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Preface

Nanotechnology was conceived with a vision to advance our understanding and
control of matter at nanoscale toward national economic benefit, national and
homeland security, and improved quality of life. It enables changes at the
molecular level to optimize material behavior and performance of civil
infrastructure systems such as buildings and highways at the macro-functional
level. The resulting nano-modified high-performance construction materials and
systems are characterized by higher strength, greater durability, increased speed of
construction, and reduced environmental impact.

Recent advances made in the development and characterization of
nanotechnology based high-performance, sustainable, “designer” civil engineering
materials, smart structures, and systems forms the motivation for bringing out this
timely book. Each chapter in this book has been peer-reviewed by at least two
anonymous referees to assure the highest quality. A brief description of each
chapter follows.

The chapter entitled “Multifunctional and Smart Carbon Nanotube Reinforced
Cement-based Materials” reviews recent progress and advances of Carbon Nano-
Tubes (CNTs) reinforced cement-based materials, with attention to their
fabrication methods, mechanical properties, electrical and piezoresistive
properties, thermal conductive and damping properties, and potential structural
applications.

The chapter entitled “Applications of Nanotechnology in Road Pavement
Engineering” focuses on providing the required background and information on
the status of nanotechnology applications in road pavements. It starts with
background on pavements and nanotechnology, and then focuses on materials,
characterization and concerns and issues.

The chapter entitled “Application of Nanoscience Modeling to Understand the
Atomic Structure of C-S-H” surveys the computational tools available and their
limitations for state-of-the-art nanoscience modeling of C-S-H. Application of
nanoscience in improving the cement paste by studying the interaction of salt,
water etc. using the crystal structure of Tobermorite and Jennite are discussed first
followed by a methodology to find the amorphous structure of C-S-H from the
crystal structure of Tobermorite.

The chapter entitled “The Effect of SWCNT and Other Nanomaterials on
Cement Hydration and Reinforcement” discusses the effects of nano-titania, nano-
calcium carbonate and nano-alumina dispersed by sonication with Ordinary
Portland Cement (OPC) on hydration and compares it to the effect of Single
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Walled CNT (SWCNT) dispersed by the same method. The experimental results
are used to draw conclusions about the nucleation mechanism in SWCNT
composites and on the impact of SWCNT dispersion method on the performance
of those composites.

The chapter entitled ‘“Nanomaterials-enabled Multifunctional Concrete and
Structures” reports on the experimental investigations of the effect of various
loading states on the self-sensing ability of nanoconcrete and the development of a
theoretical model to predict the strain gauge factor of nanoconcrete under various
loading or environmental conditions.

The chapter entitled “Nano-Optimized Construction Materials by Nano-
Seeding and Crystallization Control” summarizes existing technologies for
analyzing and changing the nano-structure of cement and gypsum construction
materials. It also shows first results in homogeneous seeding the precipitation of
calcium silicate hydrates within a real Portland cement composition.

The chapter entitled “Next-Generation Nano-based Concrete Construction
Products: A Review” covers the primary areas of nano-engineering and nano-
modifications of cementitious systems, applications in building materials,
nanotechnology based devices etc.

The chapter entitled “Optimization of Clay Addition for the Enhancement of
Pozzolanic Reaction in Nano-modified Cement Paste” presents a process for
obtaining nano-size silicate platelets for use in cement paste from exfoliating
Cloisite Na+ clay particles.

The chapter entitled “Characterization of Asphalt Materials for Moisture
Damage Using Atomic Force Microscopy and Nanoindentation” describes the use
of Atomic Force Microscopy (AFM) and nanoindentation techniques to gain
accurate insight into moisture damage performance of asphalt materials at
nanoscale.

Finally, the chapter entitled “Nanoclay-modified Asphalt Binder Systems”
provides insight on nanomodification of asphalt binder systems to enhance their
mechanical properties.

Researchers and practitioners interested in the design and state-of-the-art
characterization of nano-engineered civil infrastructure systems will find this book
very useful. This book will also serve as an excellent state-of-the-art reference
material for undergraduate, graduate and postgraduate students in the field of
nanotechnology.

November 9, 2010 Kasthurirangan (Rangan) Gopalakrishnan
Ames, Iowa
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Multifunctional and Smart Carbon Nanotube
Reinforced Cement-Based Materials

Baoguo Han, Xun Yu, and Jinping Ou

Abstract. Nanotechnology has changed and will continue to change our vision,
expectations and abilities to control the material world. These developments will
definitely affect the field of construction and construction materials. Carbon nano-
tubes (CNTs) are considered to be one of the most beneficial nano-reinforcement
materials. The combination of high aspect ratio, small size, low density, and
unique physical and chemical properties make them perfect candidates as rein-
forcements in multifunctional and smart cement-based materials. Here, we review
recent progress and advances of CNTs reinforced cement-based materials, with
attention to their fabrication methods, mechanical properties, electrical and pie-
zoresistive properties, thermal conductive and damping properties, and potential
structural applications. Future challenges for the development and deployment of
multifunctional and smart CNTs reinforced cement-based materials and structures
are also discussed.

1 Introduction

Many civil infrastructures around the world are in a state of utter disrepair, and
significant efforts are needed to render the failing infrastructures back to a ser-
viceable and safe state. The root of the problem is at the apparent lack of durabil-
ity in construction materials, inability to provide timely maintenance, absence of
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advanced condition assessment tools and lack of long-lasting effective repair ma-
terials and technologies. The multifunctional and smart composites are ideal mate-
rials for achieving these goals [Banthia 2009, Saafi 2009].

Cement-based materials (including cement paste, cement mortar and concrete)
have been widely used for many years as a composite material for various types of
structures. Compared to other construction materials such as metals and polymers,
cement-based materials are significantly more brittle and exhibit a poor tensile
strength. Cement-based materials carry flaws and micro-cracks both in the mate-
rial and at the interfaces even before an external load is applied. These defects and
micro-cracks emanate from excess water, bleeding, plastic settlement, thermal and
shrinkage strains and stress concentrations imposed by external restraints, etc. Un-
der an applied load, distributed micro-cracks propagate, coalesce and align them-
selves to produce macro-cracks. When loads are further increased, conditions of
critical crack growth are attained at the tips of the macro-cracks and unstable and
catastrophic failure is precipitated. Under fatigue loads, cement-based materials
crack easily, and cracks create easy access routes for deleterious agents. This will
lead to early saturation, freeze-thaw damage and scaling, discoloration and so on
[Banthia 2009, Aitcin 2000, Mather 2004]. There has been a huge demand to
monitor structures cracking and prevent cracks from propagating further. These
efforts are very important for ensuring timely repair, safety and long-term durabil-
ity of critical structures [Hou and Lynch 2005, Chung 2002, Ou and Han 2009,
Azhari 2008]. Non-destructive evaluations, such as attaching or embedding for-
eign sensors (e.g. resistance strain gauges, optic sensors, piezoelectric ceramic,
shape memory alloy and fiber reinforced polymer bar etc. [De Backer et al. 2003,
Leng et al. 2006, Park et al. 2006, Li et al. 2004, Hiroshi et al. 2004] onto or into
structures, have been used in many ways to accommodate the demand, yet these
sensors have some drawbacks including poor durability, low sensitivity, high cost,
low survival rate and/or unfavorable compatibility with structures (i.e. loss of
structural mechanical properties). It would be desired that the structural material
itself has the sensing capability (i.e. structural materials are multifunctional or
smart). Self-sensing cement-based materials not only have potential in the field of
structural health monitoring and condition evaluation for concrete structures, but
also can be used for highway traffic monitoring, border security, structural vibra-
tion control and so on [Han and Ou 2007, Han et al. 2008].

Self-sensing (piezoresistive) cement-based materials are reinforced by electri-
cally conductive fillers to increase their ability to sense the strain, stress or crack
in themselves while maintaining good mechanical properties|Chung 2002]. The
electrically conductive fillers can be classified as fibrous and particle fillers. Ex-
amples of suitable fibrous fillers include short carbon fibers (CFs), surface modifi-
cation CFs, steel fibers, carbon coated nylon fibers and etc, and those of effective
particle fillers include carbon black, steel slag, nickel powder and etc[Han and Ou
2007, Han et al. 2008]. As the piezoresistive cement-based materials are deformed
or stressed, the contact state between the fillers and the matrix is changed, which
affects the electrical resistance of the cement-based materials. Strain, stress, crack
and damage can therefore be detected through measurement of the electrical resis-
tance[Ou and Han 2009, Hou and Lynch 2005, Chung 2002, Azhari 2008]. The



Multifunctional and Smart Carbon Nanotube Reinforced Cement-Based Materials 3

electrical resistance of the piezoresistive cement-based materials decreases maxi-
mally by 79.82% under once compressive loading to destruction. The sensitivities
of the materials to compressive stress and strain can reach 0.17/MPa and 1336.5
(extraordinarily high compared to the values of around 2 for conventional resistive
strain gauges) respectively [Han et al. 2008]. Therefore, the piezoresistive cement-
based materials have the ability to sense tiny structural flaws before they become
significant, which could be used in monitoring the internal condition of struc-
tures[Ou and Han 2009, Hou and Lynch 2005, Chung 2002, Azhari 2008]. In ad-
dition, the fibrous fillers can introduce ductility and toughness without sacrificing
existing cement-based materials properties. The presence of the fibrous fillers also
controls the cracking so that the cracks do not initiate and propagate catastrophi-
cally as in the case of conventional cement-based materials [Banthia 2009].

The field of nanotechnology is rapidly maturing into a fertile and interdiscipli-
nary research area from which new multifunctional and smart materials can be de-
veloped. Since carbon nanotubes (CNTs) were discovered by S. Iijima [1991],
they have been widely used for a variety of application due to their excellent
physical properties: high strength and Young’s modulus (the tensile strength and
Young’s modulus of CNTs are 20 times and 10 times that of CFs respectively),
high bonding force with matrix (the interlaminar shear strength of CNTs rein-
forced epoxy materials is 10 times that of CFs reinforced epoxy materials), large
deformation and high ductility (the elongation at break of CNTs is 18%, and is 18
times that of CFs), high aspect ratio (>500), and excellent electrical conductivity.
In particular, the extremely high aspect ratio and low density of CNTs makes them
easy to form a conductive and mechanical reinforcement networks with a CNT
doping level as low as 0.05 wt. %. CNTs also have interesting piezoresistive prop-
erties. When CNTs are subjected to stress/strain, their electrical properties change
with the level of stress/strain, expressing a linear and reversible piezoresistive re-
sponse even for a huge strain of 3.4% [Meyyappan 2005, Grunlan et al. 2004,
Blanchet et al. 2004, Kim et al. 2005, Tombler et al. 2000, Cao et al. 2003, Yu and
Kwon 2009]. Because the properties of CNTs are superior to that of CFs (the most
effective fibrous fillers), and the use of CNTs as reinforcements is intended to
move the reinforcement behavior from the macroscopic to the nanoscopic level, it
is promising to develop multifunctional or smart cement-based materials without
adding any additional weight and sacrificing existing cement-based materials
properties. In recent years, more and more researchers have started investigations
on utilizing CNTs in multifunctional and smart cement-based materials.

Here, we review recent progress and advances that have been made in fabrica-
tion, mechanical, electrical and piezoresistive properties, and potential structural
applications of multifunctional and smart CNTs reinforced cement-based materi-
als. Future challenges for continued development and deployment of multifunc-
tional and smart CNTs reinforced cement-based materials and smart structures are
also discussed.
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2 Fabrication of CNTs Reinforced Cement-Based Materials

Similar to other CNTs reinforced materials, one major issue in fabricating high-
quality CNTs reinforced cement-based materials is how to homogeneously dis-
tribute CNTs in cement-based materials.

2.1 Structure and Dispersion of CNTs

Structurally, CNTs can be approximated as ‘rolled-up’’ sheets of graphite (Fig.1).
In this graphite, sp® hybridization occurs, where each carbon atom is connected
evenly to other three carbon atoms (120°) in the xy plane, and a weak m bond is
present in the z axis. The sp” set forms the hexagonal (honeycomb) lattice of a
sheet of graphite [Dresselhaus et al. 2000, Odom et al. 2000, Terrones 2003].

Varieties of CNTs include single-walled nanotubes (SWNTs) and multi-walled
nanotubes (MWNTs). SWNTs only have one wall that constitutes a tube, whereas
MWNTs are made up of multiple walls that can slide against each other. The
diameters of CNTs range from just a few nanometres in the case of SWNTs to
several tens of nanometres for MWNTs. The lengths of the tubes are usually in the
micrometer range [Dresselhaus et al. 2000].

Semiconductor
’

Semimetal
S

Fig. 1 Structure of CNTs [Images obtained from webpage http://www.tyndall.ie/ research/
electronic-theory-group/nanotube.html].

Either SWNTs or MWNTSs presents two main geometrical structural character-
istics: nano-scale dimensions and high aspect ratios. Nano-scale dimensions of
CNTs turn their dispersion in matrix into a challenge, because as the surface area
of a particle increases, so does the attractive forces between the aggregates [Lourie
et al. 1998]. High aspect ratios combined with high flexibilities, increase the pos-
sibility of nanotube entanglement and close packing [Thess et al. 1996]. The low
dispersability stems from the tendency of pristine nanotubes to assemble into bun-
dles or ropes (Fig. 2), which contain hundreds of close-packed CNTs tightly
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Fig. 2 (a) SEM image of a SWNT bundles (b) TEM image of the cross section of a SWNT
bundle [Images obtained from Smalley's webpage http://www.ruf.rice.edu/~smalleyg/
image_gallery.htm].

bound by van der Waals attraction energy of 500 eV/um of tube-tube contact
[Girifalco 2000].

In practice, CNTs do not have perfect geometrical structures, and they have
very complex surface structures (Fig. 3). The CNTs’ surface structures (e.g. sur-
face atom arrangement, roughness, defect and functional group) dominate the sur-
face energy and the wettability of CNTs’ surface, which is an important factor af-
fecting solubility and dispersibility of CNTs. For example, a small change of
CNTs’ surface structures can cause a switch from hydrophobicity to hydrophilicity
(Fig. 4) [Kakade and Pillai 2008]. Therefore, the surface modification is com-
monly used to improve the wettability of CNTs’ surfaces, thus enhances the solu-
bility and dispersibility of CNTs[Vaisman et al. 2006].

Fig. 3 TEM images of CNTs: (a)-(c) TEM images exhibit highly unevenly spaced lattice
fringes on one side of the hollow core and (d) cross-sectional TEM image of nanotubes are
not circular, rather show flat regions [Musso et al.2009].
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uperhydrophobicity

m »

Fig. 4 Schematic of CNTs’ hydrophobicity/hydrophilicity.

Since CNTs tend to self-associate into micro-scale aggregates, their disaggrega-
tion and uniform dispersion are critical challenges that must be addressed to success-
fully fabricate multifunctional and smart CNTs reinforced cement-based materials.

2.2 Current Approaches for Dispersing CNTs in Cement-Based
Materials

Some works have reported disappointing results, showing little or no improvement
in cement-based materials’ properties by adding CNTs because of insufficient or
poor dispersion of CNTs. For example, De Ibarra et. al. [2006] observed that a
non-uniform distribution of the CNTs’ bundles (Fig. 5) within the matrix provokes
a decrease in the mechanical properties of the materials. Because the utilized
SWNTs are straighter and more defect-free structures than the utilized MWNTs,
SWNTs have a lower dispersion degree in matrix, resulting in a lower Young’s
modulus and hardness of the SWNTSs reinforced cement-based materials. Addi-
tionally, a worse dispersion is presented (more agglomeration and less uniform

5.00um

Fig. 5 CNTs bundles distributed on unhydrated cement paste [Makar et al. 2005].
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dispersion throughout the matrix) when the nanatube quantity in the matrix is in-
creased, and the hydration of cement is decreased, thus impairing the mechanical
performance. As a result, the materials with higher concentration of CNTs present
worse mechanical properties in both cases (with SWNTs and MWNTs).

Shah et al. [2009] found that in the CNTs reinforced cement-based materials
where dispersion was achieved without the use of surfactant, MWNTSs appear
poorly dispersed in cement paste, forming large agglomerates and bundles (Fig. 6
a) and b)). This leads to the lowest fracture load of the meterials with no surfactant
(Fig. 7).

Fig. 6 Surfactant concentration effect on nanotube dispersion: (a)-(d) represent a dispersant
to MWNTs weight ratio of 0, 1.5, 4.0 and 6.25, respectively.

250

% 230 | L
e o

g .

210 +
e .
Z e
= 4
g 190
=

170 : . ; y ; . ;

0 1 2 3 4 5 6 7 8

Surfactant/ MWCNTSs weight ratio

Fig. 7 Fracture load of 28 days w/c=0.5 cement paste reinforced with long MWNTs (0.08%
by weight of cement) [Konsta-Gdoutos et al. 2010].

In order to develop high property CNTs reinforced cement-based materials and
fully utilize unique properties of the tubes, the thermodynamic drive toward ag-
gregation must be overcome. Makar et. al. [2005] and Sanchez [2009] dispersed
SWNTs in ethanol or isopropanol by sonication to aid dispersion of CNTs in
cement paste. Musso et al. [2009] dispersed MWNTs in acetone by means of an
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ultrasonic probe to minimize the size of aggregated MWNTs, thus to enhance dis-
persion of MWNTSs in cement paste.

It is worth noting that a dispersion method, as an important step of the integral
production chain, has to be selected in accordance with the processing conditions
of the CNTs reinforced cement-based materials. Because water is an indispensable
raw material for fabricating cement-based materials, one suitable route is to pro-
duce a homogeneous dispersed suspension of CNTs in water or liquor before
CNTs are incorporated into cement-based materials. Thus, the fabrication proce-
dure of CNTs reinforced cement-based materials can be divided into two steps:
dispersion of CNTs in water or aqueous solution and dispersion of CNTs’ suspen-
sion in the matrix. The dispersion of CNTs in water or aqueous solution is prereq-
uisite for distributing CNTs in matrix. In addition, the dispersion of CNTs’ sus-
pension in matrix can be easily performed by typically mixing method for
conventional cement-based materials. Therefore, the intensive research was fo-
cused on the dispersion of CNTs in water or aqueous solution for dispersing CNTs
in cement-based materials. There are two approaches for dispersing CNTs in water
or aqueous solution: the mechanical methods and the methods that are designed to
alter the CNTs surface structures, either physically (non-covalent surface modifi-
cation by surfactants) or chemically (covalent surface modification). Mechanical
dispersion methods, such as high shear mixing and ball milling, separate CNTs
from each other, but can also fragment the CNTs, decreasing their aspect ratios.
Ultrasonication is another common physical method used to disperse CNTs into
base fluids. Ultrasonic processors convert line voltage to mechanical vibrations.
These mechanical vibrations are transferred into the liquid through creating pres-
sure waves. This action causes the formation and violent collapse of microscopic
bubbles. This phenomenon, referred to as cavitation, creates millions of shock
waves. The cavitational collapse lasts only a few microseconds. Although the
amount of energy released by each individual bubble is small, the cumulative ef-
fect causes extremely high levels of energy to be released, resulting in dispersion
of objects and surfaces within the cavitation field [Shah et. al. 2009, Konsta-
Gdoutos et al. 2010]. Saafi [2009] adopted mixing and ultrasonication method to
produce the homogeneous dispersed solution of SWNTs and cement (Fig.8).
Chaipanich et al. [2010] dispersed initially CNTs using ultrasonic with some part
of mix water and than added the sonicated solution to fly ash cement.

Ultrasound Generator Rotary Mixer
O @ (® @
. . .
. . o . ﬁu [ ]
SWCNT + Cement Sonication Sonicated Mixing
Water (20 sec) Solution (SS) Cement + 8§
(5 min)

Fig. 8 CNTs reinforced cement paste fabrication process based on mechanical methods.
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Ultrasonication alone is hard to separate CNTs from each other because of the
CNTs’ intrinsic hydrophobicity [De Ibarra el al. 2006], so it is often combined
with surface modification method [Saafi 2009]. Li et al. [2005] and Yu et al.
[2009] effectively dispersed covalent surface modification CNTs treated with a
mixed solution of H,SO, and HNO; in water and cement-paste by utilizing ultra-
sonic energy (Fig.9). Sanchez [2009] improved the dispersion of CNTs in the ce-
ment pastes by using covalent surface modification with nitric acid. The CNTs
were found as individual fibers throughout the cement pastes and as entangled
networks in pockets.

