS5-NP20

-150

M9_C74-NS6-NP20

-100
-50
0
0

50

100

150

200

250

300

Exposure period (days)
Figure 4.20: Drying shrinkage of mixtures containing natural pozzolan

c) Comparative effect of nanosilica and silica fume on drying shrinkage of concrete
Figure 4.21 shows the drying shrinkage of mixtures containing cement only, cement and silica
fume; and cement and nanosilica, i.e. M1, M2 and M7, respectively, in order to compare the
effects of nanosilica and silica fume on drying shrinkage of concrete. From the figure, M1
showed lower drying shrinkage relative to M2 and M7. However, the increase in drying
shrinkage is more in M7 than M2, especially at the early ages. The increase in drying shrinkage
may be attributed to the high surface area and fineness of nanosilica.
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Figure 4.21: Drying shrinkage of M1, M2 and M7 mixtures

4.4

Chloride Permeability

The total charge passed in the investigated mixtures, after 28 days of water curing, is presented
in Table 4.4 and the percentage decrease in total charge passed, relative to the control mixture
containing Portland cement only is depicted in Figure 4.22. A significant reduction in the total
charge passed in the blended concrete mixtures, relative to the reference mixture, was observed.
This indicates that there is improved resistance to chloride penetration in all the mixtures
compared with the control mixture. The decrease in chloride penetration in M2, M3, M4, M5,
M6, M7, M8 and M9 mixes, compared to M1 mix is 177%, 31%, 318%, 534%, 259%, 376%,
555% and 409%, respectively. Mixture M8 exhibited highest resistance to chloride penetration
among other mixtures; and there was decrease of 555% in the total charge passed relative to the
control mixture. The improvement in the chloride penetration resistance (one of the durability
characteristics) may be attributed to the refinement in the microstructure due to the incorporation
of nanosilica and other mineral admixtures.
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Table 4.4: Total charge passed in the concrete mixtures investigated.

Percentage decrease in total charge passed
(%)

Charges passed
Mix
Composition
ID
(Coulombs)
M1
C=100%
2059
M2
C=94%, SF=6%
743
M3
C=80%,NP=20%
1572
M4
C=95%,NS=5%
493
M5
C=89%,NS=5%.SF=6%
325
M6 C=75%,NS=5%,NP=20%
574
M7
C=94%,NS=6%
433
M8
C=88%,NS=6%,SF=6%
314
M9 C=74%,NS=6%,NP=20%
405

600

Chloride Permeability
Class (ASTM 1202)
Moderate
Very Low
Low
Very Low
Very Low
Very Low
Very Low
Very Low
Very Low

555

534

M2_C94-SF6

500

M3_C80-NP20
409
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318

300

M4_C95-NS5
M5_C89-NS5-SF6
M6_C75-NS5-NP20
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100
31
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Mix ID
Figure 4.22: Percentage decrease in total charge passed in the blended concrete mixtures compared with the control
mixture.
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a) Effect of nanosilica on chloride permeability of concrete containing silica fume
Figure 4.23 shows the total charge passed in the concrete mixtures prepared with partial
replacement of cement with silica fume, while the percentage decrease in total charge passed in
mixtures containing both nanosilica and silica fume, compared with the control mixture
incorporating cement only, is presented in Figure 4.24. As can be observed from Figure 4.23, the
total charge passed decreases with the addition of nanosilica. It can be noted from Figure 4.24
that the percentage decrease in total charge passed in mixes M5 and M8, compared with mix M1,
is 534% and 556%, respectively. This shows that the use of nanosilica in mixtures containing
silica fume caused the chloride penetration resistance to improve significantly.
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Figure 4.23: Total charge passed of concrete mixtures containing silica fume
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Figure 4.24: Percentage decrease in total charge passed of M5 and M8 mixtures relative to M1 mixture

b) Effect of nanosilica on chloride permeability of concrete containing natural pozzolan
The total charge passed in concrete mixtures containing natural pozzolan is shown in Figure
4.25. For better evaluation of the effect of nanosilica in these mixtures, the percentage decrease
in total charge passed of mixtures containing both nanosilica and natural pozzolan, relative to the
control mixture containing cement only, is presented in Figure 4.26. It can be observed that there
is a significant decrease in total charge passed in the mixtures containing both nanosilica and
natural pozzolan compared with the mixture containing only cement. The percentage decrease in
the total charge passed in mixtures M6 and M9, relative to mix M1, is 259% and 408%,
respectively. This indicates that the mixtures containing natural pozzolan and nanosilica showed
significant enhancement in resistance to chloride penetration compared with the reference
mixture.
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Figure 4.26: Percentage decrease in total charge passed of M6 and M9 mixtures compared with M1 mixture

c) Comparative effect of nanosilica and silica fume on the chloride permeability of concrete
For a better assessment of the comparative effect of nanosilica and silica fume on chloride
permeability of concrete, Figure 4.27 presents the total charge passed in mixtures containing
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cement only, cement and silica fume; and cement and nanosilica, i.e. mixtures M1, M2 and M7,
respectively. In addition, Figure 4.28 presents the percentage decrease in total charge passed in
mixtures M2 and M7 compared with mixture M1. It can be noted from Figure 4.27 that the total
charge passed in M2 and M7 mixtures are less than that of M1. The percentage decrease in total
charge passed in mixtures M2 and M7, compared with mixture M1, is 177% and 376%,
respectively. The obvious improvement in the chloride permeability of the concrete mixtures
containing nanosilica may be attributed to the filling ability of the nanosilica, which leads to
lower permeable and denser microstructure by sealing pores in the concrete. Hence, this study
proved that use of nanosilica contributes to refinement of pore structure and reduction in the
electrical conductivity of cement-based materials incorporating nanosilica [36, 90].
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Figure 4.27: Total charge passed of M1, M2 and M7 mixtures
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Figure 4.28: Percentage decrease in total charge passed of M2 and M7 mixtures relative to M1 mixture

4.5

Chloride Diffusion

The chloride concentration of the concrete specimens exposed to 5% sodium chloride solution,
after 28 days of water curing, is presented in Table 4.5. The chloride concentrations by weight of
concrete were obtained after exposing the specimens to the sodium chloride solution for six
months. The resulting chloride profiles were utilized to determine the coefficients of chloride
diffusion in accordance with Fick’s second law of diffusion [91]. It can be observed that there is
a significant reduction in the chloride concentrations in the blended cement concrete mixtures
relative to the reference plain mixture. This indicates that there is improved resistance to chloride
diffusion in the mixtures with nanosilica compared with the control mixture. The coefficient of
chloride diffusion in mixtures M1, M2, M3, M4, M5, M6, M7, M8 and M9 was 13.8, 10.3, 16.6,
8.9, 7.4, 8.5, 7.62, 6.5, 8.3 x10-8 cm2/s, respectively.
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Table 4.5: Chloride concentration by weight of concrete and Chloride diffusion coefficients of mixtures

Mix
ID
M1
M2
M3
M4
M5
M6
M7
M8
M9

Composition
C=100%
C=94%, SF=6%
C=80%, NP=20%
C=95%, NS=5%
C=89%, NS=5%, SF=6%
C=75%, NS=5%,
NP=20%
C=94%, NS=6%
C=88%, NS=6%, SF=6%
C=74%, NS=6%,
NP=20%

2
0.1680
0.1368
0.1595
0.1034
0.1376

Chloride concentration (%)
Depth (mm)
10
18
26
34
42
0.1178 0.0760 0.0459 0.0271 0.0170
0.0903 0.0538 0.0302 0.0177 0.0121
0.1160 0.0786 0.0501 0.0310 0.0195
0.0688 0.0426 0.0268 0.0191 0.0161
0.0842 0.0460 0.0251 0.0163 0.0135