CNTs
’J( ;R Stable CNT solution
R without any surfactant
Heated and Stirred Dilute, membrane  Acid-treated
on 110°C hot plate filtration, and wash CNTs Sonicate in D |
{45 min) with DI water y oA water {1 hour)
_— —_— EREAV —
Dixed Acid

CNTicement composite
specimen with electrodes

Molding Mixing
== sy
— - i
S ‘;/,\‘_ 5-; ¥

Fig. 9 CNTs reinforced cement paste fabrication process based on the covalent surface
modification method combined with mechanical method.

The covalent surface modification method uses surface functionalization of
CNTs to improve their chemical compatibility with the target medium, that is to
improve their wettability and reduce their tendency to agglomerate. However, ag-
gressive chemical functionalization, such as the use of neat acids at high tempera-
tures, might introduce structural defects resulting in inferior properties for the
tubes (e.g. decrease in mechanical property, electrical property and aspect ratio
etc) [Vaisman et al. 2006].

The non-covalent surface modification method combined with ultrasonication is
particularly attractive because of almost no impairment to pristine CNTs, low energy
consuming and controllability. The non-covalent surface modification method is
based on adsorption of the hydrophobic part of the surfactant at nanotubes sidewalls
through van der Waals, n-n or CH-r, and aqueous solubility is provided by the hy-
drophilic part of the surfactant. Additionally, the stability of the dispersion of CNTs
with adsorbed surfactant on their surface is guaranteed by electrostatic and/or steric
repulsion [Hu et al. 2009]. Veedu [2010] and Azhari [2008] dispersed CNTs into
water by using methylcellulose as surfactant and by means of ultrasonic energy, and
they successfully fabricated cement-based materials with uniformly distributing
CNTs. Yu et al. [2009] achieved an effective dispersion of MWNTSs in water and
cement paste by applying ultrasonication in combination with the use of a surfactant
sodium dodecyl sulfate (SDS). Luo et al. [2009] used separately or jointly five
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surfactants [sodium dodecylbenzene sulfonate (NaDDBS), sodium deoxycholate
(NaDC), Triton X-100 (TX100), Arabic gum (AG) and cetyltrimethyl ammonium
bromide (CTAB)] to enhance solubilization/dispersion of MWNTSs in aqueous solu-
tion and cement paste with a tip ultrasonication, and they found that the NaDDBS
and TX10 with a mixing ratio of 3:1 by weight of cement and CNTs exhibits the
best solubilization/dispersion capability.

Additionally, the covalent surface modification method and the non-covalent
surface modification method can be combined to improve CNTs in the cement-
based materials. Cwirzen et al. [2008] obtained stable and homogenous disper-
sions of MWCNTs in water by using non-covalent surface functionalization in
combined with modification using polyacrylic acid polymers. They also proved
that the surface covalent functionalization combined with modification using
polyacrylic acid polymers has more superior dispersion effect compared only us-
ing polyacrylic acid polymers or GA. Han et al. [2009] achieved an effective dis-
persion CNTs in cement paste and cement mortar by using carboxylation MWNTSs
and NaDDBS.

Although the above-mentioned surfactants are very helpful for dispersing
CNTs in cement-based materials, it is deserved to further investigate the effect of
surfactants on mechanical, electrical and durable properties of cement based mate-
rials and the compatibility issues between surfactants and cement. Han et al.
[2009] had found that the excessive doping level of NaDDBS or SDS have bad
effect on the hydration of cement and will cause a marked air-entraining effect.
Cwirzen et al. [2008] found that the hydration of the cement incorporating GA is
slowed down. De Ibarra et al. [2006] also reported that SDS or TX100 impairs the
cement hydration.

Considering the nature of the cement-based materials, researches have focused
on methods of dispersal that are compatible with cement chemistry. The primary
approach is to adopt commonly used admixtures such as water reducing admix-
tures, plasticizers and superplasticizers as surfactants of CNTs. There is an obvi-
ous correspondence with the use of these surfactants to improve the dispersion of
cement particles. This can facilitate dispersion process of CNTs and enhance the
uniformity and workability of nanocomposites. Initial research at the National Re-
search Council Canada has shown that a small amount of CNTs can be dispersed
by sonication in water containing 5% superplasticizer [Makar and Beaudoin
2003]. Shah et al. [2009] and Konsta-Gdoutos et al. [2010] achieved an effective
dispersion of MWNTs with different lengths and concentrations in water by ap-
plying ultrasonic energy in combination with polycarboxylate-based superplasti-
cizers. They proved that the application of ultrasonic energy is required for proper
dispersion. Considering the effect of surfactant concentration and MWNTSs’ length
and concentration on the distribution of CNTs in cement paste, they also sug-
gested the optimum amount of MWNTs and superplasticizer for reinforcement in
cement based materials according to the aspect ratio of CNTs (Fig.10).
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Optimum area for
0l - Aspect ratio < 1000
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Fig. 10 The optimum amount of MWNTs and superplasticizer for reinforcement in cement-
based materials according to the aspect ratio of CNTs.

Recently, researchers proposed a novel approach to solve the dispersion issue
of CNTs [Nasibulin et al. 2009, Cwirzen et al. 2009, Ludvig et al. 2009, Dunens et
al. 2009]. The CNTs are grown on the surface of cement (or fly ash, a conven-
tional admixtures for fabricating cement-based materials) particles through in-situ
synthesis (i.e. a modified Chemical Vapor Deposition (CVD) method) [Fig.11].
The amount and morphology of the grown CNTs depend on the applied tempera-
tures, the chemical component and flow speed of pristine cement, and the
type/amount of the introduced gas. It was possible to obtain cement containing up
to 20% of nanofibers (including CNTs and CFs) [Cwirzen et al. 2009]. The ce-
ment (or fly ash)/CNTs hybrid can be used to fabricate the CNTs reinforced ce-
ment-based materials with high dispersion of CNTs and strong bonding of CNTs
to matrix.

Cement particles Cement hybrid material Composite material

Fig. 11 Schematic representation of the general concept of the incorporation of CNTs into
composite material by their direct growth on the surface of matrix particles.
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3 Mechanical Properties of CNTs Reinforced Cement-Based
Materials

3.1 Mechanical Properties of CNTs

The strength of the sp? carbon-carbon bonds endues CNTs amazing mechanical
properties (e.g. ultra-high strength and stiffness, and elastic stress-strain behavior).
The Young's modulus of the best CNTs can be as high as 1000 GPa which is ap-
proximately 5 times higher than steel. The tensile strength or breaking strain of
CNTs can be up to 63 GPa or 10%, around 50 times higher than steel. In addition
to their high strength and elastic constant, CNTs have extremely high aspect ra-
tios, with values typically higher than 1000:1 and reaching as high as 2,500,000:1.
As a result of these properties coupled with the lightness, large surface area (typi-
cally 200-300m2/g), and excellent chemical and thermal stability, CNTs rein-
forcements are expected to produce significantly stronger and tougher cement-
based materials than traditional reinforcing materials (e.g. glass fibers or carbon
fibers) [Makar et al. 2005].

3.2 Mechanical Properties of Nanocomposites

The CNTs’ enhancement capability to the nanocomposites (i.e. CNTs reinforced
cement-based materials) depends on many factors, among them the quality of
CNTs’ dispersion, the final aspect ratio (whether the nanotubes were shortened as a
result of disaggregative treatment), CNTs’ content level, CNTs’ intrinsic structure
and properties, composition and structure of matrix, and the interfacial bonding con-
dition between CNTs and matrix. Therefore, very different results have been re-
ported on the mechanical behavior of CNTs reinforced cement-based materials.

Makar et al. [2005] found that the improvements of CNTs are dependent both
on matrix composition and hydration time. The nanocomposites produced at 0.8
w/c ratio (i.e water to cement ratio), show reductions in strength at all time peri-
ods. In contrast, low w/c samples with a 2% SWNTs content show improvements
of up to 600% in hardness at early ages, but essentially no improvement after 14
days of hydration (Fig. 12).

De Ibarra et al. [2006] studied the impact of the addition of 0.05% and 0.1%
SWNTs and 0.1% and 0.2% MWNTSs to cement paste, and reported modest gains
in the Young’s modulus and hardness of this kind of nanocomposites. Yakovlev et
al. [2006] found that the use of CNTs (0.05% by mass) as the reinforcement for
production of form non-autoclave concrete, allows increasing its compressive
strength up to 70%. Shah et al. [2009] and Konsta-Gdoutos et al. [2010] studied
the effect of MWCNSs’ length (short versus long) and the concentration on the
fracture properties of the nanocomposites for a constant weight ratio of surfactant
to MWNTs. They also explored the effect of the surfactant concentration on the
fracture properties of the nanocomposites reinforced with 0.08 wt.% of cement
long MWNTs. The fracture mechanics test results indicate that the flexural
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Fig. 13 Effect of different lengths (short and long) of MWNTs and concentration on (a) the
flexural strength and (b) the Young’s modulus of cement paste (w/c=0.5).

strength and the Young's modulus of cement matrix significantly increase through
use of small amounts of MWNTSs (0.048 wt.% and 0.08 wt.%) (Fig. 13). As com-
pared to the same material without CNTs, the nanocomposites exhibit an increase
of the Young's modulus of at least 15% up to about 55% and an increase in flex-
ural strength of at least of 8% up to about 40%. An over 45% increase in the 28
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day flexural strength is realized at the 0.08 wt% MWNTs loading versus the un-
modified control. In particular, higher concentrations of short MWNTSs are re-
quired to achieve effective reinforcement, while lower amounts of longer MWNT's
are needed to achieve the same level of mechanical performance.

Matthew et al. [2008] fabricated CNTs filled concrete with different CNTs’
content levels. They found that the use of 0.1% CNTs by weight can increase the
tensile strength of the nanocomposites, and reduce compressive strength. When at
least about 0.2% CNTs were added, there is a small amount of increase in both
compressive and tensile strength of the nanocomposites. Luo et al. [2009] pre-
pared the plain cement paste, and nanocomposites with 0.2% MWNTs using the
different surfactants. Compared to the plain cement paste, the flexural and com-
pressive strengths of the nanocomposites are enhanced. The maximum increase of
flexural strength and compressive strength is 35.45% and 29.5% respectively. Luo
[2009] also fabricated the nanocomposites with different concentrations of
MWNTs and different concentrations and combinations of surfactants. He found
that the fracture toughness and critical opening displacement of the nanocompo-
sites with 0.5 % of MWNTs can be enhanced by 175.21% and 54.77%, relative to
the plain cement paste, respectively. Musso et al. [2009] prepared CNTs rein-
forced cement-based materials by adding 0.5% in weight of as-grown and an-
nealed MWNTs to plain cement paste, and they found that both pristine and an-
nealed MWNTs induce an improvement in the flexural and compressive properties
of the nanocomposites (Fig. 14).
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Fig. 14 Modulus-of-rupure (a) and compression resistance (b) of cement paste. With and
without MWNTs (p-CNTs is pristine MWNTSs, a-CNTs is annealed MWNTs and f-CNTs is
carboxyl functionalized MWNTs )

Chaipanich et al. [2010] prepared CNTs reinforced fly ash cement paste by add-
ing CNTs of 0.5 and 1% by weight into a cement-fly ash (20% by weight of ce-
ment) system. They found that the use of CNTs results in higher compressive
strength of the nanocomposites. The highest strength obtained was found at 1%
CNTs where the compressive strength at 28 days was 54.7 MPa (the almost rela-
tive strength 100% to that of Portland cement paste) (Fig. 15).
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Fig. 15 Compressive strength of CNT-fly ash cement paste at 7, 28 and 60 days.

Veedu (2010) compared the mechanical performances of CFs reinforced ce-
ment-based materials and CNTs reinforced cement-based materials, and observed
that the flexural and compressive strength of CNTs reinforced cement-based mate-
rials are 30% and 100% greater, respectively, than that of CFs reinforced cement-
based materials (Table 1).

Table 1 Comparison of mechanical properties of CNTs reinforced cement-based materials
and CFs reinforced cement-based materials

. Flexural strength Compressive strength
Type of materials (MPa) (MPa)
CFs reinforced ?ement-based 242 14
materials
CNTs reinforced
cement-based materials 3.2 268

In addition, it is well-known that the interfacial bonding condition between the
reinforcement and the matrix is a key factor contributing to improving fiber rein-
forced materials. The covalent surface modification can produce functional groups
on the outer walls of CNTs. These superficial chemical groups will originate
strong chemical bonds between CNTs and matrix, thus enhancing the reinforce-
ment efficiency even though some mechanical properties of CNTs are impaired.
Li et al. [2005] employed carboxyl functionalized MWNTs and obtained modest
improvements in compressive and flexural strengths. The compressive strength in-
creases up to 19%, while the flexural strength increases up to 25%. The use of
CNTs can also improve the deformation ability of cement mortar, and lead to a
significant increase of the failure strain (Fig. 16). The compressive and flexural
strengths of cement paste containing treated CNTs are higher about 2.7 MPa and
0.4 MPa than that 69.41MPa and 9.56MPa of cement paste containing 0.5%
untreated CNTs by weight of cement respectively [Li et al. 2007].
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Fig. 16 Typical load-displacement curves of cement-based materials (PCC are control ce-

ment mortar, PCCF is cement mortar containing untreated CFs, PCNT is ement mortar con-
taining 0.5% treated CNTs by weight of cement).

Cwirzen et al. [2008] studied the compressive strength of the nanocomposites
with fifteen different combinations of hydroxyl functionalized MWNTs, admix-
tures and w/c ratios. They found that the cement paste incorporating CNTs reveals
an increase in the compressive strength of nearly 50% even with only a small ad-
dition of the MWNTs, namely 0.045-0.15% of the cement weight. Luo [2009]
used 0.5% of carboxyl functionalized MWNTs and obtained enhancements of
149.32% and 34.96% in fracture toughness and critical opening displacement
compared to the plain cement paste, respectively. However, Musso et al. [2009]
also used carboxyl functionalized MWNTs, but they obtained a different result.
Flexural and compressive tests performed on composite containing functionalized
CNTs, show a significant reduction of the performances compared to pristine ce-
ment (Fig. 13). The possible reason is that the functionalized CNTs are so hydro-
philic as to absorb most of the water contained in cement paste. This hampers the
proper hydration of cement paste.

Nasibulin et al. [2009], Cwirzen et al. [2009] and Ludvig et al. [2009] utilized
cement/CNTs hybrid prepared with different synthesis processes to fabricate
CNTs reinforced cement paste. Nasibulin et al. [2009] found that the nanocompo-
sites reveal as high as a 2 times increase in the compressive strength compared
plain cement paste (Table 2). Ludvig et al. [2009] achieved a 34.28% increase in
the tensile strength by using cement/CNTs hybrid containing 0.3% of CNTs.

Table 2 Compressive strength of cement paste prepared by adding cement/CNTs hybrid

Fraction of Synthesis conditions Compressive
cement/CNTs Temp (°C) Gas flow rate (cm’min™) strength
hybrld C2H2 C02 CO (Mpa)

0 - - - - 25
100 550 860 0 177 22
100 575 660 660 0 55
100 500 500 500 0 40
100 525 660 660 0 56
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It can be seen from the above literature reviews that both exciting and disap-
pointing results were obtained in the previous researches. This indicates that the
effect of CNTs on the reinforcement of cement based materials is very complex
and need further investigation.

3.3 Reinforcement Mechanisms

Why the physical and chemical properties of CNTs can affect the mechanical be-
havior of composites results from both the traditional reinforcment mechanisms
and the nanoscale reinforcement mechanisms, which are summarized below.

(1) Excellent intrinsic properties of CNTs

Sections 2.1 and 3.1 have introduced the excellent intrinsic properties of CNTs,
which are not discussed here. It is well-known that the mechanical properties of
the nanocomposites depend on many factors affecting CNTs intrinsic properties.
For example, the high temperature annealing treatments remove lattice defects
from the walls of CNTs, hence obviously increase CNTs’ and nanocomposites’
mechanical strength [Simone et al. 2009].

(2) Extensive distributing enhancement meshwork of CNTs in the nanocom-
posites

The diameters and aspect ratios of CNTs (about the same size as the distance be-
tween layers in hydrated cement) mean that they can be distributed on a much
finer scale than commonly used reinforcing fibers (Fig. 17). As a result, CNTs in
the matrix form an extensive distributing enhancement meshwork [Li et al. 2005],
which is beneficial for enhancing the integrity of materials [Veedu 2010].

Fig. 17 SEM images of fracture surfaces of the three day hydration sample of CNTs rein-
forced cement paste [Makar et al. 2005].

(3) Improvement of nanocomposites’ microstructures

The nanocomposites exhibit a modified nanostructure so that the average values of
stiffness and hardness of C-S-H are higher than that of the same cement-based ma-
terials without CNTs (Fig. 18) [Shah et al. 2009].
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Fig. 18 The probability plot of the calculated Young’s modulus of 28 days cement paste
(w/c=0.5), cement paste reinforced with 0.048 wt% long CNTs and cement paste reinforced
with 0.08 wt% short CNTs.

Moreover, the CNTs’ addition inhibits the reduction in nanoscale flaws and
fractures and provides a cement matrix essentially “crack free”. The autogenous
shrinkage in the nanocomposites reduces at least 30% after 96 hours compared to
the same cement-based materials without CNTs (Fig. 19).
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Fig. 19 The autogenous shrinkage results of cement paste (w/c=0.3) and cement paste rein-
forced with 0.048 wt. % long CNTs [Shah et al. 2009].

Furthermore, the addition of CNTs fines pore size distribution and decreases
the porosity (or nanoporosity) of the nanocomposites by filling the gaps (or pores)
between the hydration products such as C-S-H and ettringite (Fig. 20). Therefore,
the nanocomposites become much more compacted. [Li et al. 2005, Konsta-
Gdoutos et al. 2010, Chaipanich et al. 2010].

(4) Strong bonding between CNTs and matrix
CNTs act as nucleating agents for C-S-H, which preferentially form on the surface
of CNTs as opposed to the surface of the adjacent unhydrated cement grains
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Fig. 20 SEM images of CNTs-fly ash cement paste

(Fig. 21). The nucleation appears to occur along the entire length of the CNTs,
rather than at specific locations that might be associated with functional groups.
The result is a dense C-S-H formation that appears to be tightly bonded to CNTs,
hence producing reinforcing behavior [Makar et al. 2009].

Fig. 21 Growth of C-S-H around SWNTs.

For functionalized CNTs reinforced cement-based materials, the interfacial in-
teractions between the groups of functionalized CNTs’ surfaces and hydrations
(such as C-S-H and calcium hydroxide) of cement will produce a high bonding
strength, and increase the load-transfer efficiency from cement matrix to the rein-
forcement [Li et al. 2005, Cwirzen et al. 2008]. Moreover, the modified chain
groups of surfactants absorbed to CNTs’ surface like CNTs’ “root” (Fig. 22), and
their “rooting” in matrix produces strong interfacial adhesion between the CNTs
and the matrix. This thereby enhances nanocomposites’ mechanical properties
[Vaisman et al. 2006].

For the nanocomposites made of cement/CNTs hybrid, CNTs are partly chemi-
cally bonded to matrix through a catalyst particle originating from cement [Cwir-
zen et al. 2009].
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Fig. 22 CNTs absorbed by surfactant.

Fig. 23 SEM images of the nanocomposites made of cement/CNTs hybrid

Fig. 24 Crack bridging of CNTs
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(5) Crack bridging, pinning effect, fiber pull-out, crack deflection, fiber debond-
ing and fiber breaking

CNTs are anchored well inside the hydration products and cross crack (Fig.23 and
Fig.24) [Makar et al. 2005, Nasibulin et al. 2009]. When the cracks in the matrix
encounter well-distributed CNTs, the pinning effect and the efficient crack bridg-
ing can inhibit the crack growth at the very preliminary stage of crack propagation
within composites [Makar et al. 2005].

Additionally, the CNTs form a stitching on fracture surfaces, diverting crack
energy into a matrix and inhibiting crack propagation [Veedu 2010]. The bridge
coupling effect of CNTs guarantees the load-transfer across voids and cracks
[Li et al. 2005]. Furthermore, other reinforcing behaviors such as fiber pull-out
(Fig. 25), crack deflection, fiber debonding and fiber breaking also contribute to
mechanical enhancement of composites. This enhancement effects result from the
energy release caused by these reinforcing behaviors.

Fig. 25 CNTs’ pull-out [Raki et al. 2010].

It is worth noting that the complex chemistry and physical structure of CNTs
reinforced cement-based materials mean that some fundamental issues need fur-
ther to be explored at the nanoscale.