62
0.0100
0.0095
0.0099
0.0150
0.0127

De (x10-8
cm2/s)
13.76
10.30
16.55
8.92
7.40

0.1304 0.0823 0.0464 0.0251 0.0151 0.0114 0.0101

8.53

0.1013 0.0620 0.0336 0.0178 0.0111 0.0088 0.0082
0.1070 0.0648 0.0360 0.0214 0.0160 0.0145 0.0142
0.1222 0.0769 0.0434 0.0239 0.0149 0.0117 0.0106

7.62
6.50
8.28
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a) Effect of nanosilica on chloride diffusion of concrete containing silica fume
Figure 4.29 presents the chloride profiles of concrete mixtures prepared with partial replacement
of cement with silica fume. As can be seen from the figure that the chloride profile of M8
specimen is less than that of M2 specimen at initial depths up to 34 mm. At later depths, the
chloride profiles coincide with each other. However, the chloride profile of mixture M5 is almost
similar to that of M2. The chloride diffusion coefficients of M2, M5 and M8 mixtures are 10.30,
7.40 and 6.50 x 10-8 cm2/s, respectively. This shows that the use of nanosilica in concrete
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mixtures containing silica fume decreases the chloride diffusion.
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Figure 4.29: Chloride profile of concrete mixtures containing silica fume

b) Effect of nanosilica on chloride diffusion of concrete containing natural pozzolan
The chloride profiles of concrete mixtures containing natural pozzolan is shown in Figure 4.30. It
can be observed that there is a significant decrease in chloride concentration at all depths in the
mixtures containing both nanosilica and natural pozzolan compared with the mixture containing
natural pozzolan only. The chloride diffusion coefficients of mixture M3, M6 and M9 mixtures
are 16.55, 8.53 and 8.28x10-8 cm2/s, respectively. This indicates that the mixtures containing
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natural pozzolan and nanosilica showed significant enhancement in the chloride diffusion
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Figure 4.30: Chloride profile of mixtures containing natural pozzolan

c) Comparative effect of nanosilica and silica fume on chloride diffusion of concrete
Figure 4.31 shows the chloride profiles of mixtures containing cement only (M1), cement and
silica fume (M2); and cement and nanosilica (M7). It can be observed from the figure that the
chloride profiles of M2 and M7 mixtures are less than that of M1 at all depths. However, the
chloride profile of M7 is lower than that of M2. The chloride diffusion coefficients of mixtures
M1, M2 and M7 are 13.76, 10.30 and 7.62x10-8 cm2/s, respectively. The noticeable enhancement
in the chloride diffusion of the concrete mixture containing nanosilica may be attributed to the
filling ability of the nanosilica, which leads to less diffusion by chloride ions and denser
microstructure by sealing pores in the concrete as discussed above. It was stated that chloride
diffusion is affected by chloride binding, pore structure (i.e. tortuosity and permeability of the
pores) and chloride concentration gradients [90].
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Figure 4.31: Chloride profile of M1, M2 and M7 mixtures

4.6

Corrosion Potentials

The corrosion potential (Ecorr) values of reinforced concrete specimens investigated in this study
are summarized in Table 4.6. The specimens were partially immersed in 5% sodium chloride
solution and measurements were taken at certain interval of time in accordance with ASTM C
876 [92]. Based on the standard, there is 90% probability that reinforcement corrosion occurs, if
the measured potential is more negative than -270 mV with respect to saturated calomel
electrode (SCE). It can be observed from Table 4.6 that there is significant decrease in Ecorr in the
blended cement concrete mixtures in comparison with the control mixture. This indicates that
there is a likelihood of delay in time to corrosion initiation in all the blended concrete mixtures.
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Table 4.6: Corrosion potential of the concrete mixtures

Mix
ID
M1
M2
M3
M4
M5
M6
M7
M8
M9

Composition
C=100%
C=94%, SF=6%
C=80%, NP=20%
C=95%, NS=5%
C=89%, NS=5%, SF=6%
C=75%, NS=5%,
NP=20%
C=94%, NS=6%
C=88%, NS=6%, SF=6%
C=74%, NS=6%,
NP=20%

12
-155.7
-121.3
-153.3
-116.4
-105.7

26
-158.2
-119.5
-159.9
-114.2
-104.1

40
-157.6
-123.2
-159.9
-117.7
-114.8

54
-176.1
-127.6
-156.4
-115.5
-109.1

Corrosion potential (mV) SCE
Exposure period (days)
84
106
126
162
-191.1 -242.2 -239.5 -281.6
-139.2 -142.3 -137.3 -165.1
-176.8 -200.4 -209.4 -229.1
-123.8 -126.4 -122.7 -127.1
-114.5 -117.2 -118.0 -120.5

225
-379.0
-185.0
-306.7
-139.1
-134.5

240
-417.2
-194.3
-340.5
-156.4
-142.9

253
-407.9
-204.7
-337.7
-157.5
-146.9

280
-422.5
-213.9
-342.1
-162.9
-157.7

-124.5 -127.5 -126.5 -137.5 -152.1 -150.6 -161.8 -186.1 -228.7 -235.8 -237.7 -251.5
-104.0 -111.3 -106.3 -108.8 -107.1 -113.0 -119.5 -126.0 -141.3 -143.1 -140.5 -155.2
-95.7 -96.7 -93.8 -100.2 -103.0 -107.1 -109.4 -107.6 -124.1 -130.7 -132.6 -147.3
-120.5 -117.3 -120.3 -126.3 -103.0 -144.0 -138.6 -154.4 -173.4 -184.3 -181.1 -190.6
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a) Effect of nanosilica on corrosion potential of concrete containing silica fume
The variation of Ecorr versus exposure period of concrete mixtures containing silica fume is
plotted in Figure 4.32. The green dashed line in the figure represents the threshold value of the
Ecorr, which assists in determining the probability of corrosion initiation in the mixtures. It is
observed that the corrosion potential plot of the control mixture had crossed the threshold limit at
around 150 days. Also, it is clearly seen that plots of mixtures M5 and M8 are slightly less than
that of M2. However, the Ecorr values of all the mixtures containing silica fume are less than that
of the control mixture (M1) and are below the threshold value (- 270 mV SCE). This shows that
reinforcement corrosion is not initiated in the specimens containing silica fume.
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Figure 4.32: Corrosion potential of concrete mixtures containing silica fume

b) Effect of nanosilica on corrosion potential of concrete containing natural pozzolan
The variation of Ecorr with the exposure period of concrete mixtures containing natural pozzolan
is shown in Figure 4.33. It can be noted that there is significant decrease in Ecorr in the mixtures
containing both nanosilica and natural pozzolan (i.e. M6 and M9) in comparison with the
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mixture containing natural pozzolan only (i.e., mixture M3). It can be clearly seen that the plot of
mixture M3 crossed the threshold line after about 200 days of exposure, while that for mixtures
M6 and M9 are still below the threshold margin even after 280 days of exposure. This shows that
the possibility of corrosion is low in mixtures M6 and M9.
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Figure 4.33: Corrosion Potential of mixtures containing natural pozzolan

c) Comparative effect of nanosilica and silica fume on corrosion potentials
To compare the effect of nanosilica and silica fume on Ecorr of reinforced concrete specimens,
Figure 4.34 presents the variation of Ecorr values versus exposure period of mixtures containing
cement only (M1), cement and silica fume (M2); and cement and nanosilica (M7). From the
figure, it can be seen that the plot of mixture M7 is slightly less than that of mixture M2.
However, both plots are far from the threshold line. This indicates that reinforcement corrosion is
yet to initiate in the mixtures. On the contrary, reinforcement corrosion has initiated in mixture
M1, as its plot crossed the threshold margin after about 160 days of exposure.
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Figure 4.33: Corrosion Potential of M1, M2 and M7 mixtures