4 Electrical and Piezoresistive Properties of CNTs Reinforced
Cement-Based Materials

4.1 Electrical and Piezoresistive of CNTs

The unique electrical properties of CNTs are to a large extent derived from their
1-D character and the peculiar electronic structure of graphite. Resistance occurs
when an electron collides with some defect in the crystal structure of the material
through which it is passing. The defect could be an impurity atom, a defect in the
crystal structure, or an atom vibrating about its position in the crystal. Such colli-
sions deflect the electron from its path. But the electrons inside a CNT are not
so easily scattered. In a 3-D conductor, electrons have plenty of opportunity to
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scatter, since they can do so at any angle. Any scattering gives rise to electrical re-
sistance. In a 1-D conductor, however, electrons can travel only forward or back-
ward. Under these circumstances, only backscattering (the change in electron mo-
tion from forward to backward) can lead to electrical resistance. But
backscattering requires very strong collisions and is thus less likely to happen. So
the electrons have fewer possibilities to scatter. This reduced scattering gives
CNTs very low resistance. In addition, they can carry the highest current density
of any known material, measured as high as 10°A/cm’ [Khare and Bose 2005].

Theoretical calculations have shown early on that the electronic properties of
the CNTs are very sensitive to their geometric structure. Although graphite is a
zero-gap semiconductor, theory has predicted that the CNTs can be metallic, semi-
metallic or semi-conducting with different size energy gaps, depending very sensi-
tively on the diameter and helicity of the tubes (Fig. 1) [Dresselhaus et al. 2000].

Field emission is an alternative mechanism to extract electrons. It is a quantum
effect where under a sufficiently high external electric field, electrons can tunnel
through the energy barrier and escape to the vacuum level. All the field emission
sources rely on field enhancement due to sharp tips/protrusions, so they tend to
have smaller virtual source sizes because of the primary role of the field enhance-
ment factor. The larger the field enhancement factor, the higher the field concen-
tration, and therefore the lower the effective threshold voltage for emission. CNTs
possess the right combination of properties: nanometer-size diameter, structural
integrity, high electrical and thermal conductivity, and chemical stability, so they
have excellent emission characteristics such as a low threshold field for emission
and a high current density. The emission has been observed at fields lower than
1V/m, and high current densities of over 1A/cm” have been obtained [Meyyappan
2005, Cheng and Zhou 2003].

When CNTs are subjected to external force such as tension/compression,
torsion and squashing, they are deformed. Deformations of CNTs’ structures will
affect the electron transport condition. As a result, CNTs present extraordinary
piezoresistive properties (Fig. 26) [Tombler et al. 2000]. The change in electrical
conducitivity of CNTs in response to strain can reach 0.02 S/cm with per 1%
change in compressive strain [Pushparaj et al. 2010].

Dispersing conductive fillers into the nonconductive matrix can form conductive
materials. The electrical conductivity of these materials is strongly dependent on
the concentration of the conductive fillers. At low concentration, the conductivity
remains very close to the conductivity of the pure matrix. When a certain concen-
tration is reached, the conductivity of the materials drastically increases by many
orders of magnitude. This phenomenon is known as percolation and can be well
explained by a percolation theory. The electrical percolation threshold of conduc-
tive reinforcements embedded in an insulating matrix is sensitive to the geometrical
shape of the conductive fillers. The small size and large aspect ratio are helpful
to lower the percolation threshold. Because CNTs have tremendously large aspect
ratios, many researchers have found that CNTs reinforced materials exhibit
exceptionally low electrical percolation thresholds. For example, the electrical
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Fig. 26 Conductance change induced by mechanical deformation of metallic CNT using
AFM tip (G is conductance of CNT, o is stain of CNT, and 4Zc is vertical displacement).

percolation threshold was reported at 0.0025 wt.% CNTs and conductivity at 2
S/m at 1.0 wt% CNT in CNTs reinforced epoxy materials. CNTs not only can be
utilized to tailor conductivity of polymer as reinforcement, but also are excellent
conductive fillers to impart piezoresistivity to polymer. Much research efforts
have been concentrated on piezoresistivity of CNTs reinforced polymer materials
[Khare and Bose 2005].

Therefore, CNTs are expected to be more effective in producing significantly
conductive and piezoresistive cement-based materials than traditional conductive
fillers (e.g. carbon fibers, steel fibers and carbon black etc).

4.2 Electrical and Piezoresistive Properties of CNTs Reinforced
Cement-Based Materials

Like mechanical properties of CNTs reinforced cement-based materials, the electri-
cal and piezoresistive properties of this kind of nanocomposites also depend on
many factors. These factors include the type, the concentration and the surface
condition of CNTs, the quality of CNTs’ dispersion, and the composition of matrix.

Saafi [2009] studied the effect of the concentration of SWNTSs on the electrical
resistance and piezoresistivity of nanocomposites. He found that there is a sudden
decrease in the electrical resistance as the concentration of SWNTs increases from
0 to 0.5 vol. % and a percolation threshold of 0.5 vol. % was assumed for the
nanocompostes. The electrical resistance further decreases when the concentration
of SWNTs increases from 0.5 to 1 vol. %. However, it appears that the increase of
the SWNTSs concentration beyond 1 vol. % yields a slight decrease in the electrical
resistance (Fig. 27). The electrical resistance of both nanocomposites with 0.5%
and 1% SWNTs firstly increases linearly and monotonically and then presents a
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Fig. 28 Typical response of nanocomposites under monotonic direct tensile loading.

non-linear behavior up to failure under monotonic direct tensile loading. However,
the nanocomposites with 1% SWNTs exhibit a high sensitivity to the applied
stress (Fig. 28). Additionally, the electrical resistance of the nanocomposites with
1% SWNTs firstly increases and then decreases with the increase and decrease of
the applied load under direct cyclic tensile loading. The nanocomposites exhibit
good piezoresistive repeatability (Fig. 29).

Li et al. [2005] explored the effect of carboxyl functionalization on electrical
and piezoresistive properties of nanocomposites. They found that the electrical re-
sistance of SPCNT (nanocomposites with 0.5% carboxyl functionalized CNTs)
and PCNT (nanocomposites with 0.5% unfunctionalized CNTs) is 149ohm-cm
and 130ohm-cm respectively. The fractional change of resistivity of PCNT is 10%,
and that of SPCNT is about 14% (Fig. 30). Both carboxyl functionalized CNTs
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Fig. 29 Typical response of nanocomposites under direct cyclic tensile loading.

and unfunctionalized CNTs can greatly decrease the electrical resistivity and im-
prove piezoresistive properties for the cement paste. The carboxyl functionalized
CNTs have a stronger effect on the reinforcement of piezoresistive properties,
whereas those unfunctionalized ones have more forceful effect on the reduction of
electrical resistivity.

Fractional change in resistivity (%)
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Fig. 30 The fractional change in resistivity vs. time under cyclic compressive loading
(0-15KN).

Yu et al. [2009] investigated the piezoresistive responses of the nanocomposites
with different dispersion methods and CNTs’ concentrations. They found that the
electrical resistance of the nanocomposites reinforced with 0.1% non-covalent sur-
face modification MWNTSs by using SDS changes synchronously with the com-
pressive stress and the amount of the changes vary with the stress levels (Fig. 31).
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The resistance changes of the nanocomposites reinforced with 0.1% carboxyl
functionalized MWNTs are also corresponding to the stress load levels (Fig. 32).
But the later presents stronger piezoresistive response and higher signal-to-noise
ratio than former (Table. 3). The nanocomposites reinforced with 0.1% carboxyl
functionalized MWNTSs possess similar responses to the stress as from the nano-
composites reinforced with 0.1% carboxyl functionalized MWNTs, but with lower

sensitivity (Table. 3).
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CNTs, MWNTs are 0.1% of cement by weight.
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Table 3 Comparison of electrical resistance changes of CNTs reinforced cement paste with
different CNTs concentrations and under different compressive loads

Resistance change | Resistance change
(5.2MPa load) (8.6MPa load)
Plain cement paste 0 0
Nanocomposites reinforced with

0.06% carboxyl functionalized 8.8% 10.3%
MWNTs
Nanocomposites reinforced with

0.1% carboxyl functionalized 9.4% 11.4%

MWNTs
Nanocomposites reinforced with
0.1% non-covalent surface modifi- ~5.0% ~7.2%
cation MWNTs

Types of materials
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Fig. 33 Relationships between compressive stress and electrical resistance of CNTs rein-

forced cement paste ( O is compressive stress, AR is the change in electrical resistance).
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Han et al. [2010] studied the variation of the electrical resistance of cement
paste and cement mortar reinforced with carboxyl functionalized MWNTSs under
repeated compressive loading and impulsive loading. They found that the electri-
cal resistances of both cement paste with 0.1% MWNTs and cement mortar with
0.4% MWNTs decrease upon loading and increase upon unloading in every cycle
under repeated compressive loading. The response of electrical resistances of
these nanocomposites to compressive stress is strongly related under repeated
compressive loadings. Additionally, the impulsive loadings also cause strongly
correlated changes in the electrical resistance of both nanocomposites. It is worth
noting that the addition of fine aggregates (i.e. sand) decreases the piezoresistive
response sensitivity of the nanocomposites even though at a higher CNTs’ concen-
tration (Fig. 33 and Fig. 34).
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Fig. 34 Piezoresistivity of CNTs reinforced cement mortar ( O is compressive stress,

AR is the change in electrical resistance).



Multifunctional and Smart Carbon Nanotube Reinforced Cement-Based Materials 29

Han et al. [2010] compared the piezoresistive behaviors of MWNTs reinforced
cement paste with different water contents under uniaxial compression. They
found that the water content has a strong effect on the electrical and piezoresistive
properties of the nanocomposites. The electrical conductivity of the nanocompo-
sites increases with water content, while the piezoresistive sensitivities first in-
crease and then decrease with the increase of water content (Fig. 35).

k (kQ/MPa) £ (%)

6
Water content (%)

Fig. 35 Comparison of electrical resistances (R0 ), maximum change amplitudes of electri-

cal resistance (f ) and piezoresistive sensitivities (k) of MWNTs reinforced cement paste
with different water contents.

Luo et al. [2009] compared the electrical conductivity of plain cement paste,
and composites with 0.2% MWNTs and using NaDDBS, NaDC, AG, or NaDDBS
and TX10 as surfactant. They found that the electrical conductivity of nanocom-
posites is closely related to the types of surfactants. The nanocomposites fabri-
cated by using NaDDBS as surfactant have the greatest mean value and lowest
deviation (5.314x107™* +5.107x10™ S/cm) in the electrical conductivity, which is
two orders of magnitude with respect to that of plain cement paste. Luo [2009]
also studied the effect of concentration of CNTs (from 0.1 wt. % to 2 wt. %), tem-
perature, humidity, type of measurement voltages and compressive stress to elec-
trical resistivity of MWNTs reinforced cement paste. He found that the electrical
resistivity of nanocomposites decreases with increase of concentration of CNTs.
The percolation threshold is around 1 %. The electrical resistivity increases
with measurement time under direct current voltage. The lower water content of
nanocomposites is and the higher concentration of CNTs is, the more prominent
the increase tend of electrical resistivity with measurement time is. The electrical
resistivity approximatively linearly decreases with increase of temperature in the
range from -10°C to 80°C. The voltage-current characteristic of nanocomposites is
linear above 2.5V of measurement voltage, while is nonlinear below 2.5V. The
feature of alternating current impedance module or complex impedance of nano-
composites versus frequency show similar “U” shape. This means that the alter-
nating current impedance module or complex impedance exhibits a three-stage
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variation trend of fast decrease, keeping stable and fast increase as the measure-
ment frequency increases. In addition, the nanocomposites with 0.5% of MWNTs
exhibit sensitive, stable and repeatable piezoresistive response.

Azhari [2008] investigated the effect of different types and concentrations of
CNTs and the hybrid of CNTs and CFs on the conductivity of the nanocomposites.
She found that the addition of SWNTs at 1% and MWNTs at 1% or 3% slightly
decreases the electrical resistivity of the cement paste, while 3% MWNTs and
15% CFs hybrid yields a very low electrical resistivity (Fig. 36). The phase angle
of nanocomposites is the most part negative, which confirms the fact that the
nanocomposites are capacitive rather than inductive. The nanocomposites with 3%
of MWCNT as well as the CNTs/CFs hybrid, exhibit much lower phase angle val-
ues especially at frequencies of 100 kHz and below. These nanocomposites seem
to show inductive characteristics at some frequencies (where 8>0) (Fig. 37). Re-
sults from resistivity tests conducted on samples with 1% MWNTs and 1%
SWNTs at two different frequencies of 1 kHz and 100 kHz revealed that the nano-
composites with SWNTSs seem to be independent of current frequency as their re-
sistivity values are identical at both frequencies. This, however, did not hold true
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Fig. 36 Resistivity of CNT and hybrid nanocomposites at 28 days.
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based materials.
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Fig. 39 Stress/strain and stress/fractional change in resistivity relationships of the
nanocomposites with 1% MWNTs and 15% CFs hybrid after five cycles of compressive
loading.

on the nanocomposites with MWNTs (Fig. 38). Additionally, the relationship be-
tween compressive stress and fractional change in resistivity of the nanocompo-
sites with 1% MWNTs and 15% CFs hybrid appears to have a sensible correspon-
dence, i.e. a stable and repeatable piezoresistivity (Fig. 39).

Wansom et al. [2006] combined AC-impedance spectroscopy (AC-IS) with
time-domain reflectometry (TDR) to investigate the impedance response of ce-
ment paste with different concentrations of MWNTs at initial stage from 15 min to
1 day. They found that the AC-IS Nyquist plots for nanocomposits with 0.75
vol. % and 1 vol. % CNTs show a trend toward decreasing DC resistances at early
times (owing to a release of ions to participate in hydration reaction) and a shift
back toward higher DC resistances at later times (reflecting the initiation of set be-
tween 6 and 8 h). Pre-set, the agreement in DC conductivity of the nanocompo-
sites and the matrix is the result of current traveling through the matrix only
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Fig. 41 Nyquist plots for plain cement paste and two nanocomposites with 0.75 vol.% and 1
vol. % of MWNTSs based on point-by-point average (for each frequency) over three repli-
cates for each composition.

(i.e., the resistance of the matrix path is much less than that of the percolating fiber
path pre-set) (Fig. 40). In Nyquist plots (-imaginary impedance vs. +real impedance)
three impedance arcs/features at 1 day of hydration were observed, similar to
Nyquist plots for macrofiber and microfiber reinforced cement-based materials
(Fig. 41). The intersection of the electrode arc and the intermediate frequency feature
(Rpc (nanocomposites)) corresponds to the DC resistance of the nanocomposites. The
intersection of the two bulk features (Rcusp) corresponds to the AC resistance of the
nanocomposite (Fig. 42). Reductions in Rpc (nanocomposites) from the matrix resis-
tance are indicative of a nanotube percolating network. Reductions in Rcusp from the
matrix resistance are indicative of a discontinuous fiber-fiber path. Both shifts
increased with fiber loading. AC-IS measurements can be used to discriminate
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percolation vs. discontinuous fiber effects in nanocomposites, with the potential
for characterizing dispersion issues (e.g., clumping/aggregation) in nanocomposites.
Additionally, the dielectric constant vs. frequency plots for the plain paste and the
two nanocomposites show that the presence of CNTs clearly enhances the dielectric
constant in the 10>-10° Hz range above the baseline dielectric constant of the paste
(The baseline dielectric constant of the plain paste is ~300 and significantly larger
than the dielectric constant of water (~80).) (Fig. 43).
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Fig. 42 Nyquist plot for nanocomposites containing 1 vol. % of MWNTs at 1 day with
TDR data superimposed on the AC-IS data at high frequencies.
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Fig. 43 Dielectric constant vs. frequency plots for plain cement paste and the two nano-
composites with 0.75 vol. % and 1 vol. % of MWNTs.

Nasibulin et al. [2009] and Cwirzen et al. [2009] studied of electrical resistivity
of CNTs reinforced cement paste made of cement/CNTs hybrid. They found that
the nanocomposites reveal as high as a 40 times increase in the electrical conduc-
tivity compared plain cement paste (Table 4).
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Table 4 Compressive strength of cement paste prepared by adding cement/CNTs hybrid

Fraction of Synthesis conditions Electrical
cement/CNTs Temp Gas flow rate (cm’min’) resistivity
hybrid °C) C,H, CO, CO (MQcm)

0 - - - - 9.7

100 550 860 0 177 0.23

100 575 660 660 0 1.3

100 500 500 500 0 1.7

100 525 660 660 0 4.0

4.3 Conductive and Piezoresistive Mechanisms of CNTs
Reinforced Cement-Based Materials

The electrical resistance of CNTs reinforced cement-based materials comes from
two sources, i.e., the intrinsic resistances of nanotubes and matrix and the contact
resistance (i.e. the resistance between connecting CNTs or the resistance of the
matrix connecting the crossing nanotubes and through which electrical tunneling
occurs). The electric conductivity of individual CNTs is in the order of
10*~10"s/m. The electrical resistivity of a plain cement matrix commonly is in a
range from 10° to 10° Q-cm. The contact resistance at nanotube junctions is rather
complicated and depends on concentration and physical properties of nanotubes,
tunneling gap at contact points and conductive properties of matrix filling the tun-
neling gap[Li and Chou 2008]. There are three basic types of conduction mecha-
nisms (i.e. contacting conduction, tunnelling conduction and field emission con-
duction) contributing to the contact resistance [Lu et al. 2006, Wang et al. 2009,
Chen et al. 2008, Li et al. 2005, Han et al. 2010]. Therefore, the conductive and
piezoresistive behaviors of the nanocomposites are subjected to four basic aspects
as below.

(1) Intrinsic resistance of CNTs

The intrinsic resistance of CNTs reflects the electron transmission behavior in
CNTs, which will affect the transmission behavior of electron within the whole
nanocomposites. The intrinsic resistance of CNTs is governed by CNTs’ types,
CNTs’ surface condition, load condition, and so on. For examples, the carboxyl
functionalization might introduce structural defects resulting in the decrease of
conductive properties of CNTs and nanocomposites. When nanocomposites are
deformed under external loading, the nanotube length and diameter will alter, re-
sulting in the change of nanotube intrinsic resistance. Therefore, the piezoresistiv-
ity of CNTs has a contribution to the piezoresistivity of the nanocomposites[Li et
al. 2005].

(2) Intrinsic resistance of cement-matrix

The ionic conduction is a basic type of electrical conduction in cement-matrix.
The ions come from hydrated cement. Electrical polarization refers to the phe-
nomenon in which the centers of positive and negative charges do not coincide. As
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an electrical field is present during electrical resistance measurement, the move-
ment and concentration of the ions such as K*, Na*, Ca®*, OH and SO, etc in
cement-matrix lead to the electrical polarization [Saad Morsy 1999, Han et al.
2007, Tumidajski 1996]. As a results, the electrical resistivity of nanocomposites
increases with measurement time under direct current voltage [Luo, 2009]. The
polarization is diminished when conductive fillers are incorporated into the ma-
trix. The more conductive cement-based materials are, the less the tendency to po-
larize is. Therefore, the increase of CNTs concentration can decrease the electrical
resistivity of nanocomposites and increases the stability of electrical resistivity of
nanocomposites [Luo, 2009]. In addition, the increase of water content enhances
ionic conduction, which can reduce their electrical resistivity [Han and Ou 2008].
Furthermore, the nanocomposites present alternating current characteristics be-
cause of electrical properties of cement-matrix [Luo, 2009, Wanson et al. 2006].

(3) Contacting conduction

The forceful effect on reducing electrical resistivity for the CNTs is mainly due to
the formation of a well three-dimensional meshwork (Fig. 44). The high concentra-
tion and effective dispersion of CNTs are beneficial for forming the contac points of
CNTs in the meshwork. The more the contact points between CNTs are, the lower
electric resistivity will be [Saafi 2009, Azhari 2008]. In the case of the CNTs/CFs
hybrid, the combination of CNTs and CFs provides charge transport over long and
short distances and enhances the contacting conduction. This CNTs/CFs hybrid mul-
tiscale composite makes the nanocomposites more conductive compared to that only
with CNTs [Azhari 2008]. The number of contact points of CNTs increases under
compressive load, which can cause an enhancement of conductivity [Li et al. 2005,
Yu and Kwon 2009, Han et al. 2009]. However, the tensile load can separate CNTs
each other, so the electrical resistivity of the nanocomposites increases under tensile
load [Saafi 2009]. When the CNTs concentration exceeds the percolation threshold,
the contacting conduction dominates the electrical conductivity of the nanocompo-
sites. As a result, the three-dimensional contacting meshwork of CNTs becomes
more stable and the electrical resistivity of the nanocomposites is insensitive to the
increase of CNTSs’ concentration and external load [Saafi 2009]. Additionally, the
carboxyl functionalization of CNTs can enhance the bond between CNTs and matrix
because of the interfacial interactions between the groups of functionalized CNTSs’
surfaces and hydrations (such as C-S-H and calcium hydroxide) of cement. This will
prevent the contact of CNTs, resulting in an increase in electrical resistivity of the
nanocomposites[Li et al. 2005]. For the CNTs reinforced cement mortar, the large-
size sands cut off some straight connects of CNTs in matrix. However, the contact-
ing conductive meshwork can be formed at a high concentration of CNTs. As a
result, the effective CNT's concentration for CNTs reinforced cement mortar will be
much higher than that for CNTs reinforced cement paste [Han et al. 2010].