4.7

Corrosion Current Density

Table 4.7 presents the corrosion current density (Icorr) values of reinforced concrete specimens
investigated in this study. The Icorr measurements of the specimens were started after 225 days of
their exposure in 5% sodium chloride solution. A significant decrease in Icorr was noted in the
blended cement concrete mixtures, with the exception of mixture M3, relative to the control
mixture. This shows that there is likelihood of delay in time to corrosion initiation for all the
blended concrete mixtures, as their Icorr values are far less than threshold value of 0.3 µA/cm2
[93].
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Table 4.7: Corrosion current density of the concrete mixtures

Mix
ID
M1
M2
M3
M4
M5
M6
M7
M8
M9

Composition
C=100%
C=94%, SF=6%
C=80%, NP=20%
C=95%, NS=5%
C=89%, NS=5%, SF=6%
C=75%, NS=5%,
NP=20%
C=94%, NS=6%
C=88%, NS=6%, SF=6%
C=74%, NS=6%,
NP=20%

Corrosion current density, Icorr (µA/cm2)
Exposure period (days)
225
240
253
280
0.190
0.220
0.237
0.351
0.053
0.067
0.079
0.091
0.187
0.192
0.234
0.241
0.022
0.025
0.025
0.030
0.014
0.015
0.020
0.020
0.029

0.030

0.030

0.032

0.016
0.014

0.016
0.015

0.017
0.016

0.017
0.017

0.022

0.024

0.020

0.024

a) Effect of nanosilica on corrosion current density of concrete containing silica fume
Figure 4.35 shows the variation of Icorr values against exposure period of concrete mixtures
prepared with partial replacement of cement with silica fume. The green dashed line in the figure
represents the threshold value of the Icorr, which helps in estimating the extent of reinforcement
corrosion in the mixtures. It can be noted from the figure that the Icorr values of the control
mixture crossed the threshold limit at around 270 days, while that of the mixtures containing
silica fume are far less than the threshold value. However, it can be clearly seen that, up to the
time of preparation of this report, the Icorr values of mixtures M5 and M8 are less than that of
mixture M2. This indicates that incorporation of nanosilica effectively mitigates reinforcement
corrosion.
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Figure 4.34: Corrosion current density of concrete mixtures containing silica fume

b) Effect of nanosilica on corrosion current density of concrete containing natural pozzolan
The Icorr values of concrete mixtures containing natural pozzolan are plotted in Figure 4.36. It can
be observed that there is a significant decrease in the Icorr values in the mixtures containing both
nanosilica and natural pozzolan compared with the mixture containing only natural pozzolan. It
can be noted that the Icorr values of mixture M3 approached the threshold value, while that of
mixtures M6 and M9 are still far from the threshold value. This indicates that nanosilica is very
effective in mitigating reinforcement corrosion. The enhancement in the durability (in terms of
low Icorr) of mixtures containing both nanosilica and natural pozzolan or silica fum may be
attributed to the refinement in the microstructure due to the incorporation of nanosilica.
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Figure 4.35: Corrosion current density of mixtures containing natural pozzolan

c) Comparative effect of nanosilica and silica fume on corrosion current density of concrete
Figure 4.37 depicts the Icorr values of mixtures containing cement only (M1), cement and silica
fume (M2); and cement and nanosilica (M7), in order to compare the effect of nanosilica and
silica fume on Icorr of reinforced concrete specimens. It is evident from the figure that, the graph
of M2 is less than that of M7, but both are far from the threshold value. On the contrary, the
graph of mixture M1 had crossed the threshold line. This indicates that nanosilica performed
well in decreasing the reinforcement corrosion.
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Figure 4.36: Corrosion current density of M1, M2 and M7 mixtures

4.8

Sulfate Attack

Mortar specimens were prepared for the evaluation of sulfate attack. After six months of
exposure, they were taken out from water and sulfate solution and compressive strength was
evaluated. The compressive strength of the specimens exposed to water was compared with the
strength of specimens exposed to sulfate solution. Also, the fractured surface of the specimens
was examined under scanning electron microscope (SEM) to study the changes in morphology
due to sulfate attack. After 9 months of exposure, other sets of specimens were removed from the
sulfate solution and effect of sulfate attack on surface deterioration was visually evaluated.
a) Effect of nanosilica on sulfate resistance of mortar containing silica fume
Table 4.8 summarizes the strength loss of mortar mixtures containing both nanosilica and silica
fume relative to the mixture containing only silica fume. It can be noted from the table that the
strength loss of mixtures M5 and M8 is slightly less than that of mixture M2. This shows that
the effect of nanosilica on mortars containing silica fume is insignificant at this age.
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Table 4.6: Loss in strength of mixtures containing silica fume due to sulfate attack

Mix
ID

Composition

M1
M2
M5
M8

Control
C=94%, SF=6%
C=89%, NS=5%, SF=6%
C=88%, NS=6%, SF=6%

Compressive Strength
(MPa)
Water
Sulfate
cured
solution
51.2
50.4
54.6
53.9
62.0
61.8
63.0
62.8

Loss in
Strength (%)
1.50
1.34
0.38
0.26

b) Effect of nanosilica on sulfate resistance of mortar containing natural pozzolan
The strength loss of mortar mixtures containing both nanosilica and natural pozzolan in
comparison with the mixture containing only natural pozzolan is summarized in Table 4.9. It can
be observed that there is a marginal difference in strength loss for all the mixtures.

Table 4.7: Loss in strength of mixtures containing natural pozzolan due to sulfate attack

Mix
ID

Composition

M1
M3
M6
M9

Control
C=80%, NP=20%
C=75%, NS=5%, NP=20%
C=74%, NS=6%, NP=20%

Compressive Strength
(MPa)
Water
Sulfate
curing
solution
51.2
50.4
47.2
46.4
57.4
56.7
55.8
55.2

Loss in
Strength (%)
1.50
1.77
1.16
1.13

c) Comparative effect of nanosilica and silica fume on sulfate resistance of mortar
Table 4.10 presents the loss in strength of mixtures M1, M2 and M7, in order to compare the
effects of nanosilica and silica fume on sulfate resistance of mortar. It can be observed from the
table that strength loss of mixtures M2 and M7 is slightly less than that of mixture M1. This
indicates that the effect of nanosilica and silica fume on sulfate resistance of concrete cannot be
significantly evaluated after 6 months exposure only.
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Table 4.8: Loss in strength of M1, M2 and M7 mixtures due to sulfate attack

Mix
ID
M1
M2
M7

Composition
C=100%
C=94%, SF=6%
C=94%, NS=6%

Compressive Strength
(MPa)
Water
Sulfate
curing
solution
51.2
50.4
54.6
53.9
61.4
60.9

Loss in
Strength (%)
1.50
1.34
0.79

d) SEM and visual examination of mortar specimens exposed to the sulfate solution
Figures 4.38 through 4.41 show the SEM images of some mortar specimens exposed to sulfate
solution. Although compressive strength results indicate marginal difference between the
strength of mortar specimens exposed in water and those exposed to sulfate solution, the SEM
images of mixtures M1 and M3, in Figures 4.38 and 4.39, respectively, show that the specimens
may be susceptible to sulfate attack within short time. This is evident from the porous nature of
their morphology in contrast to the dense microstructure of mixtures M4 and M6. It can be noted
that the addition of nanosilica to mixtures M4 and M6 improved their microstructure, which will
prevent aggressive agents, such as sulfate ions, to penetrate the cementitious matrix and break
the CSH to generate expansive salts [94]. Figures 4.42 through 4.45 present the image of M1,
M3, M4 and M6 specimens after 9 months of exposure in the sulfate solution. It can be observed
that some sign of deterioration is visible at the surface of the mortar specimens indicating that
sulfate attack is yet to initiate in the specimens.
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Figure 4.37: SEM image of M1_Control specimen exposed to the sulfate solution

Figure 4.38: SEM image of M3_C80-NP20 specimen exposed to the sulfate solution
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Figure 4.39: SEM image of M4_C95-NS5 specimen exposed to the sulfate solution

Figure 4.40: SEM image of M6_C75-NS5-NP20 specimen exposed to the sulfate solution

90

Figure 4.41: M1 specimens exposed to the sulfate solution for 9 months

Figure 4.42: M3 specimens exposed to the sulfate solution for 9 months
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Figure 4.43: M4 specimens exposed to the sulfate solution for 9 months

Figure 4.44: M6 specimens exposed to the sulfate solution for 9 months
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4.9

Service Life Prediction

Service life of reinforced concrete structure is divided into two stages: time of corrosion
initiation and time of corrosion propagation [95]. The chloride ion concentration that causes the
initiation of steel corrosion in concrete (known as threshold chloride ion concentration) is an
important parameter in determining the service life of reinforced concrete structures. When the
chloride content at the surface of the reinforcement reaches the threshold value, corrosion begins.
The breakdown of the protective oxide layer is the necessary prerequisite for the initiation of
reinforcement corrosion. Once this layer is destroyed by the ingress of chloride ions, corrosion
will occur only in the presence of water and oxygen on the surface of reinforcement [96]. Once
the corrosion has initiated, a very aggressive environment will be produced. Figure 4.46
illustrates the stages involved during reinforcement corrosion.

Figure 4.45: Stages of reinforcement corrosion [95].
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a) Time of corrosion initiation (tp)
The time of corrosion initiation due to chloride penetration (tp) can be obtained from Fick’s
second law of non-stationary diffusion as follows [91]:

tp 

1
12 Dapp





Cv


0.5
  C th  
1   C s  

2

(4.1)

where Cv = cover thickness (mm)
Cth = threshold chloride concentration (%)
Cs = chloride concentration at the concrete surface (%)
Dapp = apparent diffusion coefficient for chloride (m2/s)
In this study, a threshold chloride concentration of 0.025% by weight of concrete (equivalent to
0.15% by weight of cement for free chloride concentration), cover thickness of 3.15 cm
(concrete cover of the specimens used for corrosion measurements) [91] and best-fitted surface
chloride concentrations and chloride diffusion coefficients from chloride diffusion test were used
to compute the tp. The time of corrosion initiation (t p) obtained is presented in Figure 4.47. It can
be clearly observed that there is significant increase in tp in the concrete specimens containing
nanosilica. The tp for M4, M5, M6, M7, M8 and M9 was found to 1.05, 1.00, 0.91, 1.24, 1.38 and
0.98 years, respectively. However, the time of corrosion initiation for M1, M2 and M3 was 0.48,
0.73 and 0.42 years only. It is evident from the figure that M8 mix has highest value of t p of 1.38
years, which is 189% more than the control mix, M1. It can be noted that the values of time of
corrosion initiation obtained are highly correlated with the earlier results of corrosion potential
and corrosion current density.
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Figure 4.46: Time of corrosion initiation of the concrete mixtures

b) Time of corrosion cracking (tcor)
The time of corrosion cracking was determined using the empirical model developed by
Morinaga [97]. It is assumed that cracking of concrete will first occur when there is a certain
quantity of corrosion product that is formed on the reinforcement. The amount is given by:

= 0.602 1 +

in which

.

(4.2)

is the critical mass of corrosion products (10-4 g/cm2);

Cv is the cover to the reinforcement (mm)
D is the diameter of reinforcing bar (mm).
The time of corrosion cracking is then given by:

=
in which

(4.3)
=

(4.4)
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(g/cm2/day) is the instantaneous corrosion rate. The measured value of

where

converted to the instantaneous corrosion rate,

can be

, using Faraday’s equation with the equivalent

weight of steel, W=27.925 g and Faraday’s constant, F=96487 Coulombs (or Amp-sec).
According to Morinaga’s equations, the time to cracking is a function of the corrosion rate,
concrete cover and bar size. Hence, reinforcing bar diameter of 12 mm and cover thickness of
31.5 mm (as explained in Section 4.9a) were used. The corrosion current density of concrete
specimens in Table 4.6 was employed as

in Equation 4.4. The time of corrosion cracking

obtained for all the concrete mixtures is shown in Figure 4.48. It is evident from the figure that
the time of corrosion cracking of the concrete mixtures containing nanosilica is much longer than

Time of corrosion cracking (years)

that of concrete mixtures without nanosilica.
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Figure 4.47: Time of corrosion cracking of the concrete mixtures

96

c) Total service life (tSL)
Total service life of the concrete mixtures (sum of time of corrosion initiation and time of
corrosion cracking) are presented in Figure 4.49. As expected, the total service lives of the
mixtures containing nanosilica were found to be much longer than that of the mixtures without
nanosilica. It is to be noted that even the highest service life (of M7 and M8) is approximately 23
years. This is because; only the parameters obtained in this study were used to compute the
service lives. It can be noticed that the values of corrosion rate used in calculating the time of
corrosion cracking were determined after exposing the concrete specimens to 5% sodium
chloride solution for about 10 months. Hence, the values of corrosion rate may be extremes.
However, if favorable or less aggressive environment is considered and the cover thickness and
reinforcing bar diameter were assumed according to standard practice, the estimated service lives
of the concrete mixtures might be much longer.

Total service life (years)
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Figure 4.48: Total service life of the concrete mixtures
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CHAPTER 5

RESULTS AND DISCUSSION FOR
CHARACTERIZATION AND MICRO-MECHANICAL
PROPERTIES OF CEMENT PASTE
Several micro analytical techniques were utilized in this study to determine the micromechanical properties and also characterize cement paste samples with and without nanosilica.
The tests were conducted on specimens with varying water/binder (w/b) ratio of 0.24 to 0.48.
The results obtained from the tests and the analyses are provided in the following sections.

5.1 Morphology
Figures 5.1 through 5.5 present the SEM images of ten (10) cement paste samples prepared in
this study, while the EDS of the samples is given in Figures A-1 through A-5 in Appendix A.
SEM image of samples prepared with 0.36 w/b ratio is presented in Figure 5.1. Pores along with
micro cracks may be noted in the sample prepared with cement only (Figure 5.1a). However, a
denser morphology (Figure 5.1b) can be observed in the sample modified with nanosilica
compared with the sample prepared with cement only. Similar observations were made in the
remaining figures. Effect of w/b ratio can be clearly demonstrated by comparing the morphology
of the sample prepared with lowest w/b ratio (i.e. 0.24) and the one prepared with highest w/b
ratio (i.e. 0.48) in Figures 5.2 and 5.5, respectively. It can be seen that the micrographs in Figure
5.2 showed fewer pores and micro cracks than the micrographs in Figure 5.5. Also, CSH
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successive layers (which may improve the properties of the cementitious matrix) are noticeable
in Figure 5.2. To further study the fine microstructural details of the cement paste samples, field
emission scanning electron microscope (FESEM) technique was used to examine the samples
prepared with 0.24, 0.36 and 0.48 w/b ratios as presented respectively in Figures B-1, B-2 and B3 in Appendix B. The morphology of the samples modified with nanosilica was clearly denser in
comparism with the samples prepared with cement only. Table 5.1 shows the elemental
composition of all the ten samples. It is evident from the table that the samples prepared with
nanosilica contain more calcium and silicon compared with samples prepared with cement only;
this implies that samples containing nanosilica may have additional CSH.