(4) Tunneling conduction

Unlike contacting conduction, tunneling conduction has no strong enhancement to
the conductivity of nanocomposites, while it has a significant contribution to the
piezoresistivity of nanocomposites. This means that the tunneling conduction can
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Fig. 44 Morphology of nanotube meshwork in matrix.

occur at a moderate concentration of CNTs. The separation between CNTs is large
at a low concentration of CNTs, the electron is hard to generate transition through
tunneling condition. However, the contacting conduction becomes dominant in the
conductivity of the nanocomposites at a high concentration of CNTs. When the
nanocomposites are deformed under compressive or tensile loading, the separation
between CNTs will be reduced or increased, i.e. the tunneling conduction is en-
hanced or weakened. This leads to the change of electrical resistivity of the nano-
composites under external load, expressing strong piezoresitive responses [Li et al.
2005, Yu and Kwon 2009, Han et al. 2009, Saafi 2009, Azhari 2008]. Further-
more, the carboxyl functionalization of CNTs is covered by matrix, so the tunnel-
ing junction and the separation between CNTs in nanocomposites are increased.
Because the tunneling junction and the separation between CNTs mightily change
with the variation of compressive load, the piezoresistivity of the cement paste
with carboxyl functionalized CNTs is more intensive than that of the cement paste
with unfunctionalized CNTs [Li et al. 2005]. The electrical conductivity of matrix
filling the tunneling gaps can be enhanced by the adsorption of water molecules,
so the tunneling conduction can easily occur in the nanocomposites with high wa-
ter content. This can make the conductivity of the nanocomposites easier or harder
to change under external load. Therefore, the water content is benefit for the en-
hancement of conductivity of the nanocomposites, but it has dual effect on the
piezoresistivity of the nanocomposites [Han et al. 2005].

(5) Field emission conduction

CNTs have a strong field emission property under electric field. The field emis-
sion can induce strong tunneling conduction because of local filed enhancement.
This makes the CNTs reinforced cement-based materials more conductive. How-
ever, the carboxyl functionalization leads to the opening of the capped ends, and
the opened CNTs are far less efficient emitters than closed CNTs due to the
change in the work function that aroused from the state of the tip. Field emission
of CNTs may decrease due to chemical modification, so the carboxyl functionali-
zation may cause an increase of conductivity of the nanocomposites [Li et al.
2005]. In addition, the field emission effect on the nanotube tips can be enhanced
by the adsorption of water molecules [Grujicic et al. 2003, Chen et al. 2004, Qiao
et al. 2007], so the field induced tunneling conduction can easily occur in the
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nanocomposites with high water content. This also can make the conductivity of
the nanocomposites easier or harder to change under external load. Therefore, the
high water content is also benefit for the enhancement of conductivity of the
nanocomposites, but it also has dual effect on the piezoresistivity [Han et al.
2005].

It is worth noting that the four aspects motioned above are not individual, but
jointly in charge of the conductivity and piezoresistivity of CNTs reinforced ce-
ment-based materials. Just, one or several among four aspects may be dominant
for a specific CNTs reinforced cement-based material. In addition, the concentra-
tion of CNTs above percolation threshold is beneficial for enhancing the sensitiv-
ity of piezoresistive response of nanocomoposites under tensile load, while that
below percolation threshold is beneficial for enhancing the sensitivity of piezore-
sistive response under compressive load.

5 Thermal Conductive and Damping Properties of CNTs
Reinforced Cement-Based Materials

Besides mechanical, electrical and piezoresistive properties of CNTs reinforced
cement-based materials, researchers also preliminarily explored other two func-
tional properties: thermal conductive property and damping property.

5.1 Thermal Conductive Property of Nanocomposites

Prior to CNT, diamond was the best thermal conductor. CNT have now been
shown to have a thermal conductivity at least twice that of diamond [Khare and
Bose 2005]. In addition, the negative coefficient of thermal expansion of the
CNTs results in a higher thermal stability [Veedu 2010]. Therefore, CNTs is ex-
pected to improve the thermal stability of cement-based materials. Veedu (2010)
compared the thermal performance of CFs reinforced cement-based materials and
CNTs reinforced cement-based materials, and observed that the thermal conduc-
tivity of CNTs reinforced cement-based materials is at least 35% and 85% greater
than that of CFs reinforced cement-based materials and unreinforced cement-
based materials (typically 0.8W/mK), respectively (Table 5).

Table 5 Comparison of thermal conductivity of CNTs reinforced cement-based materials
and CFs reinforced cement-based materials

Type of materials Temperature (°C) | Thermal conductivity (W/mK)
CFs reinforced c{ement— 327 L1
based materials
CNTs reinforced cement- 32.6 1.5

based materials
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5.2 Damping Property of Nanocomposites

One of the important material characteristic needed for civil engineering structures
is the ability to absorb vibrations, typically referred to as the damping capacity.
Damping capacity is the dissipation of vibration by converting the mechanical en-
ergy introduced by vibration into heat. One of the materials that showed promise
in this aspect is fiber reinforced materials. The ability to tailor the interface
strength between the fibers and matrix enhances the ability to design for a specific
damping capacity. It was observed that a low interfacial shear strength between
the fibers and the matrix and a high interfacial area, lead to an increase in damping
capacity [Gibson et al. 1980, Luo 2009]. Such damping capacity can be further in-
creased if discontinuous fibers were used rather than continuous fibers to reinforce
the matrix [Gibson et al. 1980, Mclean et al. 1975]. The remarkable mechanical
properties of CNTs, large specific surface area (i.e. larger interfacial contact area
between the nanotubes and the surrounding matrix) of CNTs, and frictions among
multiple inter-tubes will be able to provide an increased damping capacity at
nanoscale [Slosberg et al. 2003, Zhou et al.2004]. Luo [2009] studied the damping
capacity of cement paste with different concentrations of MWNTs (from 0.1 wt. %
to 2 wt. %). He found that the critical damping ratio of nanocomposites increase
with concentrations of CNTs. The critical damping ratio of nanocomposites with
2% of MWNTs is 1.6 times than that of plain cement paste.

6 Potential Structural Applications of CNTs Reinforced
Cement-Based Materials

The goal of developing multifunctional and smart CNTs reinforced cement-based
materials is to set up multifunctional and smart structures. Because the study on
the piezoresistivity of CNTs reinforced cement-based materials begins latter, less
work is focused on the research and application of multifunctional and smart
structures fabricated using CNTs reinforced cement-based materials.

Han et al. [2009] developed a self-sensing pavement with piezoresistive
MWNTs reinforced cement-based materials (Fig. 45) and investigated the feasibil-
ity of using self-sensing pavement for traffic monitoring with vehicular loading
experiments. They found that the vehicular loads can lead to remarkable change in
electrical resistance of piezoresistive MWNTs reinforced cement-based materials
in the self-sensing pavement (Fig. 46), so traffic flow monitoring and even possi-
ble identification of different vehicular loadings can be realized by measuring the
electrical resistance of the composites. These findings indicate that multifunctional
and smart CNTs refinforced cement-based material and structures have great po-
tential for traffic-monitoring applications such as vehicle detection, weighing and
speed measurement.
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Fig. 46 Variation in electrical resistance of piezoresistive MWNTSs reinforced cement-based
materials under different vehicular loadings.

Saafi [2009] developed a kind of in situ wireless and embedded sensors for
damage detection in concrete structures by using piezoresistive SWNTSs reinforced
cement-based materials (Fig. 47). These sensors were embedded into concrete
beam to set up self-sensing concrete structures subjected to monotonic and cyclic
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bending. The fabricated self-sensing concrete structures can wirelessly detect
crack propagation and damage accumulation during loading by using the change
in the electrical resistance of the embedded sensors (Fig. 48). The research find-
ings prove the feasibility of using multifunctional and smart CNTs reinforced ce-
ment-based material and structures to monitor the integrity of concrete structures.
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Fig. 47 Embedded SWNTs reinforced cement-based sensors.
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Fig. 48 Typical wireless response of sensors embedded into concrete beams.

Veedu (2010) presented two types of potential application styles of multifunc-
tional and smart CNTs reinforced cement-based materials. A bridge made with
these materials can achieve in-situ monitoring for structural health and integrity
and for the weight, speed, and location of traffic over the bridge (Fig. 49). Another
potential application for the nanocompostes is in the creation of smart highways
that will potentially track the location, weight and speed of traffic.
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Fig. 49 Smart bridge made with multifunctional and smart CNTs reinforced cement-based
materials.

7 Challenges for Development and Deployment of
Multifunctional and Smart CNTs Reinforced Cement-Based
Materials

Although the CNTs reinforced cement-based materials exhibit unique multifunc-
tional and smart properties, the following challenges are believed to be critical in
the future research and development of this kind of materials.

(1) Cost of CNTs

The high production costs of the high quality CNTs will primarily limit the large-
scale application of multifunctional and smart CNTs reinforced cement-based ma-
terials. However, since 1990 the cost of producing CNTs has fallen 100-fold and
can be expected to fall further. Additionally, a very low rate of CNTs can provide
a huge contribution to properties of cement-based materials, and the nanocompo-
sites with excellent properties will allow existing structural designs to be produced
with reduced material volumes. Furthermore, it is expected that the multifunc-
tional and smart CNTs reinforced cement-based materials will feature high per-
formance price ratio and low life cycle cost. Therefore, the cost of CNTs should
no longer be the critical issue.

(2) Adverse impact of aggregate

Concrete and cement mortar are much more useful in real applications than ce-
ment paste. But aggregate, especially coarse aggregate, will make it more difficult
and complex to enhance the properties of the nanocomposites by using a low con-
centration of CNTs. For this challenge, the nanotube/fiber hybrid multiscale com-
posite technology may be a potential solution.

(3) Fabrication of high performance cement-based materials reinforced with
low concentration of CNTs

Considering the high cost of CNTs, the number of CNTs used in the cement-based
materials should be as low as possible to decrease the effective product cost.
Therefore, a simple technology should be developed to fabricate high performance
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cement-based materials reinforced with low concentration of CNTs. A key prob-
lem related with this issue is to find a simple, repeatable, large-scale and low-
energy consumption method for distributing CNTs in cement-based materials
without altering the manufacturing process of cement-based materials. It is neces-
sary to develop a simple and convenient evaluation method of dispersion quality
of CNTs. In addition, it is suggested that the subsequent studies should be aimed
at establishing the optimum CNTSs’ types and CNTs’ concentration values as the
mix design parameters.

(4) Durability of CNTs reinforced cement-based materials

CNTs have a significant enhancement to microstructure of cement-based materi-
als, so it is expected that CNTs are benefit for long term durability of cement-
based materials. Future research should include exploring the durability of CNTs
reinforced cement-based materials, such as permeability resistance, frost resis-
tance, erosion resistance, drying shrinkage, abrasion resistance and fire resistance.

(5) Multifunctional and smart properties of CNTs reinforced cement-based
materials containing aggregates

It deserves extensive investigation on the effect of aggregates on the multifunc-
tional and smart properties of CNTs reinforced cement-based materials. In this
work, the effective nanotube/fiber hybrid multiscale composite method should be
explored.

(6) Enhancement mechanisms of CNTs to cement-based materials

Previous research works only qualitatively explain the enhancement mechanisms
of CNTs to cement-based materials. Future research should seek a quantitative ex-
planation for describing and forecasting the properties of nanocomposites based
on experiment and numerical simulation.

(7) Piezoresistivity of CNTs reinforced cement-based materials under com-
plex external force

Previous research efforts concentrate on the piezoresistivity of CNTs reinforced
cement-based materials under uniaxial compressive or tensile loading. In real
structures, cement-based materials subject to complex external force, such as
bending, shear and torsion. Therefore, the overall piezoresistive characteristics of
the nanocomposites should be determined for structural application.

(8) Effect of environment on piezoresistivity of CNTs reinforced cement-
based materials

In practice application, the environment condition surrounding cement-based ma-
terials and structures is unstable. Temperature and moisture are two main envi-
ronmental parameters. Their fluctuation will lead to the change in conductivity of
the nanocomposites. It is necessary to explore the effects of temperature and mois-
ture on the piezoresistivity and eliminating these effects.

(9) Acquisition and processing technology for sensing signals of smart CNTs
reinforced cement-based materials and structures

Unlike microscale fibers, CNTs can form an extensively conductive meshwork
in matrix at nanoscale. It is necessary to develop new signal acquisition and
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processing method for mining deep information reflecting structural condition. In
addition, the passive wireless acquisition technology is deserved to develop.

(10) Other functional and smart properties of CNTs reinforced cement-based
materials

CNTs not only have excellent mechanical and electrical properties but also possess
superior magnetic and electromagnetic properties. It is expected that CNTs can en-
hance the magnetic and electromagnetic properties of cement-based materials. In
addition, some smart properties (e.g. piezoelectric, ferroelectric, temperature-
sensing, humidity-sending properties) can be induced by coupling effects between
mechanical, electrical, thermal and magnetic properties of the nanocomposites.
There should some profound investigation on other functional and smart properties
of CNTs reinforced cement-based materials.

(11) Structural application of CNTs reinforced cement-based materials

Even at very low rates of addition, current prices of CNTs are high enough that the
production of significant structures is cost prohibitive. Even with large reductions
in CNTs prices, the materials are most likely to be used in niche application. De-
pending on the application and design requirements, CNTs reinforced cement-
based materials can be used in key position of significant engineering structures.
In addition, according to the specific application, scenario and environment, the
embedded, coating or samdwich structural styles can be used to further decrease
the consumption of CNTs reinforced cement-based materials.

8 Concluding Remarks

Recent advances in nanotechnology have opened a door for developing new ce-
ment-based materials. CNTs are molecular-scale tubes of graphitic carbon with
outstanding properties. They are among the stiffest and strongest fibers known,
and have remarkable electronic properties and many other unique characteristics.
As a result of these properties coupled with the high aspect ratio, small diameter,
lightness, and excellent chemical and thermal stability, CNTs can be used as rein-
forcement to produce multifunctional and smart cement-based materials. The
CNTs reinforced cement-based materials present superior mechanical (e.g. high
compressive, tensile and flexural strengths, and fracture toughness), electrically
conductive, piezoresistive, thermal conductive and damping properties. A prereq-
uisite for the successful realization of CNTs enhancement effect to cement-based
materials is the effective utilization of their high aspect ratio, for which their effec-
tive dispersion is essential. In addition, it is expected that CNTs reinforced ce-
ment-based materials should exhibit significant durability and other functional or
smart properties (e.g. thermal property, magnetic property, and temperature-
sensitive property). Therefore, the multifunctional and smart cement-based mate-
rials have a wide application foreground in civil infrastructures such as high-rise
buildings, highway, bridges, runways for airport, continuous slab-type sleepers for
high speed trains, dam and nuclear power plant, and they especially have great po-
tential in the field of structural health monitoring, highway traffic monitoring,
electro-magnetic wave shielding, electrostatic elimination, structural vibration
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control, and deicing or snow-melting. Small CNTs will bring a large revolution in
the field of conventional cement-based materials, which should have a beneficial
impact on economics, social and environment.
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Applications of Nanotechnology in Road
Pavement Engineering

Wynand JvdM Steyn

Abstract. The application of nanotechnology in various applied fields is receiving
widespread attention. It is important to ensure that these applications address real
questions to allow the technology to improve general well-being of the public, es-
pecially when evaluating application in the area of civil engineering. This chapter
focuses on the specific applications of nanotechnology in the field of road pave-
ments. The main objectives of pavements are to provide a safe and durable surface
on which vehicles can travel, while protecting the underlying layers of material
during all environmental conditions. As such, pavements are thus exposed to two
main types of loads, namely traffic and the environment. Although good pave-
ments can be constructed using existing materials and techniques, there are a
number of areas where the judicious application of nanotechnology techniques
should be able to improve the longevity and performance of the service provided
by the pavement facility. These include improved and smart materials and charac-
terization of materials. In this chapter the specific current needs that are addressed
through these applications are discussed.

There are some concerns in the application of nano-materials regarding the safety of
these materials for the environment and humans. These concerns need to be addressed
specifically in the road pavement arena, as people are travelling on these facilities and
living next to them and may be in direct contact with nano-materials without their
knowing. The potential concerns are addressed and evaluated on a macro level.

Nanotechnology is focused on materials in the nano-scale while civil engineer-
ing infrastructure (especially road pavements) is focused on the macro scale (100s
of kilometers in length). A valid question often posed in this matter is how the
changes on a nano-scale can affect the macro scale properties and behavior, and
whether scaling of effects and quantities from the nano- to the macro-scale is fea-
sible. This also affects some of the nano-effects that may be affected by the inher-
ent mass of a material, where the same effect will not be visible on a macro-scale
due to simple issues such as the effect of gravity. A macro-level analysis of this is-
sue is included, addressing the general concern of scaling effects and indicating
where these effects may be an issue in the pavement field.
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1 Introduction

1.1 Chapter Structure

This chapter focuses on providing the required background and information on the
status of nanotechnology applications in road pavements. It starts with background
on pavements and nanotechnology, and then focuses on materials, characterization
and concerns and issues.

The chapter was developed based on published research, with appropriate
analysis and synthesis of the available information to provide a detailed under-
standing of the current status of nanotechnology in road and airfield pavements.
The body of knowledge on this topic is constantly developing, and therefore there
will always be aspects that may not be covered in as much detail as they are cov-
ered in specific research studies. The number of journals and conferences covering
the topic is also expanding, and, although attempts were made to incorporate in-
formation from most of the relevant journals and conferences, there may be some
of those that are not included. This is purely due to the material having been cov-
ered already through published information from another source. The reader is
urged to evaluate the available body of knowledge consistently to remain updated
on the latest developments in the field.

1.2 Pavements

Pavements consist of a combination of layers of engineered materials that gener-
ally provide all-weather access to vehicles to travel in a safe en economical way.
The layers of materials used are selected and engineered to provide a structure
which can withstand the applied vehicular loads under a range of environmental
conditions for a defined minimum life. Typically, materials deeper in the pave-
ment structure will be less affected by the application of vehicular loads and envi-
ronmental variations, while materials forming the surfacing of the pavement are
directly exposed to the environment (diurnal and seasonal changes) as well as the
applied vehicular loads. It is the intention of a good pavement design to enable
vehicles to travel safely and economically.

A typical pavement consists of up to 5 specific layers, as illustrated in Fig. 1.
The subgrade, selected and subbase layers typically consist of granular materials,
while the base can either be a bound or unbound granular material. Bound granu-
lar base layers can be engineered using typically either cement or bitumen. The
surfacing of the pavement typically consists of bituminous or cementations mate-
rials. These can consist of surfacing seals (a layer of aggregate bound by a layer of
bitumen, asphalt (a manufactured mixture of aggregate, fillers and bitumen) or
concrete (a manufactured mixture of aggregate, fillers and cement).
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Fig. 1 Typical pavement structure showing various pavement layers.

The behavior of pavement materials is influenced by the environment in which
they operate. Typically, bituminous materials are affected by changes in tempera-
ture (due to their temperature dependent viscous nature) while granular materials
are affected by changes in moisture content. Concrete is affected by both tempera-
ture and moisture content. As the various layers in the pavement operate as a unit
when loads are applied to them, it is important to view the pavement structure as a
system where the behavior of one layer will affect the behavior of the other layers.

Pavements are designed to withstand a specified number of standard loads, ap-
plied over a design period. Such design periods typically range between 15 and 30
years. In order to keep the pavement in a serviceable condition during this period,
regular maintenance and rehabilitation of the pavement structure is required.

1.3 Nanotechnology

Nanotechnology is the terminology used to cover the design, construction and uti-
lization of functional structures with at least one characteristic dimension meas-
ured in nanometers [Kelsall et al 2004]. The nanotechnology field is constantly
developing with developments mainly driven by factors such as dedicated initia-
tives into the field (e.g. the National Nanotechnology Initiative) [Goddard et al
2007], improvements in the characterization equipment and a new understanding
into the chemistry and physics of matter on the nano scale. The study of nano-
technology employs the concept that the physical behavior of matter display sub-
stantial changes as the size decreases to the nano-meter scale [Wang 2003].