The SEM images of the concrete specimens investigated in this study are presented in Figures B4 through B-7 in Appendix B. Figure B-4 shows the SEM image of reference concrete specimen
prepared with OPC only (M1). A porous ITZ may be noted (Figure B-4b) along with the
development of CSH, CH, needle-like ettringite, micro cracks and pores of different sizes
(Figure B-4c). Figure B-5 presents the SEM image of M3 (concrete specimen containing OPC
and natural pozzolan). A dense structure compared to mixture M1 may be noted. The SEMs for
mixtures M6 and M9 (concrete specimens containing OPC, nanosilica and natural pozzolan) are
shown in Figures B-6 and B-7, respectively. A dense morphology of amorphous CSH overlaid
by CH crystals and densified ITZ are noted in these specimens. Further, the micrographs showed
fewer pores and micro cracks than in mixtures M1 and M3.
During cement hydration process, water reacts with Portland cement compounds, such as tricalcium silicate (C3S) and di-calcium silicate (C2S), to form CSH and CH. It is stated that C3S
crystals reacts with water before C2S, this is due to the differences in their properties [33].
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Neville [98] reported that C3S concentration in cement is much higher than that of C2S, this
makes C3S to react with water earlier than C2S. The CH crystals formed during the process
penetrate into the water barrier overlaying the cement particles. Upon breaking of the surface
layer, water reacts with the remaining unhydrated cement to form more crystals [33]. Further,
CH develops within the cement paste and then permeates itself through the CSH network, also
formed during the hydration process. This allows CH to dominate the initial strength of cement
paste. But at the long run, the CSH hardens and develops into successive layers. The final
strength of the hydrated cement is primarily influenced by the CSH. With the addition of
nanosilica to the cement matrix, pozzolanic reaction takes place. It is considered that pozzolanic
materials, such as nanosilica, do not gain strength during hydration process, on the other hand
cementitious material hydrates and subsequently acquires strength [99]. Pozzolanic reaction
occurs between the CH and nanosilica to form more CSH gel which enhances the strength of the
composite matrix. Specifically, nanosilica enhances strength and other properties of cementbased materials through additional CSH from pozzolanic reaction, thereby densifying interfacial
transition zone (ITZ) which improves the bond between aggregate and cement paste and finally
reduces of porosity in the hydrated cement paste.
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Figure 5.1: SEM images of samples prepared with 0.36 w/b ratio a) without NS b) with NS
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Figure 5.2: SEM images of samples prepared with 0.24 w/b ratio a) without NS b) with NS
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Figure 5.3: SEM images of samples prepared with 0.30 w/b ratio a) without NS b) with NS
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Figure 5.4: SEM images of samples prepared with 0.42 w/b ratio a) without NS b) with NS
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Figure 5.5: SEM images of samples prepared with 0.48 w/b ratio a) without NS b) with NS
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Table 5.1: Elemental composition of the cement paste samples investigated in this study

Sample
#
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

5.2

w/b
ratio

Composition

0.24

C=100%
C=95%, NS=5%
C=100%
C=95%, NS=5%
C=100%
C=95%, NS=5%
C=100%
C=95%, NS=5%
C=100%
C=95%, NS=5%

0.30
0.36
0.42
0.48

Weight, %
O
44.30
45.29
40.49
46.69
52.26
48.56
44.90
40.30
50.00

Mg

Al

1.06 3.30
2.98
1.09 1.86
0.83 1.96
1.31 3.47
1.25
1.32 5.12
3.47
2.11

Si

K

Ca

Fe

10.16
10.67
11.83
13.40
7.10
11.79
7.42
14.68
9.54

1.11
1.47
0.51
0.59
0.58

37.43
38.16
41.46
35.50
32.8
38.4
34.77
39.87
36.27

2.64
1.43
2.77
1.05
2.48

41.00 1.33 2.91 13.61

Total

100
100
100
100
100
100
6.46 100
1.68 100
1.37 99.29

37.48 3.66
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X-ray Diffraction (XRD)

The results obtained from XRD test for the ten (10) cement paste samples prepared in this study
were analyzed and depicted in Figures 5.6 through 5.10. The pozzolanic activity of the samples
was evaluated based on the peak intensity of one of the major hydration products, i.e. CH. The
XRD spectra of the samples prepared with 0.24 w/b ratio is shown in Figure 5.6. It can be
observed that the CH peaks of the sample prepared with ordinary Portland cement (OPC) only
(S1) at 2-theta angle of 18.09o, 34.09o and 47.12o is higher than that of the sample prepared with
nanosilica (S2). This shows that more CH has been consumed during the pozzolanic reaction.
Similar observation was made in Figures 5.7 through 5.10. It can be inferred from this test,
which is used to study the changes in hydration products of cement-based materials, that the use
of nanosilica in the cement paste consumes more CH in the matrix thereby producing additional
CSH. This is as a result of pozzolanic reaction, which is expected to improve the microstructure
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of the cement paste and in turn enhance the mechanical properties and durability characteristics
of the composite.
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Figure 5.6: XRD results of samples prepared with 0.24 w/b ratio
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Figure 5.7: XRD results of samples prepared with 0.30 w/b ratio
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Figure 5.8: XRD results of samples prepared with 0.36 w/b ratio
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Figure 5.9: XRD results of samples prepared with 0.42 w/b ratio
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Figure 5.10: XRD results of samples prepared with 0.48 w/b ratio

5.3

Fourier Transform Infrared Spectroscopy (FTIR)

Figures 5.11 through 5.13 present the FTIR results of six cement paste samples prepared with
w/b ratio of 0.24, 0.36 and 0.48.

In cement-based materials, FTIR is used to assess the

molecules vibrations and combined with C/S values to give facts on the CSH network [100].
Also, the test can be utilized to estimate the relative quantities of different constituents in
samples. Figure 5.11 presents the IR curves of samples prepared with 0.24 w/b ratio. The
significant decrease in broad peak in the region of 850 - 950 cm-1 for the sample prepared with
OPC only (S1) and the sample prepared with nanosilica (S2) in comparism with the
characteristics broad peak of unhydrated C3S [101] indicates the consumption of the C3S during
cement hydration. Also, the appearance of a new peak at 1120 cm-1 in IR curve of S2 relative to
S1 indicates polymerization of the silicate chain in C–S–H gel. Also, IR curves of the samples
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prepared with 0.36 and 0.48 w/b ratios in Figures 5.12 and 5.13 show similar configurations as
depicted in Figure 5.11. Further, it can be noted from Figure 5.11 that the IR curve of the sample
prepared with nanosilica is lower than that of the sample prepared with OPC only, while the IR
curves of the samples prepared with 0.36 w/b ratio almost overlapped as shown in Figure 5.12.
However, when w/b ratio was increased to 0.48, the IR curve of the sample prepared with
nanosilica is higher than that of the sample prepared with OPC only as depicted in Figure 5.13.
The results of FTIR indicate that the technique is useful in evaluating the silicate anion evolution
of the pozzolanic reaction of nanosilica and can also serve as complementary and source of
additional information to SEM and XRD tests [102].

5.4

Nanoindentation (NI)

The nanoindentation (NI) was conducted on four samples of 0.24 and 0.36 w/b ratios. For the
testing, a grid of 10 x 5 indents was assessed inside a region marked on the sample, to allow the
indents to be located easily by SEM after the test. The experimental indentation data was
analyzed by coupling secondary electron (SE), back scattered electron (BSE) and EDS mappings
to derive indentation hardness (H) and indentation modulus (M). Also, typical values of M and H
for cement paste samples in the literature [53-55, 103-106] were referred. Indents were identified
and the values of M and H associated with each indent were analyzed and classified according to
the phases present in each sample. Table 5.2 presents the experiment results obtained from the
test, while Figure 5.14 shows the volume fraction of different phases present in the cement paste
samples. It can be observed from the table that the indentation modulus and indentation hardness
of the hydrated phases of all the samples are within the range of 24 to 43 GPa and 0.72 to 1.82
GPa, respectively. Also, it can be noted from the Figure 5.14 that the volume fraction of the CSH
phase (both low density (LD) and high density (HD)) of the samples prepared with nanosilica
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(i.e. S2 and S6) is more than that of samples prepared with OPC only (i.e. S1 and S5). However,
the volume fraction of the CH phase of the samples prepared with nanosilica is less than that of
samples prepared with OPC only. This confirms the occurrence of pozzolanic reaction in the
samples containing nanosilica. Further, the average values of M and H for unhydrated cement
clinker are significantly higher than that of hydrated phases, this indicates that the former is
denser that the latter. It was found that the average values of M and H do not change
significantly with the use of nanosilica; this confirms the findings by Mondal et al. [55] that
nanosilica does not change the average values of M and H, but increases and decreases the
volume fraction of HD CSH and clinker, respectively. It is reported [31] that HD CSH is more
resistant to calcium leaching. This shows that the use of nanosilica in cement-based materials
will generate more HD CSH, which in turn resists calcium leaching and thus improve the
durability. It is to be noted that there exist some indents at the interface of HD CSH and clinker,
which possess higher values of M and H compared with HD CSH, but lower than the values of
clinker. In general, the average values of M and H for the samples prepared with 0.24 w/b ratio
(i.e. S1 and S2) are relatively higher than that of samples prepared with 0.36 w/b ratio (i.e. S5
and S6). Also, it can be seen that the number of indents in the unhydrated clinker in S1 and S2 is
significantly higher than in S5 and S6. This confirms the obvious findings that reducing w/b ratio
decreases the volume fraction of hydration products, thereby decreasing the overall gel porosity.
As the hydrated phases of cement paste contain the gel porosity [44]. Figures 5.15 through 5.18
show the SEM image of the cement paste samples with indents.
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Figure 5.11: FTIR results of samples prepared with 0.24 w/b ratio
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Figure 5.12: FTIR results of samples prepared with 0.36 w/b ratio
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Figure 5.13: FTIR results of samples prepared with 0.48 w/b ratio

114

1,800

1,900

2,000

Table 5.2: Experimental results of nanoindentation test

Sample ID

S1_C100-W0.24

S2_C95-NS5-W0.24

S5_C100-W0.36

S6_C95-NS5-W0.36

Phase
LD CSH
HD CSH
Portlandite
(CH)
Unhydrated
Clinker
Mixed CSH
and Clinker
Porous
LD CSH
HD CSH
Portlandite
(CH)
Unhydrated
Clinker
Mixed CSH
and Clinker
LD CSH
HD CSH
Portlandite
(CH)
Unhydrated
Clinker
Mixed CSH
and Clinker
LD CSH
HD CSH
Portlandite
(CH)
Unhydrated
Clinker
Mixed CSH
and Clinker

M
(GPa)
28.90
35.69

2.65
2.87

H
(GPa)
0.88
1.09

42.16

8.25

93.31

20.70

S.D. M

0.18
0.14

No. of
Indents
9
15

1.63

0.48

11

6.93

2.16

14

S.D. H

54.30

1.82

1

11.021
28.17
36.39

1.45
4.42

0.16
0.87
1.22

0.18
0.30

1
4
17

42.77

3.85

1.78

0.75

5

104.77

26.74

8.53

3.36

14

58.54

5.78

3.78

1.14

9

24.45
31.55

3.91
3.75

0.72
1.17

0.23
0.44

17
17

40.85

3.41

1.55

0.35

6

90.57

31.47

7.04

3.19

7

44.97

4.17

2.00

0.59

3

24.04
32.68

3.29
5.53

0.78
1.26

0.20
0.50

24
16

33.69

2.89

1.09

0.14

4

87.37

19.36

6.76

1.88

5

51.83
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Figure 5.14: Volume fraction of different phases in hydrated cement paste
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Figure 5.15: SEM image of S1 with indents
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Figure 5.16: SEM image of S2 with indents
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Figure 5.17: SEM image of S5 with indents
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Figure 5.18: SEM image of S6 with indents
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CHAPTER 6

MOLECULAR LEVEL MODELING OF DIFFERENT
PHASES PRESENT IN HYDRATED CEMENT PASTE
Molecular modeling is a concept that can be effectively utilized to examine the energy potentials,
structure, behavior and mechanical properties of cement based materials at molecular level [107].
It is defined as the utilization of computational methods to construct molecules and conduct
various calculations so as to predict their behavior and characteristics. Time, money and energy
can be greatly saved by adopting computational modeling, because the number of experiments to
be conducted in a laboratory can be minimized. Hence, experimental and computational methods
should corroborate each other. In this regard, computational modeling can be used to explain
experiments [107]. Molecular Dynamics (MD) is a numerical technique utilized to simulate the
movement of molecules and atoms in a given system throughout a period of interaction time. The
method is based on Newton’s laws of classical mechanics. It basically produces atomic
trajectories i.e., atomic velocities and positions. If the atomic velocities and positions of the
distinct atoms are identified, the state and/or properties of the system can then be obtained. The
main focus of this chapter is to describe the procedure for determination of elastic properties of
individual phases present in hydrated cement paste using MD simulation and then compare the
results with that of Nanoindentation measurement already reported in Chapter 5. The simulation
was carried out with the help of Materials Studio 7.0 software [108]. As a result of large volume
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of computations, the simulation was performed using the computing facilities at Graphics Lab. of
the College of Computer Science and Engineering, KFUPM. The following sections will discuss
in detail the methodology and results obtained during the molecular level modeling.

6.1

Selection of Crystal Structures

In this study, molecular dynamic technique was employed to determine the properties of various
phases of hydrated cement paste. The phases considered are tricalcium silicate (C3S) and
tricalcium aluminate (C3A) as unhydrated cement clinker, calcium silicate hydrate (CSH) and
calcium hydroxide (CH), also known as Portlandite. It is reported [64,66] that CSH does not
have a real crystalline structure, however, the crystalline structures of Tobermorite 14Ao and
Jennite, which are closely related to that of CSH are adopted in this study. The crystalline
structures used in this work were sourced from Nanoscale Simulation Lab at the University of
Akron, US [109]. The cell parameters of the structures are given in Table 6.1. Figures 6.1
through 6.5 show the typical crystalline structures used in this work. The green balls in the
structures represent the calcium atoms, white balls stand for hydrogen atoms, red balls represent
oxygen atoms; and yellow and pink balls denote silicon and aluminium atoms, respectively.
Table 6.1: Cell parameters of the crystal structures [108].

Crystals
C3S
C3A
Tobermorite
Jennite
CH

Lattice
Type
Triclinic
Triclinic
Monoclinic
Triclinic
Hexagonal

Number of
atoms
75
264
124
72
12

Length (Å)
a
b
12.235
7.073
15.263
15.263
6.735
7.425
10.576
7.265
3.5925
3.5925
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c
9.238
15.263
27.987
10.931
4.905

Angles (o)
α
β
γ
90
116.31
90
90
90
90
90
90
123.25
101.3 96.98 109.65
90
90
120

Figure 6.1: Typical crystal structure of tricalcium silicate (C3S)

Figure 6.2: Typical crystal structure of tricalcium aluminate (C3A)
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Figure 6.3: Typical crystal structure of Tobermorite

Figure 6.4: Typical crystal structure of Jennite
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Figure 6.5: Typical crystal structure of Calcium hydroxide (CH)