The Federal Highway Administration (FHWA) in the United States of America
(USA) supports developments in nanotechnology in highways through various re-
search efforts. Their focus is on developments to face broad challenges and to
work towards crash-free, longer lasting and lower impact highways. They focus
on the ability of nanotechnology research in various areas to measure, manipulate
and model highway matter at the nano-scale. Typical areas of anticipated
nanotechnology breakthroughs is seen as in the concrete field (itself being a
nano-material) and efforts to develop smart self-healing concretes that are more
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resistant to environmental and chemical attacks (i.e. from deicing salts). Nano-
sensors for embedment into the pavement layers are anticipated to not only report
on the condition of the material into which it is embedded, but also to communi-
cate with vehicles to ensure safer driving conditions. The abilities of nano-scale
materials to bind with pollutants and thereby improve air quality around transpor-
tation facilities have already proved to be viable. The improved characterization of
both new and recycled materials through nano-characterization procedures can
also lead to more optimal use of these materials. Four long-term anticipated ef-
fects of the use of nanotechnology in highway research include the development
of novel structural materials that can withstand both traffic and environmental
loads better, the incorporation of functions such as the ability to generate and
transmit energy into pavement structures, improved vehicle-pavement communi-
cation regarding road conditions [FHW A 2009].

1.4 Pavements and Nanotechnology

Chemistry is the science concerned with the composition, structure, and properties
of matter, while physics is the science that deals with concepts such as force, en-
ergy, and mass with the goal of understanding the natural world. Engineering
seeks the creative application of scientific principles to design, develop, manufac-
ture and operate structures, machines, manufacturing processes or works while ac-
knowledging issues around economics of operation and safety to life and property.
Pavement engineering is the engineering discipline that deals with the design and
construction and maintenance of infrastructure such as roads, airfields and bridges.

It is clear that the objectives of science (chemistry and physics) and engineering
differ in that the sciences are more concerned with the composition, fundamental
properties, structure and interrelationships of matter, while engineering is more
concerned with application of these principles in support of humanity (engineering
properties). Engineering is thus dependent on the principles developed in the sci-
ences, and focus on the application of these principles in support of humanity.
While chemistry and physics generally focus on the smaller scales to enable a
more detailed understanding of matter, engineering typically focuses on the scale
where the matter works together to perform a certain function (e.g. cement parti-
cles that combine with aggregate particles to form a concrete road pavement or
building). Scale dimensions thus differ from the nano-scale understanding (sci-
ences) to the macro-scale understanding (engineering).

As an example, Meyyapan et al [2007] presented a summary of the expectations
from emerging alternative technologies for Carbon NanoTube (CNT) electronic de-
vices. It was indicated that a clear understanding of the expectations of a novel tech-
nology is required in order to evaluate the technology and ensure that the technology
can deliver optimally. Once the current needs are well defined, potential applications
can be developed. Current major needs of pavement engineering (based on proceed-
ings from recent conferences in the pavement and transport arena) are summarized
in Table 1 (based on information from the International Conference on Asphalt
Pavements [ICAP — www.asphalt.org], PIARC [www.PIARC.com], Transportation
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Research Board annual meeting [TRB — www.trb.org], Conference on Asphalt
Pavements in Southern Africa [CAPSA — www.capsa-events.co.za] and South Afri-
can Transportation Conference [Steyn 2008a]).

Table 1 Summary of broad areas of major research needs in pavement engineering (based
on ICAP, PIARC, TRB, CAPSA, SATC conference themes).

Pavement area Identified Issues Potential strategies
Selecting adequate pave-
ment types and road tech-
Road pavements niques

Develop long life / perpetual /
sustainable pavements

Recycling of materials in exist-
ing pavements / sustainability
Road bridges and re- [Increasing durability and [Focus on methods to postpone
lated structures safety of structures maintenance and prolong life
Identify methods for treating
soils and application of local / in|
situ materials

Maintaining pavements

[Earthworks, drainage[Promoting optimal use of
and subgrade local materials

Partl et al [2003] anticipates nanotechnology to provide great potential in ad-
vancing asphalt pavement technology in the fields of materials design, manufac-
turing, properties, testing, monitoring and modeling. Specifically, focus areas
in asphalt pavement analysis should include the bonds between aggregate, bonds
between layers, properties of the mastic, self-repair and rejuvenation of binder,
ageing (oxidation) effects and improvements in surface to tire properties. Nano-
particles for pavement materials is required to be non-hazardous low-cost prod-
ucts, due to them being spread over large volumes of material and being in almost
direct contact with human activities. The reduction of energy requirements during
construction of asphalt pavements through development of improved emulsions
and reduction in binder viscosity at ambient temperatures through the introduction
of micro-bubbles will not only lead to a potential energy cost saving, but also as-
sist in the lowering of emissions during construction. The typical bitumen binder
thickness coating around aggregate is in the order of a few microns. However,
most studies on binder properties do not focus on this small dimension. Nanotech-
nology characterization processes should lead to enhanced understanding and
modeling of the interfacial properties between the aggregate and the binder.

Evaluating the various viewpoints, it can be postulated that nanotechnology can
potentially play a major role in the improved use of existing and available materi-
als in pavements and the processing of these materials to enable them to fulfill the
required specifications of sustainable and perpetual pavement structures. In terms
of the need for sustainable pavements (which is a major current need), Maher et al
[2006] defined the main criteria for a sustainable pavement as follows:

e  Minimizing the use of natural resources;
e Reducing energy consumption;
e Reducing greenhouse gas emissions;
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e Limiting pollution (air, water, earth, noise);
e Improving health, safety, and risk prevention, and
e  Ensuring a high level of user comfort and safety.

Steyn [2009a] indicated that the research levels for different aspects of nanotech-
nology in pavements can be defined as follows (using CNT as an example):

e Basic research — discovery of the buckyball and CNT [OECD 2002];

e Oriented basic research — research into the basic properties of CNTs [God-
dard et al 2007] and the potential impact on the environment [Tong et al
2007];

e Applied research — evaluation of the manufacturing processes and com-
patibility and effects of CNTs with cement and aggregate [Makar et al
2005; Yakovlev et al 2006], and

e Experimental development - application of CNTs as fibers in fiber rein-
forced concrete and as sensors in roads [Shi and Chung 1999].

All four steps are required to ensure success in nanotechnology research and ap-
plications. The basic building blocks are required to ensure that the pavement does
not fail prematurely through inadequate understanding and knowledge of the CNT
(in the above example).

£ Brass bands
Nl & Fireworks
£ Itreally
= works!
o
o
This takes Mayb.e a
Enthusiasm time goodidea
Time
Sceptical
Results aren’t s
. Initial
visible Da r|'< night of pay-offs
theinnovator
E
Z Existing business
g suffer
wy
wy
9]
a

{After Sunter [1996])

Fig. 2 The path of innovation (adapted from Sunter [1996].

Fig. 2 (adapted from Sunter [1996]) provides an indication of the typical road
to innovation. It indicates that new innovations take time and effort to get to
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fruition. It is significant that optimism regarding potential breakthroughs is very
strong during the first part of the innovation, and that this is often dampened by
reality. Once the detailed work has been completed, the real potential of an inno-
vation only starts to be realized. Currently, for many nanotechnology innovations
the initial period of optimism and excitement still prevails and many major break-
throughs are anticipated based on initial basic and oriented basic research results
that may not be realizable at larger scales and cost-effectively. It is important to
distinguish between what is possible and what is practical. Ultimately, any innova-
tion will only provide real benefit in the pavement engineering field if there is a
real positive benefit/cost ratio.

Based on the introductory discussions, the problem statement for potential ap-
plications of nanotechnology in pavement engineering can be summarized in
terms of the following three points:

e Identify the current needs that cannot be addressed effectively using cur-
rent technology;

e Identify the potential nanotechnology solutions that may be applicable in
the pavement engineering field, and

e Marry the two concepts to identify nanotechnology solutions with the
highest potential benefit/cost ratios and focus on specific developments in
those fields.

2 Materials

2.1 Introduction

This section deals with the major pavement materials and the ways in which
nanotechnology can be utilized to enhance their performance or to develop novel
materials for specific applications. It incorporates the following:

e Improved materials - Better resistance to applied traffic load and environment
(resistance to load-related damage as well as environmentally related (mois-
ture and temperature) related damage) — this is inclusive of bituminous,
cemented and granular materials and combinations thereof, as well as novel
materials — i.e. rework of waste streams

e Smart materials - Materials that can sense inputs (traffic and / or environ-
mental) and either address these actively (i.e. fix a crack when it forms) or
store the information to be obtained at a later stage for active input repairs (as
a normal sensor / data acquisition system unit)

2.2 Typical Pavement Materials

Typical pavement materials can be summarized as bituminous, cemented and natu-
ral soils and gravels. Each of these types of materials has specific properties and
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applications in a pavement structure. It is important to appreciate these materials’
different roles in the pavement structure. These can be summarized as follows:

2.2.1 Bituminous Materials

Bituminous materials consist of a selection of aggregates mixed with specific bi-
tumen to form asphalt (in the US the terminology is slightly different, with bitu-
men typically termed asphalt and the asphalt mixture termed asphalt concrete).
Asphalt is typically used as a surfacing layer, but can also be used as base mate-
rial. Temperature changes have a major influence on the properties of asphalt ma-
terials, as the bitumen is a temperature sensitive viscous material. Water can also
affect the behavior of these materials causing stripping of the bitumen from the
aggregate [Read and Whiteoak 2003]. Often, a relatively thin surfacing layer con-
sisting of a layer of aggregate and bitumen is constructed as surfacing seals. This
is typically done on pavements with lower traffic volumes.

2.2.2 Cemented Materials

Cemented materials can consist of various combinations of natural soil or aggre-
gate and cement. Typically, selected aggregates and cement are combined to form
concrete, which is used as a surfacing for pavements. When lower levels of ce-
ment (i.e. 3 to 4 per cent) are used together with soils, cemented pavement layers
can be provided that are typically used in base and subbase layers of the pave-
ment. The behavior of cemented materials is dependent on temperature (affecting

properties such as curling) and moisture changes.

2.2.3 Natural Soils and Gravels

Natural soils and gravels can also be termed unbound materials, and they consist
of soil material selected for its specific properties. Typically, water is added to
these materials to ensure optimal moisture contents, and then the material is com-
pacted and forms the subgrade, subbase or (in selected cases) base layer of the
pavement structure. The behavior of these materials is typically affected by
changes in moisture content.

In order to understand the potential application of nanotechnology in pavement
structures, it is important to firstly understand the behavior of the initial / standard
material, and the way in which the environmental and traffic stresses are affecting
this behavior. There exists a host of good references covering tese issues, and
therefore it is not covered in more detail in this chapter. The focus in this chapter
is on accepting that certain problems exists in the performance of road pavement
materials, and the ways in which nanotechnology can potentially assist in solving
these problems. The typical expectation of nanotechnology-based innovations in
pavement materials is that these innovations will change the properties of the ma-
terials such that the negative effects of environmental and traffic loading (i.e. tem-
perature and moisture sensitivity, fatigue cracking and rutting) can be minimized
or reversed.
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2.3 Improved Materials

2.3.1 Introduction

Nanotechnology partly focuses on the creation of new materials at the molecular
level with significantly improved properties on the mechanical and related levels
[Chong 2003]. Through judicious application of nanotechnology techniques mate-
rial behavior problems can be addressed through engineering techniques on the
nano-scale. This allows the molecular properties of materials to be better under-
stood, and the molecular properties of materials to be changed, leading to improved
behavior of the materials under normal environmental and loading conditions.

The development of improved materials using nanotechnology techniques is
one of the areas where probably the most can be achieved to enable beneficial im-
pacts from nanotechnology in pavement engineering. Pavement engineers use a
wide range of materials for the construction and maintenance of road pavements.
Most of these materials are natural materials that are modified using products such
as bitumen, cement and other chemical admixtures. The bulk of the material, typi-
cally up to 95 per cent by volume, remains naturally occurring aggregates and
soils. Problems often exist in the application of these materials for specific condi-
tions, i.e. incompatibility between certain aggregates and binders (bituminous or
cementitious), deterioration of the material during certain environmental condi-
tions (i.e. water susceptibility of granular materials and temperature sensitivity of
bituminous materials) and deterioration with use (i.e. fatigue cracking due to over-
loading). Specific potential nanotechnology solutions for each of these materials
are discussed in this section.

2.3.2 Bitumen

Issues addressed in this section on bitumen include refraction of bitumen from
crude oil, use of nano-clays, alternatives to bitumen, crack healing, Ultra Violet
(UV) protection, and self assembly.

Bitumen is classified as a nano-material. The morphology as well as the inter-
faces between organic and inorganic materials are intriguing and may be of impor-
tance for bitumen and aggregate composition. Kotlyar et al [1998] has shown that
the solids associated with bitumen in crude oil can be described as mainly ultra-
fine (nano-sized) aluminosilicate clays coated with a strongly bound toluene
insoluble organic material having asphaltene characteristics. Investigation of the
colloidal structure of bitumen indicates that bitumen can also be described as a
complex mixture of mostly hydrocarbons whose structure is well described by a
colloidal model with solid particles (asphaltenes) with a radius of a few
nano-meters dispersed in an oily liquid matrix (maltenes). The critical shear rate
of bitumen is an intrinsic property of a given bitumen, directly related to its nanos-
tructure [Lesueur 2009].

Ozin and Arsenault [2005] pointed out the following five prominent principles,
which must be considered when working with materials self-assembly of a
targeted structure from spontaneous organization of building blocks beyond the
sub-nanometer scale:
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e Building blocks, scale, shape, surface structure,

e Attractive and repulsive interactions,

e Reversible association-dissociation and adaptable motion of building blocks
in assembly, lowest energy structure,

e Building block interactions with solvents, interfaces templates, and

e  Building dynamics, mass transport and agitation.

The RILEM Technical Committee for Nanotechnology-based Bituminous Materi-
als (NBM) focuses on the identification of material characterization and modeling
issues and challenges at the nano- and microstructural level [Rilem 2009]. Issues
around temperature and humidity control during sample preparation and charac-
terization also receives attention to ensure that measurements and observations are
not affected by adverse material reactions. The expected outcome of this effort
is improved bituminous materials with superior environmental and traffic loading
resistance.

Bitumen is a by-product of the production of fuel from crude oil. In typical as-
phalt pavements the bitumen comprises in the region of 0.5 per cent of the mass
and between 5 and 17 per cent of the cost of the road. However, if the bitumen is
not available, an alternative binder is required for the bonding of the aggregates in
asphalt. Internationally, the reserves of crude oil are viewed as being decreasing
with a range of indications of potential reserves. The direct implication for pave-
ment engineering is that the price of bitumen may increase drastically in future (as
is already experienced) as the availability decreases. Various international efforts
at development of alternative and sustainable binders are on-going [Paige-Green
and Steyn 2005]. In this regard the application of manufacturing characterization
techniques developed in the nanotechnology field may assist in the development
of new sustainable alternatives that can provide the required properties to ensure
that cost-effective construction and maintenance of pavements.

Bhasin et al [2009] conducted molecular simulations to evaluate the self heal-
ing of cracks in bitumen in asphalt. These simulations focused on determining the
energy density of an ensemble of molecules under varying conditions. Analysis of
the self-diffusivity of the bituminous binder molecules indicated that a good corre-
lation existed between molecular chain lengths and branching of molecules to the
self-diffusivity of molecules at the crack interface and consequently on the self
healing properties of the binder. This is an example of the application of molecular
analysis in describing a macro-level asphalt problem.

Liao et al [2008] described a novel application where treatment with TiO, was
evaluated as a treatment against UV and ageing deterioration of bituminous bind-
ers. There analyses indicated that nano-sized TiO, can affect the ageing of bitu-
men positively if applied at low rates, leading to lower ageing rates. The effect on
the stiffness of the binder need to be evaluated, as the addition of the nano-scale
powders stiffens up the binder considerably. Research by Steyn [2009b] evaluated
the effect of the addition of TiO, and ZnO on potential ageing of bitumen binder.
Varying percentages of TiO, and ZnO were added to bitumen and applied to the
surface of asphalt slabs (similar to a fog spray). These slabs were exposed to direct
sunlight for a long enough period to allow potential ageing to take part in the
binders. Analysis of the temperatures measured below the applied bitumen layers
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indicated that the temperature under the untreated section were on average 1.8°C
higher than that under the TiO, and ZnO treated section, leading to potentially
lower ageing rates.

Various researchers evaluated the effect of the addition of nano-clay to bitumen
[Polacco et al 2008; Jahromi and Khodaii 2009; Van de Ven et al 2008]. Nano-
clay is clay that can be modified to make the clay complexes compatible with or-
ganic monomers and polymers. These nano-composites consist of a blend of one
or more polymers with layered silicates that have a layer thickness in the order of
1 nm and a very high aspect ratio. Common clays are naturally occurring minerals
and subjected to natural variation in their formation. Separation of clay discs from
each other results in a nano-clay with a large active surface area (up to 700 to
800 m*/g). This helps to have an intensive interaction between the nanoclay and
the bitumen. The proper selection of modified clay is essential to ensure effective
penetration of the polymer into the interlayer spacing of the clay and so resulting
in the desired exfoliated or intercalated product. In intercalate structure, the or-
ganic component is inserted between the clay layers in a way that the interlayer
spacing is expanded but the layers still bear a well-defined spatial relationship to
each other. In an exfoliated structure the layers of the clay have been completely
separated and the individual layers are distributed throughout the organic matrix.

Various physical properties (such as stiffness and tensile strength, tensile mod-
ulus, flexural strength and modulus thermal stability) of the bitumen can be en-
hanced when it is modified with small amounts of nano-clay, on condition that
the clay is dispersed at nano-scopic level. In polymer modified bitumen, the main
differences appeared at low frequencies or high temperatures. Generally, the elas-
ticity of the nanoclay modified bitumen is much higher and the dissipation of me-
chanical energy much lower than in the case of unmodified bitumen [Jahromi and
Khodaii 2009].

Van de Ven et al [2008] found that while the stiffness and viscosity of a spe-
cific bitumen was not affected by the addition of one specific type of montmoril-
lonite nano-clay, another type of montmorillonite nano-clays did affect stiffness
and viscosity. The ageing resistance of the bitumen was improved in both the short
and the long term for one of the nano-clays. They concluded that the improve-
ments observed in the experiment are not at a level yet to justify commercial ap-
plication on a large scale.

Kennepohl [2008] states that the ageing processes of bitumen are generally
considered irreversible. While testing sulfur—bitumen binders for pavements in
1977 an encouraging observation was made during fatigue testing of sulfur ex-
tended asphalt pavement samples. Flexural stress recovery of a pavement speci-
men occurred and indicated that rejuvenation of the sulfur—bitumen binder might
be possible. The specimen recovered completely overnight in strength after a fa-
tigue test was interrupted due to equipment failure. SEM studies indicated that
mono-clinic, needle-like crystals of sulfur deposited in the hairline cracks which
were produced by the fatigue test. Since sulfur is uniformly dispersed throughout
the asphalt and elemental sulfur has a high vapor pressure, a likely explanation is
that sulfur vapors moved around and deposited as fiber-like reinforcement in the
open spaces left by the fatigue testing (Fig. 3). A fine dispersion of sulfur globules
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in liquid asphalt (2 to 3um diameter) was visible under SEM imaging. This occur-
rence may very well be termed self assembly (on a limited scale) of asphalt
material.
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Fig. 3 SEM images showing monocline sulfur crystals (from Kennepohl and Millar
[1977]).

2.3.3 Cement and Concrete

Issues addressed in this section on cement and concrete include improvements in
strength, environmental resistance, and bonding.

Sobolev and Gutiérrez [2005] described a range of possible effects of
nanotechnology developments on concrete in general. The bottoms-up manufac-
turing process that occurs naturally in nature provides opportunity to possibly ob-
tain cost-effective nano-materials for use in concretes. CNTs are typically viewed
as one of the most promising developments impacting on concrete performance.
The need for the concrete to remain sustainable and cost- and energy-efficient is
vital.

The majority of research using CNTs focuses on reinforcing various types of
concrete through incorporation of the CNTs into the cement paste. Fiber Rein-
forced Concrete (FRC) is produced when fibers (typically steel or polypropylene
fibers) are added to a concrete mix to control plastic shrinkage cracking and dry-
ing shrinkage cracking. The fibers also lower the permeability of the FRC and pro-
duce greater impact, abrasion and shatter resistance in the FRC. The vital typical
properties required for the fibers in FRC include diameter, specific gravity,
Young’s modulus and tensile strength [Brown et al 2002; Shah 2009]. Various re-
searchers have investigated the option of using CNTs as fibers in fiber reinforced
concrete.
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Makar et al [2005] showed that the addition of CNTs to a concrete increase the
hydration rates and that strong bonds develop between the CNT and the cement
paste, while Yakovlev et al [2006] measured increases of up to 70 per cent in the
compressive strength of CNT reinforced concrete and decreases of up to 12 per
cent in the heat conductivity of the concrete.