6.2

Simulation Parameters and Conditions

In this study, the simulation was carried out in three stages. First, the crystal structures undergo
geometry optimization in order to minimize the cells. During this stage, the algorithm and quality
of the minimization method were defined as smart and ultra-fine, respectively. The energy, force,
stress and displacement of the convergence tolerance were set as 2x10 -5 kcal/mol, 0.001
kcal/mol, 0.001 GPa and 1x10-5 Å, respectively. Maximum iteration of 500 was chosen.
Molecular dynamic calculation was performed in the second stage of the simulation. Forcite
module, which is a built-in tool in the software, was adopted for this purpose. To carry out
molecular dynamic simulation, a suitable force field needs to be chosen [64]. A condensed-phase
optimized molecular potentials for atomistic simulation studies (COMPASS) force field was
employed in this study. In the Forcite, the ensemble used was NPT (constant number of atoms,
pressure and temperature). Pressure and temperature were kept at 100 kPa and 298 K,
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respectively. The module, force field and ensemble were chosen based on the work of Al-Ostaz
and co-workers [64-66]. To control the temperature of the system during the simulation, Nose
thermostat with a Q ratio of 0.01 was used. Also, Berendsen barostat with a decay constant of 0.1
ps was utilized to control the pressure. However, NVE (constant number of atoms, volume and
energy) ensemble was employed during the simulation of C3S after many trials. The time step
and the total simulation time of 1.0 fs and 50 ps were considered in this study. Ewald summation
method with accuracy of 1x10 -5 kcal/mol and buffer width of 0.5 Å was used for the electrostatic
forces, while atom based summation with cubic spline truncation, cut off distance of 12.5 Å,
spline width of 1 Å and buffer width of 0.5 Å was adopted for van der Waals forces. Upon
completion of the dynamics calculation, the properties of the optimized structures were then
determined in the last stage of the simulation. Figures 6.6 and 6.7 present the typical plots of
energy curve and temperature of the system during geometry optimization and dynamic stages,
respectively.

Figure 6. 6: Variation of energy during geometry optimization stage
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Figure 6. 7: Variation of Temperature during dynamics simulation stage

6.3

MD Simulation Results

6.3.1 Elastic properties of Tricalcium silicate (C3S)
The young modulus (E) and poisson’s ratio (ν) of C3S were found to be 139.11 GPa and 0.256,
respectively. These values march very well with the results obtained by Manzano et al. [110], in
which they applied General Utility Lattice Program (GULP) code to compute the elastic
properties of C3S. They obtained 138.9 GPa and 0.3 as values of E and ν, respectively. Although
the average indentation modulus of clinker obtained in this study was within the range of 87.4 –
104.8 GPa, many individual modulus in the clinker phases are close to the value obtained in the
MD simulation. Elastic stiffness constants (Cij) and Elastic compliance constants (Sij) of C3S
obtained in the MD simulation are presented below.
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Elastic stiffness constants (Cij) in GPa
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14.3049 -13.5049 -11.3112

-3.6103

-7.6094

-64.4278

-56.0642

-3.6219

-13.5049

52.7562 -24.0408

-9.4685

-11.3112 -24.0408

69.3992

42.9501

38.9740

-18.6842

-3.6103 -64.4278

42.9501

141.6450

68.6896

-21.7051

-7.6094 -56.0642

38.9740

68.6896

122.5768

6.3.2 Elastic properties of Tricalcium Aluminate (C3A)
The MD simulation of C3 A yielded 131.36 GPa and 0.2487 as E and ν, respectively. It can be
seen than the elastic properties are very close to the values obtained for C3S in section 6.3.1
above. Elastic stiffness constants (Cij) and Elastic compliance constants (Sij) of C3S obtained in
the MD simulation are presented below.
Elastic stiffness constants (Cij) in GPa
177.9004

78.9905

70.0956

-1.4812

1.6769

-3.8475

78.9905

200.3182

72.0680

0.5460

1.7409

-0.8266

70.0956

72.0680

170.6592

-6.1546

5.2469

-3.6658

-1.4812

0.5460

-6.1546

39.6056

-1.2899

-3.1219

1.6769

1.7409

5.2469

-1.2899

41.5443

3.6693

-3.8475

-0.8266

-3.6658

-3.1219

3.6693

40.9984
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Elastic compliance constants (Sij) in 1/TPa
7.4299

-2.1622

-2.1288

0.0140

0.0191

0.4627

-2.1622

6.5253

-1.8930

-0.4853

0.0629

-0.2832

-2.1288

-1.8930

7.6129

1.1505

-0.8138

0.6032

0.0140

-0.4853

1.1505

25.6087

0.4929

2.0003

0.0191

0.0629

-0.8138

0.4929

24.3809

-2.2143

0.4627

-0.2832

0.6032

2.0003

-2.2143

24.8334

6.3.3 Elastic properties of Tobermorite
The computed values of E and ν for Tobermorite obtained using MD simulation in this study are
33.444 GPa and 0.2555, respectively. It can be noted that the Young’s modulus obtained is
within the range of average values of indentation modulus of HD CSH in the Nanoindentation
test reported in Chapter 5 i.e. 31.55 – 36.39 GPa. Elastic stiffness constants (Cij) and Elastic
compliance constants (Sij) of Tobermorite obtained in this study are shown below.

Elastic stiffness constants (Cij) in GPa
46.7162

16.1876

23.4283

-3.2579

-0.9569

0.2431

16.1876

126.3710

15.6004

-0.4159

0.2233

0.0546

23.4283

15.6004

55.0843

0.2740

3.8093

-1.1847

-3.2579

-0.4159

0.2740

25.1879

1.8236

-0.0117

-0.9569

0.2233

3.8093

1.8236

2.8356

-0.9696

0.2431

0.0546

-1.1847

-0.0117

-0.9696

18.3776
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Elastic compliance constants (Sij) in 1/TPa
29.9007

-2.1388

-14.0491

1.9628

27.9321

0.1801

-2.1388

8.3721

-1.5133

-0.1760

0.7461

-0.0549

-14.0491

-1.5133

27.4658

0.9140

-42.1978

-0.2649

1.9628

-0.1760

0.9140

41.9713

-28.0292

-1.4186

27.9321

0.7461

-42.1978

-28.0292 443.6852

20.2987

0.1801

-0.0549

-0.2649

-1.4186

20.2987

55.4648

6.3.4 Elastic properties of Jennite
It was found that E and ν values of jennite are 42.06 GPa and 0.2018, respectively. It is observed
that the value of E is higher than the range of average values of indentation modulus of HD CSH
given in section 6.3.2 above. This indicates that Tobermorite gave the best result compared with
Jennite. Elastic stiffness constants (Cij) and Elastic compliance constants (Sij) of Jennite obtained
in the MD simulation are presented below.

Elastic stiffness constants (Cij) in GPa
11.3633

18.5033

22.5389

-4.1185

1.0179

3.6860

18.5033

127.8059

64.4547

-7.1522

0.5897

1.8003

22.5389

64.4547

99.7447

-4.8842

9.4692

0.0615

-4.1185

-7.1522

-4.8842

32.7697

0.2777

1.1024

1.0179

0.5897

9.4692

0.2777

19.2717

-1.0726

3.6860

1.8003

0.0615

1.1024

-1.0726

21.6214
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Elastic compliance constants (Sij) in 1/TPa
192.8937

-6.8612

-38.9233

17.9863

7.0641

-32.7690

-6.8612

12.1575

-6.5743

0.7740

3.2260

0.2967

-38.9233

-6.5743

23.7760

-2.9361

-9.0036

6.8184

17.9863

0.7740

-2.9361

32.6717

-0.2691

-4.8016

7.0641

3.2260

-9.0036

-0.2691

55.9201

1.3405

-32.7690

0.2967

6.8184

-4.8016

1.3405

52.1041

6.3.5 Mechanical properties of Calcium Hydroxide (CH)
The calculated values of E and ν for CH obtained using MD simulation in this study are 37.69
GPa and 0.2695, respectively. The range of average values of indentation modulus of CH in the
Nanoindentation measurement in this study is 33.69 – 42.77 GPa. It can be noted that the E value
obtained is within the range. Elastic stiffness constants (Cij) and Elastic compliance constants
(Sij) of Tobermorite obtained in this study are shown below.
Elastic stiffness constants (Cij) in GPa
219.6718

101.1745

122.3977

0.2819

-72.2840

-0.1745

101.1745

224.5855

128.1538

-2.2338

75.4457

-3.6014

122.3977

128.1538

244.4807

-2.8822

0.3182

0.8053

0.2819

-2.2338

-2.8822 121.1392

1.0566

78.3834

-72.2840

75.4457

0.3182

1.0566

108.6655

-1.0289

-0.1745

-3.6014

0.8053

78.3834

-1.0289

63.6003
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Elastic compliance constants (Sij) in 1/TPa
26.5337

-21.9518

-1.8493

-1.9772

32.9330

1.8228

-21.9518

27.7026

-3.4810

0.6109

-33.8294

0.2523

-1.8493

-3.4810

6.8612

1.3261

1.1357

-1.9051

-1.9772

0.6109

1.3261

41.1990

-2.6249 -50.8053

32.9330

-33.8294

1.1357

-2.6249

54.6408

2.2794

1.8228

0.2523

-1.9051

-50.8053

2.2794

78.4179

It is to be noted that the values of ν obtained for all the phases considered in the MD simulation
are in the range of 0.2018 – 0.2695, this indicates that the assumed value of ν in the
Nanoindentation measurement i.e. 0.20 is realistic.