Robertson [2004] stated that the potential benefits of CNT reinforced materials
have been rather disappointing as the moduli measured for CNT reinforced mate-
rials are typically much lower than would be expected based on theoretical calcu-
lations. Possible reasons for this may include dispersion problems through the host
matrix and the small surface area available for bonding between individual CNTs
and the matrix.

One of the potential benefits of CNT reinforcement of concrete that was not
found in literature is the fact that CNTs will not corrode in corrosive environments
as happens in steel FRC. This benefit may specifically be evaluated for application
in marine environments.

TiO, has been incorporated in concrete to render the concrete a material that
can perform certain photocatalytic activities [Cassar 2005; PICADA 2006;
CAMDEN 2007; Ballari et al 2009]. The photocatalytic reaction is typically ap-
plied for the provision of self-cleaning surfaces and also the removal of NOj, SO,
NH; and CO pollution from urban areas through a chemical reaction triggered by
naturally occurring Ultra Violet (UV) light. Various studies showed the applica-
tion through the use of concrete blocks or concrete surfacing and indicated local-
ized decreases in NOy. Hassan [2009] conducted a life cycle impact assessment
on TiO, coatings for concrete pavements and found that the TiO, coating has a
positive effect on acidification, eutrophication, criteria air pollutants, and smog
formation. The production phase of TiO,, however, causes an increase in fossil
fuel depletion, water intake, ozone depletion, and impacts on human health. The
life cycle assessment indicated that these coatings have an overall positive effect
on the environment. Evidence do exist that amorphous TiO, nano-particles can be
hazardous and thus it is important to consider hazard reduction options in applica-
tions where TiO, is incorporated into concrete pavements. Effective options for
hazard reduction include better fixation of nano-particles in nano-composites,
changes of nano-particle surface, structure or composition, and design changes
leading to the release of relatively large particles [Reijnders 2009].

Thin films of nano-sized material can be deposited on the surface of a host ma-
terial through various techniques. This includes Self Assembled Monolayer
(SAM) and sol-gel methods. The objective of such a treatment is to change the
properties of the surface of the host material. Typical reasons requiring such a
change include incompatibility between the aggregate and the binder used (e.g.
cement or bitumen) and the need to improve the bonds between the aggregate and
binder. In some cases the need may also exist to prevent bonding between two ma-
terials, and in such cases changes in the surface morphology / chemistry of the two
materials may be required.

The adhesion between aggregate and bitumen receives ongoing research atten-
tion in pavement engineering. A relatively good understanding exist regarding the
fundamental forces acting on these materials, and it is known that different levels
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of adhesion exist between different types of aggregate and bitumen [Hefer et al
2005]. Stripping of bitumen from aggregate occurs under certain environmental
(mostly higher moisture contents) and loading conditions. The potential of apply-
ing SAMs onto aggregates to prevent stripping between the two materials and
thereby improving the performance of the asphalt should be evaluated.

Sanfilippo and Munoz [2009] evaluated the effect of such surfacing layers on
concrete processing with enhanced mechanical properties and prevention of dele-
terious reactions between aggregate and binder some of the main outcomes. Some
siliceous aggregates react with the alkali hydroxides in cement, causing expansion
and cracking over a period of many years [Addis 2001]. This reaction has two
forms - alkali-silica reaction (ASR) and alkali-carbonate reaction (ACR). In ASR,
aggregates containing certain forms of silica (amorphous micro-crystalline) react
with alkali hydroxide in cement to form a gel that swells as it adsorbs water from
the surrounding cement paste or the environment. These gels can swell and induce
expansive pressures large enough to damage concrete. Pre-coating of these aggre-
gates can prevent the type of reaction (similar to the work described by Sanfilippo
and Munoz [2009] and Sanfillipo et al [2009], rendering currently unsuitable ag-
gregate economically suitable for concrete applications.

It is possible to measure the nanoscale mechanical properties of the interfacial
transition zone (ITZ) in concrete [Sanfilippo et al 2009; Shah 2009]. Although it is
widely accepted that the properties of the ITZ have to be taken into account in
modeling the overall mechanical properties of concrete, current models assume
the modulus without much theory or experimental data to support these assump-
tions. This is due to the practical constraint of doing direct experimental meas-
urement on the narrow region (around 14 um) around a course aggregate. A Tribo-
indenter has been successfully used to overcome this difficulty.

The development of Slip Form Self Compacting Concrete (SF-SCC) has been
made possible by combining the concepts of particle packing, admixture technol-
ogy and rheology in order to control the flow behavior of concrete. Specifically,
through addition of different materials such as nano-clays and fly ash to the com-
position, successful SF-SCC mixes have been developed that maintains a balance
between flowability during compaction and stability after compaction. The parti-
cle microstructure of the nano-clays used in the SF-SCC was evaluated using SEM
[Shah 2009].

A combination of nano-mechanical testing with imaging at the nanoscale has
been used to determine local mechanical properties of different phases present in
cement paste and concrete microstructure. The indenter tip of a Triboindenter was
used to capture AFM like images of a representative area on a sample. Indents
were made with a specified maximum load and loading rate. Observed mechanical
properties of the C-S-H gel in different areas varied (between 10 GPa and 35 GPa)
while the modulus of the residual cement particles were between 100 GPa and
130 GPa. In many cases, paste around unhydrated particles hade a higher modulus
[Shah 2009].

Livingston [2005] applied Quasi-Elastic Neutron Scattering (QENS) character-
ize the effects of temperature, chemical composition and cement/water ratio of
concrete and developed a mathematical model of hydration reaction kinetics. It
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was illustrated that the critical features that affect the macroscopic properties of
the concrete can be characterized through an improved understanding of the cal-
cium-silicate-hydrate (C-S-H) gel which consists of colloidal particles in the 1 to
100 nm range.

2.3.4 Soils and Gravel

Although it was not officially termed as such, many geotechnical materials can be
defined as nano-materials and their behavior has for many years been studied on a
nano level. This includes the study of mineral crystal and structure, water- and
soil-water interactions and specifically the behavior of clay minerals. The study of
water on soil particle surfaces occur in the nano-scale with the layer of water of
hydration around soil particles typically being around 0.5 nm thick. Clay minerals
are also characterized on the nano-scale with typical plate thicknesses of between
0.7 nm and 1 nm [Taha et al 2005]. Through nanotechnology the structure of clays
can be manipulated and specific properties obtained. The improved understanding
of materials and their bonds to water molecules improve the understanding of the
behavior of these materials when applied in pavement layers, and therefore the
expected changes that the materials may undergo when moisture contents change
in a pavement structure.

One of the changes that a material undergoes when used at the nano-scale is
that the surface area to volume ratio typically increase drastically. One of the ma-
terials often encountered in pavement engineering is naturally occurring clays.
These clays pose very specific problems to the pavement engineering field as their
response to changes in moisture content and the platelet structure of the material
cause most clays to have low friction angles and some to be expansive. Various
traditional treatments of the problem include the stabilization of the clay using ma-
terials such as lime, treatment with sulphonated petroleum products that affects the
ion surface properties (exchangeable ions) of the material or the removal of the
material from the pavement structural layers. However, research into the behavior
of clay minerals in the nanotechnology field [Larsen-Basse and Chong 2005] is
providing new insights into the fundamental properties of clays. Application of
this new knowledge may lead to alternative methods for the stabilization of the
clays found in road reserves, and may thus lead to less expensive methods for us-
ing these materials in the pavement structure. This is also an area where the char-
acterization of materials using high resolution equipment such as the SEM and
AFM has led to new insights into the sub-microscopic properties of the materials,
identifying potentially better methods for the treatment of these materials.

Nugent et al [2009] evaluated the interactions between exo-polymers and kaolin-
ite clay to determine effects on the behavior of the kaolinite. The nano-scale interac-
tions between the kaolinite and the cations and biopolymers used in the study were
evaluated and it was found, inter alia, that biopolymer-induced aggregation of clay
particles decreased the liquid limit of the kaolinite, formation of a clay-polymer in-
terconnected network through cation bridging and hydrogen bonds increased the
kaolinite liquid limit and reduction in the thickness of the electric double layer on
the kaolinite clay surfaces decreased the liquid limit. It was concluded that the
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macroscopic response of the exo-polymer and kaolinite interactions competing with
each other at the nanoscale was reflected in the observed variations in liquid limit.

Analysis of surface properties of various types of aggregate used in pavement
construction can assist in an improved understanding of the behavior of the aggre-
gate. In Fig. 4 an indication of the surface properties of two typical South African
pavement materials are shown, indicating that, although both originates from the
same size fraction, their geological origins cause their surface characteristics (and
therefore potential behavior) to differ.

Fig. 4 Indication of SEM images of Andesite and Granite surface characteristics.

2.4 Smart Materials

2.4.1 Introduction

The development of smart materials that are enhanced to provide specific proper-
ties is one of the potential applications of nanotechnology in pavements. This
includes materials that can harvest energy, resist ageing, reinstate cracks and
sense parameters from their environment. This section evaluates some of these
developments

2.4.2 Energy

Energy can potentially be harvested from matter through the judicious application
of nano-generators. Although the efficiency and durability of harvesting materials
such as piezoelectric nano-wires is steadily improving, the voltage and power pro-
duced by a single nano-wire are insufficient for real devices. Integration of large
numbers of nano-wire energy harvesters into a single power source is necessary,
requiring alignment and synchronization (of charging and discharging processes)
of the nano-wires. Sheng Xu et al [2010] demonstrated the possible vertical and
lateral integration of ZnO nano-wires into arrays that are capable of producing suf-
ficient power to operate real devices. Lateral integration of 700 rows of ZnO nano-
wires produced a peak voltage of 1.26 V at a strain of 0.19 per cent (potentially
sufficient to recharge an AA battery). Vertical integration of three layers of ZnO
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nano-wire arrays produced a peak power density of 2.7 mW cm™. This nano-
generator was used to power a nano-wire pH sensor and a nano-wire UV sensor,
demonstrating a self-powered system composed entirely of nano-wires. Strain
rates of less than 2 per cent per second was shown to generate up to 1.2V and
peak power densities of 2.7 mWem™.

2.4.3 High-Strength Materials

Amorphous metallic alloys (metallic glass), are lucrative engineering materials
owing to their superior mechanical properties such as high strength and large elas-
tic strain. Their main drawback is their propensity for highly catastrophic failure
through rapid shear banding, significantly undercutting their structural applica-
tions. By reducing dimensions to 100 nm, Dongchan and Greer [2010] demon-
strated how Zr-based metallic glass nano-pillars attained ceramic-like strengths
(2.25 GPa) and metal-like ductility (25 per cent) simultaneously. A phenomenol-
ogical model for size dependence and brittle-to-homogeneous deformation is
provided. This may have applications in pavement structures such as bridge com-
ponents in future.

2.4.4 Self-Healing Materials

Buehler and Ackbarow [2007] discussed evaluation of fracture mechanics to im-
prove the ability to perform structural engineering on macro scale and introduced
the concept of how dimensional scales interact with each other. Kumar and Curtin
[2007] evaluated crack and microstructure interaction with a discussion on the un-
derstanding of initiation of cracks in metals. The concepts discussed in these two
references can similarly be adapted to improve the nano-scale understanding of
crack development in the bituminous binder / aggregate interface as well as crack-
ing of concrete on pavements.

Balazs [2007]and Kessler et al [2003] investigated the modeling of self-healing
materials, starting with biological examples which may potentially be expanded to
infrastructure where cracks that develop in the pavement layers may self-heal
based on the introduction of microcapsules in the cement matrix. The scale re-
quirements and the potential benefit to determine whether the development of
such cracks is life-threatening or whether this may be more of a nice-to-have than
essentiality is still required. Self-healing of fly-ash in the pavement materials has
been observed before [Barstis and Crawley 2000] and can be seen as a nano-scale
effect that is utilized already.

The CRack Arrest and Self-Healing in COMPosite Structures (CRASHCOMPS)
[Crashcomps 2010] project aims to develop crack arrest/redirection concepts in
polymer composite structures under monotonic compressive loading with the aim
of inhibiting the growth of rapid, unstable cracks, such that global failure of the in-
frastructure is hindered. Further, incorporation of self-healing capability whereby the
arrested crack will autonomously heal is evaluated. Together, these techniques
should provide a unique ability to arrest and heal critical cracks in infrastructure.
The research focuses on carbon fiber polymer composites. Although these



66 W. JvdM Steyn

materials are typically used in the aerospace and transport industries (aircraft
wings, helicopter rotor blades and ship hulls) potential applications exist in pave-
ment related structures such as bridge decks.

2.4.5 Sensors

One of the well-publicized possibilities of nano-materials is the development of
sensors that act as part of the substrate that is being observed, thereby allowing
very fine measurements on a small scale and obviating the need to add external
sensors to a system [Goddard et al 2007]. While external sensors tend to interfere
with the mechanics of the system being monitored, the incorporation of sensors as
part of the matrix of the system provides the potential that the matrix actually pro-
vides feedback and issues around bonding between sensors and the matrix are
canceled. The application of CNTs in traffic monitoring [Shi and Chung 1999] is
an example of such application. In this type of applications the transfer of data
from the sensor to a data acquisition device and the analysis of data still require
further work, especially if the sensors are being distributed inside a pavement of
several kilometers length. Although Micro-ElectroMechanical Sensors (MEMS)
devices can often have features that are measured in nanometers, MEMS and nan-
otechnology are fundamentally different. MEMS devices (which are typically mil-
limeter scale) operate on the principle that the properties of matter as a continuum
is observed, while nanotechnology deals with matter’s quantum mechanical be-
havior. The potential applications of MEMS devices in pavements can thus pro-
vide valuable information on a micro-scale, bit not yet on a nano-scale.

2.4.6 Nanophosphor

A major road safety need in rural Africa is the illumination of road pavements to
improve visibility and road safety. The potential use of nanophosphors combined
with road surfacing materials or paints for this purpose was evaluated at CSIR
[Steyn 2008b]. Nano-phosphors are nano-scale crystalline structures with a size
dependent bandgap that can be altered to change the color of light [Kelsall et al
2004]. If the road can act as the source of the light (be made luminescent) it can
play a role in improving road safety as the source of the light will not be depend-
ent on external power and the use of a motorized vehicle any more. Current
research outputs have shown that nano-phosphors can be added to traditional
pavement materials such as concrete, bitumen and road paint to enable these mate-
rials to become luminescent after exposure to light, while research is ongoing to
further investigate issues such as the increase in luminescence duration, the type
of bonds that form between the nano-phosphors and the substrate materials and the
up-scaling of manufacturing techniques to enable practical amounts of nano-
phosphor to be manufactured. Fig. 5 indicates a SEM image of a nano-phosphor
concrete sample while Fig. 6 shows SEM images of the nano-phosphor embedded
in road paint, bitumen and concrete.
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Fig. 5 SEM image of 10 per cent nano-phosphor concrete sample with EDX analysis output
showing constituent elements of the nano-phosphor.
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Fig. 6 Four typical SEM images a) neat green nano-phosphor, b) 10 per cent nano-phosphor
in bitumen, c) 10 per cent nano-phosphor in red road paint concrete and d) 10 per cent
nano-phosphor in concrete.
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3 Characterization of Materials

3.1 Introduction

Accurate characterization of materials is important in order to evaluate their ex-
pected behavior and properties, specifically if these materials are nano-sized or if
their macro-scale properties are similar and an understanding of their nano-scaled
properties is required to apply them adequately in pavement engineering. Often,
traditional engineering tests and properties do not sufficiently distinguish between
different materials.

Typical nanotechnology instrumentation used in pavement engineering includes
imaging techniques such as the Scanning Electron Microscope (SEM) and Atomic
Force Microscope (AFM) and analysis techniques such as spectroscopy. It is im-
portant to consider the type of information required as well as the required resolu-
tion before a specific technique is selected.

Kelsall et al [2004] indicated that characterization techniques can be divided
(based on the required information and resolution) into morphology (nano-
structural architecture), crystal structure (detailed atomic arrangement contained
within the microstructure), chemistry (elements present) and electronic structure
(nature of bonding between atoms). Microscopy techniques available for charac-
terization include the various types of electron microscopy. These include Scan-
ning Electron Microscopy (SEM) (used for examination and analysis of surface
and subsurface nano-structured systems) and Transmission Electron Microscopy
(TEM) and Scanning Transmission Electron Microscopy (STEM) (analysis of
bulk structure of thin samples). Scanning probe techniques such as Atomic Force
Microscopy (AFM) are used to study the surface characteristics of a sample
through magnitudes of atomic forces. While SEM can be used for resolutions of
down to 1 um, AFM can provide resolution of down to 0.1 nm. Detailed descrip-
tions of these various techniques falls outside of the scope of this chapter, and can
be found in Kelsall et al [2004] and other technical texts.

It appears from literature (and conference themes) that a majority of current
nano-characterization work is conducted on cement and concrete samples, with
soils and gravels and bitumen receiving less attention. This may be due to the na-
ture of the samples and the possibilities of observing structural changes inside the
mortar due to hydration. Further, the various parameters that can be changed to
affect the properties of cement mortars (i.e. water/cement ratio, cement content,
cement type, etc) leads to a wide range of effects that can be studied.

The developments around characterization techniques that have occurred dur-
ing the past decade in nanotechnology have opened the door to observations of
pavement engineering materials on a scale not available before. As for other fields
of study, this brought about a major change in the way that materials are being
observed and also the understanding of the behavior of these materials.
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3.2 Observational Techniques

Observational techniques are used to observe phenomena in engineering and to
support the explanation of such phenomena. For pavement engineering this ranges
from the macro scale where satellite images are used to observe macro scale phe-
nomena (mainly in terms of geographical, geological and developmental issues)
down to the nano-scale where matter is studied in its smallest observable form.
Steyn [2007] has shown the hierarchy of possible observations (Table 2) including
the smaller scales obtained from the Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM) techniques. These are starting to yield useful re-
sults in the understanding of the behavior of engineering materials [Mgangira
2007a].

Table 2 Hierarchy of possible pavement engineering observational techniques.

General wave- | X-ray wavelength [Visible wavelength Infrared wave-

2 length
length bands 10 to 10 nm 400 to 700 nm 103 to 106 nm
Satellite images iIrr;f;ZE:esd satellite
[Mm resolution] [Mm resolution]
NCI IAerial photographs |[nfrared airborne
LIDAR images
[km resolution] [km resolution]
Indication of cur- Standard photos
rently used tech- [m resolution]
nology and resolu- (Computerized To-
tion of features mography (CT) Microscope images
scans ' [mm resolution] NCI
[mm resolution]
SEM images NCR
[wm resolution]
NCR IAFM images

[nm resolution]
NCI - No Current Images used typically in pavement engineering.

3.3 Characterization Methods

3.3.1 Introduction

In order to have better control over material properties, it is necessary to under-
stand their nano-structure and to relate it with the macro-properties. The develop-
ment of the Scanning Electron Microscope (SEM) and Atomic Force Microscope
(AFM) allowed the ability to see and manipulate atoms, molecules and nano-sized
objects, making it possible to explore the structure of materials at a scale of 40 to
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50 nm. Most publications on characterization of pavement-related make use of
either the SEM or AFM. In the following sections the basic principles of use of
the two techniques are briefly discussed, followed by references to existing work
where the applications of these characterization methods have lead to an improved
understanding of the properties and behavior of pavement materials.

3.3.2 Scanning Electron Microscopy

The SEM is typically used for imaging surface and subsurface microstructure of
samples. An accelerating voltage of between 1 and 30 kV is typically used. It im-
ages the sample by scanning it with a high-energy beam of electrons in a raster
scan pattern. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample's surface topography.
A schematic diagram of the SEM is shown in Fig. 7 [Kelsall et al 2004].

CRT or compuler frame store

Elactran
A Gun

Electron, X-ray or light
detector

Fig. 7 Schematic diagram of the layout of a Scanning Electron Microscope (SEM) [Kelsall
et al 2004].

3.3.3 Atomic Force Microscopy

The AFM consists of a cantilever with a sharp probe that is used to scan the
sample surface. When the probe is brought into proximity of a sample surface,
forces between the probe and the sample lead to a deflection of the cantilever
according to Hooke's law. Forces that are measured in AFM include mechanical
contact force, van der Waals forces, capillary forces, chemical bonding,
electrostatic forces, magnetic forces etc. A schematic diagram of the AFM is
shown in Fig. 8 [Kelsall et al 2004].
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Fig. 8 Schematic diagram of the layout of an Atomic Force Microscope (AFM) [Kelsall
et al 2004].

3.4 Specific Examples of Applications

3.4.1 Introduction

In this section some specific examples of applications using the various charac-
terization techniques are discussed to illustrate the potential applications and bene-
fits in pavement engineering.

3.4.2 Soil Characterization

The chemical and mineralogical composition of soils has long been characterized
on the nano level using techniques such as Electron Probe Micro-Analysis (EMA),
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analyzers
(EDXRA) [Bullock 1981; Esawaran and Shoba 1981; Bisdom 1981; FitzPatrick
1984]. The application of these techniques has led to improved models and under-
standing of the macro-behavior of soils, based on an interpretation of their nano-
and micro-structures. This knowledge is applied in pavement engineering through
improved decisions regarding stabilization of specific materials and potential for
compactability of materials.

3.4.3 Scanning Electron Microscopy (SEM) Applications

Mgangira [2007b] used the SEM to evaluate the micro-texture of two similar
sands that behaved differently when being stabilized using various non-standard
soil stabilizers. None of the typical engineering tests provided insight into the rea-
son why the stabilization did not work similarly for the two types of sands evalu-
ated. The SEM investigation showed the difference in terms of fines that were not
identified in the standard grading analysis of the sands, which allowed the stabi-
lizers to bond better with the sand grains. In Fig. 9 SEM images of the two types
of sands are shown, with the fines visible on the right image.
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Fig. 9 SEM images of two sands showing traces of small fractions on the right [Mgangira
2007b].

Mgangira [2010] used a SEM to evaluate the interaction between two different
soil samples (black clay and reddish brown residual chert) and enzyme-based lig-
uid stabilizer solutions. The results showed that the addition of the enzyme-based
products modified the microstructure of the material matrix and that the type of
microstructure changes that take place after treatment will be dependent on the
product which in turn is a function of the compositional make up of the product it-
self. Whether this leads to significant improvement in engineering properties is
another question. The observed connectivity of the microstructure and the pres-
ence of a surface network binding the particles, following treatment with product
A differs from that seen on samples treated by product B and is considered to be
the underlying explanation in the difference in performance of the two products.
This is considered to be the result of the compositional characteristics of the prod-
ucts. The SEM images of the untreated and treated chert is shown in Fig. 10 to in-
dicate the differences observed in the structure, and the presence of a tentacle-like
network of structures on the surface of the sample.

Fig. 10 Microstructure image of untreated chert sample (magnification 1000x) (Left) and
chert sample treated with enzyme-based liquid stabilizer (magnification 2000x (Right).
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Muniandy [2002] used SEM to evaluate the differences between Malaysian cel-
lulose oil palm fiber and traditional commercially available cellulose fibers used
in Stone Mastic Asphalt (SMA) mixes. It was found that the Malaysian fiber sizes
appeared to be less than 500 pm compared to the traditional fibers which had
thicknesses of around 50 pm. Use of the SEM analysis assisted in the process of
defining the differences between the two types of fiber.

Stulirova and Pospisil [2008] discussed procedures to enable SEM to be con-
ducted on bitumen samples. The oil fraction (maltenes) in the samples needs to be
eliminated prior to characterization as the resolution of the images is too low if the
samples are non-conductive. This process leaves the asphaltene fraction to be
studied. It is important to understand that only changes in the asphaltene structure
can thus be studied using the SEM technique.

Peethamparan et al [2008] evaluated the physicochemical behavior of cement
kiln dust treated kaolinite clay using, inter alia, SEM and EDX techniques. Analy-
sis of the samples using SEM indicated that the most important morphological
modification of the kaolinite due to the cement kiln dust treatment was the change
from clay flake stacks observed in untreated kaolinite clay to a disaggregated and
randomly oriented form. This detail assisted in the development of a model for the
stabilization mechanism of cement kiln dust treated kaolinite clay.

Steyn and Jones [2006] evaluated the performance of an in-service pavement
with a cemented base layer that was recycled and stabilized with bitumen emul-
sion using Accelerated Pavement Testing (APT). Upon analysis of the material
properties (that behaved exceptionally well after 25 years of trafficking) SEM was
used to evaluate the microstructure of the material. By comparing carbonated and
un-carbonated material from the stabilized base layer using a SEM, it was possible
to conclude that the matrix of the base appeared to have residual cement from the
original recycled cement stabilized layer that was able to hydrate and form cemen-
titious bonds (although no cement was added during the recycling). Although it is
difficult to detect bitumen using the SEM, small quantities were detected in the
base materials by the presence of high carbon concentrations identified using the
EDX facility. An indication of the SEM images showing the cementitious bonds
and the bitumen is shown in Fig. 11.

Fig. 11 SEM images showing location of bitumen in matrix and new cement reaction
crystals.
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3.4.4 Atomic Force Microscope (AFM) Applications

Pauli et al [2001] used AFM in characterizing bituminous binders and their re-
spective properties. They correlated the surface morphology with the constituents
in the bitumen and concluded that the AFM data may be used to improve the un-
derstanding of the precipitation of the asphaltenes in the bitumen and that this in-
formation may lead to an improved understanding of the interaction between the
surface of the aggregate and the bitumen in asphalt.

The AFM was used to investigate the structural morphology of crumb rubber
bitumen at the interfacial regions, especially during aging [Huang et al 2006].
Masson et al [2006] used phase-detection AFM to evaluate bitumen morphology
and found that bitumen can be classified into three groups, based on the different
domains or phases visible.

Steyn [2009a] evaluated the correlation between the aging of bituminous bind-
ers on the road (a property that severely affects the deterioration of the pavement
surface) and the elastic stiffness of the binders as measured using the AFM. Initial
data focused on the surface morphology and a clear difference could be observed
between the surface morphology of a bituminous binder that was aged at different
temperatures. In Fig. 12 the overall difference in the surface morphology for

1515 pm No ageing | hagemg (@ | hagemg (@ | hageing @
sample 40°C 80°C 140°C
Z—115nmto
1 600 mm
40/50Pen

60/70Pen

100/120Pen

150/200Pen

Fig. 12 The surface morphologies of four bituminous binders as aged at three different
temperatures and observed using the AFM [Steyn, 2009b].
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four binder types aged at three temperatures can be observed. Research in this area
is continuing, with the focus on improving the understanding and potential corre-
lation between surface morphology and performance of bitumen.

Masson et al [2007] described a novel application of the AFM where they
evaluated the structure of various bitumens at low temperatures using cryo-
microscopy and related the results to material stiffness. AFM were conducted at
imaging temperatures of 22°C, -10°C, -27°C, -55°C and -72°C. These tempera-
tures were selected based on glass transition temperatures of the bitumens. At
these low temperatures the bitumens did not pollute the tips with sticky residues.
The effect of temperature on volume was specifically noteworthy. The AFM ob-
servations of new domains that became visible upon cooling of the bitumen sam-
ples were consistent with segregation. The microscopy work at -10°C to -30°C
showed that the bitumen contracted, although not all bitumen phases contracted
equally. Further, topographic features of around 85 nm in height were visible at
the low temperatures and not at room temperature.

4 Concerns and Issues

4.1 Introduction

Although a large number of potential ideas and applications for nanotechnology
and pavement engineering exist, it is also important to remain realistic and iden-
tify and accept the current limitations and challenges inherent in this field. In this
section a short summary of those challenges and limitations potentially affecting
these applications are provided. These concerns and challenges include environ-
mental and health and safety concerns, as well as issues around scaling of nano-
effects and costs. It is important to realize that some issues are not new, as it was
indicated earlier that bitumen and cement (which are both traditional pavement
materials) can both be classified as nano-sized materials, and therefore the same
concerns will exist with these traditional pavement materials.

4.2 Environment

The effect of various nano-materials on the natural environment is a hot topic in
nanotechnology and environmental research. Uncertainty regarding the potential
effects of materials that exist on the nano-scale with properties that are different
than when using the material on a micro or macro scale has led to various investi-
gations [NNI 2003]. Some work in this regard shows that the potential effects may
be minimal [Tong et al 2007]. As pavements are constructed in the natural envi-
ronment, all materials (including nano-materials) used in the construction and
maintenance of pavements need to be compatible to the natural environment and
their effects on the natural environment should be minimal. Typical potential
problems in this regard include the leaching of materials into groundwater, release
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of materials into airways through the generation of dust on unpaved roads and the
exposure to potentially harmful materials during construction and maintenance
operations.

However, the reasons for using nano-materials often include specifically the
different performance of the material on the nano-scale, and also the different ef-
fect that it has on the environment when used on the nano-scale. In cases such as
improved methods for purification of water (which is a relevant example, although
not related to pavement engineering), the different effect on potentially deadly mi-
crobes in the water is specifically the reason why the nano-materials are being
used [Hassan 2005; Savage and Diallo 2005]. Also, the application of nano-
materials in the fight against deadly diseases such as tuberculosis (TB), malaria
and HIV [Maclurcan 2005] should also not be misjudged, as the focus of the ap-
plication is specifically to have a distinct effect on natural organisms. A clear dis-
tinction is thus required between controlled and sought-after effects on the envi-
ronment and uncontrolled and unexpected effects on the environment.

4.3 Health and Safety

The health risk of nano-particles is a function of its hazard to human health and its
exposure potential. Users of nano-particles should endeavor to mitigate the poten-
tial risks of nano-particles during the design stage rather than downstream during
manufacturing or customer use (i.e. when the material is already embedded in the
pavement). Five general principles that can be used as framework to address miti-
gation of health risks are [Morose 2010]:

e Size, surface and structure (change the size, surface, or structure of the nano-
particle so that the desired product functionality is preserved, but the hazard
potential of the nano-particle is decreased);

e Alternative materials (identify an alternative material that can be used to re-
place the hazardous nano-particle);

e Functionalization (intentionally bond molecules to nano-particles to change
the properties in a manner that the desired product properties are preserved,
but the hazard potential of the nano-particle is reduced or eliminated);

e Encapsulation (enclose a potentially hazardous nano-particle within a material
that is less hazardous), and

e Reduction (evaluate the option of using smaller quantities of the hazardous
nano-particle in the product while maintaining product functionality).

4.4 Costs

The costs of most nanotechnology equipment and materials are currently relatively
high. This is partly due to the novelty of the technology, but also due to the
complexity of the equipment. However, in the case of the nano-materials, costs
have been shown to decrease over time and the expectations are that, as manufac-
turing technologies improve, the costs of the materials will decrease. Whether
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such decreases will render the materials as run-of-the-mill pavement engineering
materials will have to be seen. Current opinion is that in special cases, the materi-
als will enable unique solutions to complicated problems that cause them to be
cost effective, which will lead to large scale application of these specific tech-
nologies. In other cases the traditional methods for treating the problem may still
remain the most cost effective. As indicated earlier, the job of the engineer is to
solve real-world problems and provide a facility to the general public at a reason-
able cost.

4.5 Scale Effects

Chong [2003] highlighted one of the major challenges in nanotechnology applica-
tion in civil engineering (and therefore pavement engineering) to be the several
orders of magnitude in time and space scales from the nano level to micro and
meso levels. The physical scales ranging from nano- to systems-level are illus-
trated in Table 3 (after Chong [2003]).

Table 3 Physical scales from nano-to systems-level for pavement engineering (after Chong
[2003]).

MATERIALS STRUCTURES INFRASTRUCTURE
Nano (1 0'9) Micro (1 0'6) Meso (1 0'3) Macro (100) Systems (103)
Mc;lceaclzlar Microns Millimeters Meters Kilometers
Nano- . . . Pavement lay-| Roads and
. micromechanics | composites .
mechanics ers bridges

The unique environment of the pavement engineer who works with large vol-
umes of material should always be appreciated when evaluating potential applica-
tions of nanotechnology. The effects on manufacturing capacity and performance
of the nano-materials when combined with bulk aggregates and binders should be
evaluated to ensure that the beneficial (nano-scale) properties are still applicable
and cost- and energy-efficient at these scales.

The scale chasm between typical nanotechnology and pavement engineering
has been illustrated by various researchers [Buehler and Ackbarow 2007; Larsen-
Basse and Chong 2005]. It can also be illustrated when the potential application of
carbon nanotubes (CNTs) as fibers in fiber reinforced concrete is evaluated. Typi-
cally, the volume of steel or polypropylene fibers used for such an application may
be in the region of 2 per cent. If it is assumed that the application rate of the CNTs
in the concrete will be similar to that of the steel fibers, this translates to approxi-
mately 270 kg of steel fibers (for a typical steel fiber reinforced pavement of 1 km
- 7.4 m wide and 100 mm thick concrete) being replaced by 52 kg of CNTs. A
typical pavement rehabilitation project (10 km to 100 km length) may thus require
in the order of 520 kg to 5 200 kg of CNTs. The economical production of such
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volumes of CNTs may not be realistic at this stage. The dimensional jump from
nano-scale to macro-scale thus influences the potential usage of nano-materials.

Van Breugel and Guang [2005] demonstrated that virtually all engineering
works are multi-scale projects, with typical structural engineering projects cover-
ing up to six orders of magnitude. If the various models on the different scales are
connected correctly, the macro-level performance of an engineering structure (i.e.
pavement) should be predictable based on the fundamental laws governing the
material on a nano-level.

Shah [2009] stated that, although cementitious construction materials are
mainly used in large quantities, fundamental properties such as strength, ductility,
early age rheology, creep and shrinkage, fracture behavior and durability of these
materials depend to a great extent on structural elements and phenomena which
are effective at micro- and nano-scale. Characterization of cementitious materials
at the nanoscale thus provides improved understanding of the material at the fun-
damental level and leads to the development of new materials based on nano-
modification.

5 Concluding Remarks

The objective of this chapter was to provide to the pavement engineer who may
not be familiar with the potential applications of nanotechnology in the traditional
pavement engineering field an introduction into this area. Information was pro-
vided on the various nanotechnology definitions and the specific materials typi-
cally used in pavement engineering and potential applications of nanotechnology
in improving these materials discussed. Various characterization options was
shown, and the current concerns and issues around the environment and scaling
effects highlighted. It is the duty of the prudent pavement engineer to keep abreast
of developments that can assist in providing more cost-effective and sustainable
pavement facilities to the general public.

Based on the information and discussions in this chapter, the following conclu-
sions are drawn regarding the use of nanotechnology in road pavements:

e The application of nanotechnology developments in the field of pavement en-
gineering can potentially lead to advances in solving general engineering
problems;

e Most of these applications, however, first need to be scaled to the dimensional
applications that are typical for the pavement engineering environment;

e The technical- and cost-effectiveness of available technologies should both be
evaluated as part of the evaluation of nanotechnology solutions in engineer-
ing;

e  Fundamental research into the properties of engineering materials to improve
the understanding regarding their performance is an important output of
nanotechnology characterization of pavement materials, and

e The development of novel materials and the improvement of existing materi-
als in response to scarcity of natural materials become a possibility through
application of nanotechnology techniques on traditional pavement materials.
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Based on the information and discussions in this chapter, the following recom-
mendations are made regarding the application of nanotechnology in road pave-
ment engineering:

e The gap between scientists (specifically physicists and chemists) and engi-
neers should be narrowed to enable the potential of nanotechnology innova-
tions to be applied in appropriate areas of engineering to support the general
public good;

e Scientists should continue with their focus on basic and oriented basic re-
search, providing the required building blocks for engineers to construct a bet-
ter environment;

e Engineers should actively and regularly evaluate the available technologies
(specifically in the field of nanotechnology, as it evolves rapidly) to identify
potential solutions to problems that they are required to address in society,
and

e  Challenges such as the potential impact of nano-materials on the natural envi-
ronment around pavements should receive the required attention to ensure that
solutions to pavement engineering questions do not cause new hazards to the
public utilizing the natural and built environment.
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Application of Nanoscience Modeling to
Understand the Atomic Structure of C-S-H

R. Panneer Selvam, Kevin D. Hall, Vikramraja Janakiram Subramani,
and Shanique J. Murray

Abstract. Concrete is used extensively for constructing buildings and highways.
In order to enhance macroscopic mechanical properties (tensile strength) it is nec-
essary to understand the structure and behavior of C-S-H gel at the atomic level.
Current status in nanoscience modeling of C-S-H is reviewed. The computational
tools available and their limitations are also surveyed. Application of nano science
in improving the cement paste by studying the interaction of salt, water etc using
the crystal structure of Tobermorite and Jennite are discussed first. Method to find
the amorphous structure of C-S-H from the crystal structure of Tobermorite is dis-
cussed next. An amorphous atomic structure of C-S-H is proposed from the study.
Finally studies conducted using the proposed amorphous structure of C-S-H is
discussed.

1 Introduction

Concrete is used extensively in constructions for buildings as well as in highways.
The durability and long life-cycle of concrete is affected by minute cracks due to
shrinkage and load-related stress. This is due to the relative lack of tensile strength
compared to the compressive strength of concrete. Cement pastes which exhibit
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low tensile strength tend to exhibit greater shrinkage cracking and reduced dura-
bility. If the tensile strength in cement paste can be increased, then the shrinkage
cracking potential can be minimized. It is believed that the strength and cohesion
of cement paste is controlled by the formation of Calcium Silicate Hydrate
(C-S-H) gel.

In order to enhance macroscopic mechanical properties (tensile strength) it is
necessary to understand the structure and behavior of C-S-H gel at the atomic lev-
el. Even though cement has been used in construction for more than 100 years,
there is a lack of understanding of the atomic structure of cement. For crystalline
structures like metals the atomic structure is determined from experimentation us-
ing X-ray diffraction (XRD) techniques. For amorphous materials like glass there
is no clear experimental technique available. In addition, cement has multiple
elements (Ca, Si, O, H) contributing to the formation of C-S-H gel, further com-
plicating its structure.

Taylor [1997] reported from his research that the X-ray diffraction patterns of
cement pastes reveal no evidence of long range order in C-S-H structures. Fig. 1
shows the shape of diffraction peaks for a perfect crystal, amorphous substance,
and liquid. In general, the XRD pattern is a plot of diffracted intensity (I) of X-ray
vs angle of incidence (0). The peak intensities provide information about the lat-
tice parameters. The diffraction peaks or the peak intensities for perfect crystals
are narrow and sharp. For imperfect crystals or amorphous materials, the peaks are
broadened. In case of liquids, it will be a continuous and gradually varying func-
tion. When the XRD plots of cement paste reported in Taylor [1997] are compared
with these plots, it is apparent that they are very similar to amorphous materials.

These challenges have prevented researchers from making significant gains in
understanding the structure of C-S-H. Recent developments in nanoscience have
allowed several researchers to focus on combining experimental and theoretical
techniques to better define the atomic structure of cement paste.

Current status in this regard will be reviewed. The computational tools avail-
able and their limitations will also be surveyed. Current work to date on the
atomic structure of C-S-H will be reported.

2 Nanoscience Modeling Tools

General review of nanoscience modeling tools applied to material science can be
found in Lech [2001], Ghoniem and Cho [2002], Li and Liu [2002], Starrost and
Carter [2002] and Rafi-Tabar[2004]. Cramer [2002], Kaxiars [2003] and Martin
[2004] deal with ab-initio modeling whereas Allen and Tildesley [1987] and Ra-
paport [2004] discuss the implementation of molecular dynamics (MD), molecular
statics (MS) and Monte Carlo (MC) simulation methodology for liquids.
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Fig. 1 Diffraction patterns of: a) perfect crystal b) imperfect crystal c) liquid

2.1 Ab-Initio Modeling

When the electronic and other interactions between atoms are considered without
any empirical parameters from experiments, then this method is called ab-initio or
first principle modeling. At this time only atoms of the order of 1000 is considered
for computation due to large cpu consumption. But the method provides ways to
understand the interaction forces between atoms from first principle. This ap-
proach considers the interaction between electrons of different atoms through
Schrodinger equations and the interactions between nucleuses of the atoms using
Newtonian dynamics. In addition to fundamental study the method is also useful
to determine the forces between atoms or to determine the empirical interatomic
potentials between atoms. The interatomic potentials will be utilized in molecular
dynamics (MD) and molecular statistics (MS) modeling. Manzano et al. [2007b]
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used ab-initio calculations to find the possible atomic structure for C-S-H gel.
They identified the probable bond of Tobermorite and Jennite crystals that can be
broken to obtain a stable C-S-H basic block. They also determined partial charges
of the ions in C-S-H. Gmira et al. [2004] used this approach and found that
Hamid’s structure [1991] is more stable than Merlino’s structure [1999].