6.4

Interaction between CH and Silica

This study attempted to simulate the pozzolanic reaction by interacting calcium hydroxide and
silica structures using MD technique. Kim et al. [51] reported that the silicate tetrahedron present
in silica rich materials such as silica fume, fly ash and nanosilica etc is Q4, which is formed from
quartz polymerization. In materials studio software, a built-in tool ‘Blends’ can be used to mix
the calcium hydroxide and silica structures together. Thereafter, simulation conditions as
described in Section 6.2 can be applied to compute the mechanical properties of the composite.
However, due to large number of atoms of silica_Q4 (i.e. 2016 atoms) as can be seen in Figure
6.8, the computing facilities available could not handle the computation.
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Figure 6.8: Typical crystal structure of Silica (Type Q4)
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

In this research study, mortar specimens were prepared to determine the optimum quantity of
nanosilica required for producing high performance concrete. Concrete mixtures were prepared
with optimum proportions of materials determined from the trial mixtures. Also, concrete
mixtures were prepared with OPC only and other supplementary cementitious materials, such as
silica fume and natural pozzolan for comparism purposes. The study was conducted to develop a
sustainable and high performance concrete. The mechanical properties, durability and
microstructural characteristics of the developed concrete mixtures were evaluated. The service
life (measured in terms of time to corrosion initiation and time to corrosion cracking) of the
concrete mixtures with and without nanosilica was also assessed. Cement paste samples were
prepared with five w/b ratios and with and without nanosilica.

Various material science

techniques were utilized to determine the micro-mechanical properties and also characterize the
samples. Molecular dynamic simulation technique was employed to determine the properties of
various phases of hydrated cement paste. The result obtained was compared with the
experimental values.

7.1

CONCLUSIONS

Based on the results obtained in this study, the following conclusions are made:
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i.

The compressive and flexural strength of concrete increased due to the incorporation of
nanosilica. This was confirmed by the improved compressive strength at 3 and 7 days
compared to the control specimens. The compressive strength and flexural strength at 28
days was improved by more than 48% and 55%, respectively.

ii.

There is slight increase in shrinkage strain in the concrete mixtures modified with
nanosilica. This may be attributed to the consumption of water due to enhanced degree
of hydration due to incorporation of nanosilica, which is very fine in nature.

iii.

The durability characteristics of the concrete mixtures containing nanosilica were greatly
improved, as can be clearly inferred from the reduction in total charge passed, corrosion
potential, chloride concentration and coefficients of chloride diffusion. A decrease of
555% in the total charge passed in mix M8 relative to the control mixture was observed.
The improvement in durability may be attributed to the refinement in the microstructure
due to the incorporation of nanosilica.

iv.

Service life (in terms of time of corrosion initiation and time of corrosion cracking) of
the developed concrete was significantly enhanced with the use of nanosilica. The total
service life of mixtures M7 and M8 was more than 8,000 days, while that of mixture M1
(control) is less than 1000 days.

v.

The microstructure of the concrete mixes containing nanosilica was dense, especially at
the interfacial zone. This may be attributed to the filling ability and pozzolanic reaction
of nanosilica.

vi.

Natural pozzolan can be used in conjunction with nanosilica to produce sustainable and
high performance concrete.
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vii.

The morphology of cement paste samples modified with nanosilica was denser compared
to that of samples prepared with cement only. Also, it is evident from EDS that the
samples prepared with nanosilica contained more calcium and silicon compared with the
samples prepared with cement only; this implies that samples containing nanosilica may
have additional CSH.

viii.

XRD test revealed that CH peaks diminish in the cement paste samples containing
nanosilica. Also, the appearance of a new peak at 1120 cm-1 in IR curve of the samples
containing nanosilica relative to the samples containing cement only indicates
polymerization of the silicate chain in the CSH gel.

ix.

The indentation modulus and indentation hardness of the hydrated phases of all the
samples are within the range of 24 to 43 GPa and 0.72 to 1.82 GPa, respectively. Also, it
was found that the total number of indents in the CSH phase (both low density (LD) and
high density (HD)) of the samples prepared with nanosilica is more than that of samples
prepared with OPC only.

x.

Combining nanoindentation with other micro-imaging and analytical techniques gave
useful information and the results complemented each other.

xi.

MD simulation results of the phases present in hydrated cement paste are in good
agreement with the experimental results obtained using nanoindentation.

xii.

Use of different w/b ratios in the present study demonstrated the effect of water content
on the volume fraction of unhydrated clinker in hydrated cement paste.
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7.2

RECOMMENDATIONS

Based on the results obtained from this research work and the analysis provided, the following
recommendations are made:


Due to potential use of nanosilica (with incorporation of locally available pozzolanic
materials) in the production of sustainable and high performance concretes, the new
technology needs to be implemented by local construction industries.



7.3


Percentage of cement to be replaced with nanosilica should be limited to 5 to 6 %.

SUGGESTIONS FOR FUTURE WORK
The study should be extended to examine the combined effect of nanosilica and local
waste materials such as limestone powder (LSP), metakaolin, cement kiln dust (CKD)
and electric arc furnace dust (EAFD) etc, for possible production of more sustainable and
at the same time high performance concrete.
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Appendix A – EDS plots

147

Figure A-1: EDS of samples with 0.36 w/b ratio a) without NS b) with NS

148

Figure A-2: EDS of samples with 0.24 w/b ratio a) without NS b) with NS

149

Figure A-3: EDS of samples with 0.30 w/b ratio a) without NS b) with NS

150

Figure A-4: EDS of samples with 0.42 w/b ratio a) without NS b) with NS
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Figure A-5: EDS of samples with 0.48 w/b ratio a) without NS b) with NS
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Appendix B – FESEM and SEM micrographs

153

Figure B-1: FESEM images of samples with 0.24 w/b ratio a) without NS b) with NS

154

Figure B-2: FESEM images of samples with 0.36 w/b ratio a) without NS b) with NS
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Figure B-3: FESEM images of samples with 0.48 w/b ratio a) without NS b) with NS
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Figure B-4: SEM image of M1 specimen
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Figure B-5: SEM image of M3 specimen
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Figure B-6: SEM image of M6 specimen
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Figure B-7: SEM image of M9 specimen
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Appendix C – EDS mappings

161

Figure C-1: EDS mapping for S1 (Site 1)
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Figure C-2: EDS mapping for S1 (Site 2)
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Figure C-3: EDS mapping for S2 (Site 1)
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Figure C-4: EDS mapping for S2 (Site 2)
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Figure C-5: EDS mapping for S5 (Site 1)
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Figure C-6: EDS mapping for S5 (Site 2)
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Figure C-7: EDS mapping for S6 (Site 1)
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Figure C-8: EDS mapping for S6 (Site 2)
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