2.2 Molecular Dynamics

The atomic interaction study using ab-initio procedures are difficult to apply to a
large number of atoms due to intensive cpu time. For a better understanding of
physical and chemical interaction between atoms and to obtain basic properties in
the nano level MD is used. MD is preferred if one wants to calculate the time-
dependant quantities such as transport coefficients. Atoms from 1000 to a billion
have been considered so far. In this approach the interaction between atoms are
approximated and related through empirical interatomic potentials. This approxi-
mation provides means to study several nano phenomena using millions of atoms.
The interaction between the atoms is governed by Newtonian dynamics. From the
time evolution of the atoms and their interactions at specific temperature the me-
chanical and thermodynamical properties and stress-strain relationship can be de-
rived. Janakiram Subramani [2008] used MD to identify the weak bond in the To-
bermerite structure that can be broken to have C-S-H basic block. Murray et al.
[2010] used MD to compute the stress strain relation of possible C-S-H structure.

2.3 Molecular Statics

In molecular static (MS) modeling, energy minimizations are performed on the
atomic structure as described in Leach [2001]. This minimization will yield an
equilibrium structure based on the closest local minima of the initial atomic struc-
ture. However, the optimized structure, thus obtained may characterize one possi-
ble equilibrium or stable structure of the many that could exist. The bulk proper-
ties of the material like mechanical properties, vibrational properties, electrical
properties depend on the curvature of the energy surface i.e., second derivative of
the energy with respect to atomic positions and lattice strains. For further details
one can refer to Janakiram Subramani [2008]. The bulk properties can be com-
puted from the final atomic structure arrived from energy minimization. Several
researchers used GULP code [Gale and Rohl 2003] to compute mechanical prop-
erties of C-S-H related crystal structure [Gmira et al. 2004] or C-S-H amorphous
structure [Manzanao et al. 2007a, Janakiram Subramani et al. 2009]. This ap-
proach is also used by Manzano et al. [2007a] and Janakiram Subramani et al.
[2009] to find the possible amorphous atomic structure of C-S-H.

2.4 Monte Carlo

Monte Carlo (MC) methods are used to model the physical events through prob-
abilities [Leach 2001]. This method does not have time evolution and hence it is
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much faster than MD study. This method is applied to get the equilibrium proper-
ties of surfaces and interfaces. Using MC one can evolve a system from non-
equilibrium to approach equilibrium. The method is also applied to study film
growth type problems and is called MC for non-equilibrium system. Similar to
MD, this method can also be used to calculate thermodynamic properties. The me-
thod can skip high barriers with several local minima faster than MD.

3 Modeling Study to Find the Atomic Structure of C-S-H

Taylor (1986) made the first attempt to identify some of the characteristics of C-S-
H by comparing it with existing crystalline minerals. It was believed that the local
atomic structures in the C-S-H gel are similar to those in some of the naturally oc-
curring crystalline minerals such as Tobermorite, Jennite, Clinotobermorite,
Foshagite etc. Kirkpatrick et.al [1997] and Yu et al.[1999] also confirmed through
their spectroscopic studies that the C-S-H contains Tobermorite and Jennite like
structures. Two widely used crystalline minerals that compare with the atomic
structure of C-S-H are 1) Tobermorite [Hamid 1981, Merlino 1999] and 2) Jennite
[Merlino 1999]. With this understanding several researchers have conducted nano
modeling using Tobermorite or Jennite crystal structures as a start to understand
the atomic structure or properties of C-S-H.

3.1 C-S-H Understanding Using Crystal Structures

Faucon et al. [1996] used MD simulations to understand the NMR data concerning
C-S-H. Using the Tobermorite structure they observed that in the absence of cal-
cium atoms, no break in the chain is observed. The presence of Ca causes partial
rupture of Si chains. Faucon et al. [1997] also showed that Al atom can be substi-
tuted in the place of Si atom. Such substitution is possible where the bridging Si is
energetically less stable. Faucon et al. [1999] used the similar substitutions using
Na. Interaction of C-S-H with water, alkali and salt are reported in Faucon et al.
[1997, 1998 & 1999]. Similar studies were also conducted by Kirkpatrick and
their research group using crystal structures like Tobermorite, Jennite etc. in
[2007] and the references there in. Coveney and Humphries [1996] used similar
crystal structures to study the phosphonate retarders on hydrating cements. Later
Bell and Coveney [1998] explained why borate retarders are efficient at high tem-
peratures using MD and also provided novel approaches to increase their perform-
ance further. Sanchez and Zhang [2008] investigated the interaction of graphite
with C-S-H using Tobermorite 9 A crystal structure. They demonstrated that the
polarity of the functional group can be used as an indicator of affinity to C-S-H.

Gmira et al. [2004] used the Tobermorite structure to calculate the mechanical
properties like bulk modulus using GULP and compared it with experimental
measurements. The calculations are done using MS. They also used ab-initio cal-
culations to understand the nature of cohesive forces in C-S-H.
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Janakiram Subramani [2008, 2009] used MS to compute the mechanical prop-
erties like Young’s modulus, Poisson’s ratio etc. The computed bulk property of
the crystal structure is 4 to 5 times greater than the cement paste.

3.1.1 Deterioration of Cement Due to Magnesium (Mg) Salts

Janakiram Subramani [2008] investigated the attack of Magnesium (Mg) salt on
concrete structures using Hamid’s [1981] Tobermorite 11 A° crystal structure.
Upon prolonged exposure to Mg salts, the calcium ions from the cement are
leached out, which in turn triggers the deterioration of the concrete structures. The
deterioration is initiated by the substitution of the less stable calcium ions in the
cementitious materials by Mg ions. Knowledge on the potential energies of Cal-
cium atoms at its site (also called as site potentials) in the Tobermorite structure
could shed more light on its exchange/substitution capacities. The site potentials
of Calcium atoms in the Tobermorite structure for different Ca/Si ratios (0.66,
0.83 and 1.00) were determined using GULP. Figure 2 shows the stability of cal-
cium atoms in the Tobermorite structure. The potential energy data that are encir-
cled in the graph below are those that correspond to the interlayer Calcium atoms.
The number of calcium atoms at the interlayers of the Tobermorite structure varies
with Ca/Si ratio. The number of calcium atom in Ca/Si ratio of 0.66, 0.83 and 1.0
is none, one and two respectively. The potential energies of interlayer Calcium at-
oms (corresponding to site 5 & 6) are much higher than the potential energies of
the lattice Calcium atoms (site 1, 2, 3 and 4). This suggests that the lattice Calcium
atoms are far more stable than the interlayer calcium atoms. Hence, the interlayer
Calcium atoms are most vulnerable for cationic-exchange or substitution.

Site potentials of Calcium atoms

—=— Ca/Si-0.66
Ca/Si-0.83
Ca/Si-1.0

Potential energy in eV

Calcium sites

Fig. 2 Site potential of Calcium (Ca) atoms
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Magnesium (Mg) ions from the water substitute the energetically less stable in-
terlayer Calcium (Ca) atoms in the C-S-H structure. In this case, only the substitu-
tion of interlayer Ca**ions by Mg2+ is considered. Figure 3 shows the Magnesium
(Mg) substituted C-S-H.

Fig. 3 Magnesium (Mg) substituted C-S-H-Tobermorite crystal structure

Noticeable decrease in Elastic modulus value was observed for Mg substituted
C-S-H structures as shown in Table 1. Leaching of Calcium (Ca) leads to the
reduction in the strength, stiffness and durability of concrete. This results in the
concrete eventually losing its cohesive nature. When all Calcium (Ca) atoms in the
C-S-H structures are substituted and occupied by Magnesium (Mg) ions, it results
in the formation of Magnesium (Mg) Silicate Hydrates. This results in loss of ce-
mentitious characteristics and eventually leads to deterioration of rigid cement
paste into a non-cohesive mass.

Table 1 Comparison of bulk properties of Tobermorite with/without Magnesium (Mg)
substitution

Species Dopant |Bulk Shear Elastic Poissons
Modulus |Modulus |Modulus |ratio
K (GPa) |G (GPa) E (GPa)

Tobermorite Without |79 37 96 0.3
11 A Mg

Tobermorite | With Mg |68 27 71 0.32
11 A

3.1.2 Physical and Chemical Compatibility of Flyash in Cement

Composite cement contains one or more inorganic materials that takes part in the
hydration reactions and contribute significantly to the hydration product. Fly ash is
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one of the most important sources of such inorganic materials that can readily be
mixed with cement. Fly ash is known to be rich in Al,O; and SiO,. Janakiram
Subramani[2008] attempts to explain the mechanism of different possible cationic
substitutions that can take place during the hydration of composite cement.
Hamid’s (1981) Tobermorite 11 A° is considered as the C-S-H model for this
study. To perform this study, it is critical to know which of the six silicon (Si) at-
oms in the C-S-H model need to be substituted. Calculation of the site potentials
of all the silicon (Si) atoms in the C-S-H structure will provide a good idea about
its exchange capacities.

The potential energy of silicon (Si) atoms at site 3 and 5 for Ca/Si-0.83 were
found to be much lesser than those at other sites (1, 2, 3 and 4). Thus, the bridging
silicon (Si) atoms have the least cohesive energy and are less stable compared to
non bridging silicon (Si) atoms. Hence Siz and Sis are the preferential sites for
substitution. The Aluminum ions available from the fly ash also participate in the
hydration mechanism by substituting the silicon (Si) atoms in the C-S-H struc-
tures. As Al**ions tend to form tetrahedral coordination similar to silicon (Si) at-
oms, it substitutes the energetically less stable bridging silicon (Si) atoms. But this
substitution leaves a negative charge induced into the C-S-H structure. The charge
compensation can be done in two ways: a) Bridging silicon (Si) atoms can be sub-
stituted by two AI’* ions & one Ca®* ion (in interlayer) b) Bridging silicon (Si) at-
oms can be substituted by two Al’* ions & two protons attached to the oxygen at-
oms (all oxygen atoms connected to bridging silicon (Si) atoms are hydroxylated).
Fig 4 shows the structure of C-S-H with Aluminum substituted only at the bridg-
ing silicon (Si) sites.

The aluminum substitution reaction in the silicate chains of C-S-H can also be
viewed with another perspective. During the initial stages of hydration of the ce-
ment-based materials, the formation of dimeric C-S-H structures is favored. Alu-
mina available from the flyash gets hydrated to Aluminum hydroxide (Al(OH);).
Since Aluminum is also tetrahedrally coordinated, AI(OH); acts a bridging mole-
cule between dimeric silicate chains. Thus, the addition of flyash favors the trans-
formation of Dimeric silicate chains to Drierketten type silicate chains. Only that
the silicon (Si) in the bridging tetrahedra is substituted by Aluminum in this case.
Also, the silica available from the flyash interacts with the Calcium (Ca) hydrox-
ide in the cement paste and thus, forms additional C-S-H.

For Case (a), the two negative charges induced by the displacement of two Si**
ions by two AI** ions were compensated by addition of one Ca”* ion to the labile
layer. Since the addition of a Calcium (Ca) atom in the interlayer was adequately
sufficient to compensate the charge deficit induced near the bridging silicon (Si)
atoms, this substitution did not provoke rupture in the tetrahedral silica chains.
This shows the chemical compatibility of inorganic material additions to cement
from the ‘atomic structure’ point of view. On the other hand, substitution of alu-
minum ions in non-bridging silicon (Si) sites induced rupture in the tetrahedral
chains. Though the charge deficit can be compensated theoretically by adding
Calcium (Ca) ions or adding protons to the oxygen atoms for bridging silicon (Si)
atoms, the charge compensation was poor because the protons to compensate for
the charge deficit are at a relatively greater distance from aluminum. This poor
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charge compensation near the non bridging silicon (Si) sites substituted by alumi-
num, induce a rupture in the chains.

However, the calculated properties of Aluminum substituted C-S-H (on bridg-
ing silicon (Si) sites) did not differ much from the un-substituted C-S-H (Table 2).
The results justify the physical compatibility of inorganic material additions (such
as fly ash rich in alumina and silica) to cement. The following two cases were also
studied but are not reported here. 1) Substitution of Aluminum in place of Bridg-
ing silicon (Si) atoms with two protons attached to the oxygen atoms (hydroxy-
lated) for charge compensation and 2) Substitution of Aluminum in place of non
bridging silicon (Si) atoms.

Fig. 4 Aluminium substituted C-S-H

Table 2 Comparison of bulk properties of C-S-H with/without Aluminum substitution

C-S-H model-Ca/si-0.83 | No substitution Si3 & SiS5 site
substitution

Bulk Modulus K (GPa) 62 69

Shear Modulus G (GPa) |34 36

Elastic Modulus E (GPa) |86 92

Poissons ratio 0.27 0.28
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The Tobermorite or Jennite crystal structures are useful to understand the C-S-
H structure as well as to study the reaction and properties in the nano level when
other elements are substituted. Since C-S-H is amorphous the MD study using
crystal structures which are similar to C-S-H provided a starting point for further
study.

3.2 Modeling to Find the Amorphous Structure of C-S-H

The computed bulk properties of Tobermorite crystal structure is 4 to 5 times the
bulk properties of cement paste as reported by Janakiram Subramani et al. [2009].
Plassard et al. [2004] observed a bridging silicon (Si) atom missing in the silicate
chains thereby forming dimers or pentamers. If the missing Si atom occurs after
every two Si positions in the chain it is called a dimer whereas if the missing Si
atom occurs after every five Si positions in the chain it is called a pentamer. To
verify this observation by MD, the site potential of Si atoms were computed and
compared. The Si atom at site 3 and 5 of the Ca/Si ratio of 0.66 are energetically
less stable than the corresponding one in Ca/Si ratio of 0.83. From this observation
the two bridging Si atoms are removed and one Ca atom is added at the interlayer.
The details of the procedure is reported in Janakiram Subramani et al. [2009]. The
bulk properties of this C-S-H structure were determined using energy minimiza-
tion methods and found to be K=42.5 GPa, G=26 GPa E = 64 GPa. These values
are still higher than experimental and simulation results of K=18 GPa, G=9.7 GPa
and E = 20-30 GPa reported by Manzano et al. [2007]. From this one can conclude
that the length of silicate chains influence the mechanical properties.

The bulk cement paste has porosity where as the suggested C-S-H structure is
non porous. To consider the porosity different possible combination were pro-
posed by Janakiram Subramani et al. [2009] at the atomic level. To consider those
models one needs large computational domain with many atoms and hence a po-
rosity of 31% is considered and the mechanical properties were corrected accord-
ing to Mori-Tanaka [1973] equation. The corrected bulk properties were K=21
GPa, G=13 GPa E = 34 GPa. These values are in reasonable comparison with ex-
perimental values of K=18 GPa, G=9.7 GPa and E = 20-30 GPa. Hence, it can be
deduced from this study that the length of the silicate chains along with the poros-
ity have a significant effect on the mechanical properties of C-S-H. The dimer or
pentamer can become the basic block of C-S-H structure.

3.3 C-S-H Understanding Using Amorphous Structure

3.3.1 Stress-Strain Relationship Using MD

Selvam et al. [2009] and Murray et al. [2010] calculated the stress strain relation-
ship of C-S-H using the basic block of C-S-H structure proposed by Janakiram
Subramani et al. [2009]. Since the compressive strength of the cement paste is 10
times greater than the tensile strength in the macro level; an attempt is made to
study the strength at the nano level. They used MD to apply different strain rate in
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time. The strain is applied only in one direction and the corresponding stress is
calculated. They used LAMMPS code to perform MD calculations. Before MD
modeling conjugate gradient procedure is used to minimize the potentials. They
considered both C-S-H crystal and dimer structure for comparison. The size of the
unit cell considered for computation is 1.17 nm x 0.739 nm x 2.27 nm and the to-
tal number of atoms in the crystal and dimer structure was 144 and 124. The com-
puted elastic modulus, tensile and compressive strength of crystal and dimer struc-
ture were (96 GPa, 70 GPa), (12 GPa, 3.5 GPa) and (15 GPA,15 GPa)
respectively. The macro level tensile strength of 2 GPa is 57% of the dimer value.
This difference can be due to not considering porosity and much larger computa-
tional domain. The tensile strength of crystal structure is almost the same as com-
pressive strength where as the dimer structure tensile strength is 23% of compres-
sive strength.

3.3.2 Mechanical Properties of C-S-H Including Porosity

Selvam et al. [2009] and Murray [2009] considered four unit cells of the dimer
structure proposed by Janakiram Subramani et al. [2009] to validate the proposed
C-S-H structure including porosity. For this work, three simulation cells were cre-
ated. The names of the simulation cell are Stack 1, Stack 2 and Stacks 3. Each
simulation cell contained four Tobermorite dimer unit cell and the number of at-
oms in each simulation cell is 576 atoms. The dimension of each simulation cell is
shown in Table 3. The configuration of atoms in “Stack 1” is created by translat-
ing the atoms in a Tobermorite unit cell to 4 regions (corners) of the simulation
cell as shown in Fig. 5. The Tobermorite unit cells are spaced one angstrom apart
to incorporate “breaks” in the silicate chains.

Table 3 Dimensions of Simulation Cells

Simulation | Number a b C
Cell of Atoms (A) (A) (A)
Stack 1 576 10 20 50
Stack 2 576 10 25 44
Stack 3 576 13 18 65

In Fig 5 Tobermorite unit cell 1 is located at the origin. In stack 1, Tobermorite
unit cell are 5.22 angstroms apart in the b direction and 6 angstrom apart in the c
direction where b and c are in the plane of the paper. In Stack 2, Tobermorite unit
cell are 10.22 angstroms apart in the b direction and O angstrom apart in the c
direction as shown in Fig. 6. Stack 3 was constructed differently in that the
Tobermorite unit cells are not placed at the corners. Instead, the first and forth To-
bermorite unit cells are centered in the simulation box. The distance between first
and forth Tobermorite unit cells is 21 angstroms in the c direction. The second and
third unit cells are placed in the space between the first and forth Tobermorite and
spaced 3.22 angstrom in the b direction. Fig.7 illustrates a sketch of Stack 3. The
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Fig. 6 Sketch of packing C-S-H structure using 4 unit cells Stack 2

atomic coordinates of atoms are in Cartesian coordinates, therefore y = 90 degrees.
Charges of atoms are the same as the previous study. Fig. 8 shows the atomic view
of the three stacks.

Molecular Statics via GULP code was used to calculate the mechanical proper-
ties of C-S-H structure based on Tobermorite dimer structure packed together. The
Tobermorite structures are spaced a few angstroms apart. This spacing was done
to incorporate bond breakage in the silicate chains. The calculated mechanical
properties are shown in Table 4. It can be seen that as the density of C-S-H unit
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Fig. 7 Sketch of packing C-S-H structure using 4 unit cells Stack 3

Fig. 8 Atomic view of packing C-S-H dimer structure using 4 unit cells (a) Stack 1 (b)
Stack 2 and (c) Stack 3

approached the density of C-S-H found in experiments; the computed elastic
modulus are in reasonable agreement with nano indentation experiments. At the
nano meter length scale, C-S-H gel exists in two forms; Low Density C-S-H and
High Density C-S-H. The dry density values for low density and high density
C-S-H gel are 1.44 g/cm’® and 1.75 g/cm’ respectively. Nanoindentation experi-
ments from Constantinides and Ulm [2007] show that the range of elastic modulus
corresponding to low density C-S-H is 13-26 GPa and the range of elastic
modulus corresponding to high density C-S-H is 26 -39 GPa. The computed elas-
tic modulus for Stack 3 is 30 GPa and it is more closer to high density C-S-H. This
packing method may be a possible way to account for porosity in C-S-H.
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Table 4 Mechanical properties of C-S-H structures packed together

C-S-H Density Bulk Shear Poissons Elastic
model g/em’ Modulus Modulus ratio Modulus
GPa GPa GPa

Stack 1 224 46 23 0.29 59
Stack 2 1.93 39 23 0.25 58
Stack 3 1.55 21 12 0.30 30
Exp.

HD-C-S-H 2.13 n/a n/a n/a 26-39
Exp.

LD-C-S-H 1.44 n/a n/a n/a 13-26

4 Conclusions and Future Research

Current status of the understanding of atomic structure of C-S-H is reviewed.
Nano modeling tools available at this time is also reviewed. In most of the initial
works Tobermorite or Jennite like crystal structures were used and the chemical
interaction of materials like salt, flyash, Magnesium (Mg), water etc were investi-
gated. Recently, Janikiram Subramani et al. [2009], Selvam et al. [2009] and
Monzano et al. [2007] have proposed that the breaking of the silicon bridging
bond in the Tobermorite structure results in the basic C-S-H structure in the
form of dimer or pentamer. Using this basic C-S-H block, Murray et al. [2010]
computed the stress strain relationship at the nano level. They compared the me-
chanical properties of amorphous structure to crystal structure and found that the
amorphous structure mechanical properties agreed better with the macro cement
properties. Further work is reported by including porosity in the computational
cell by arranging four C-S-H basic blocks in three different ways and the me-
chanical properties are computed. Stack 3 mechanical properties are in reasonable
agreement with macro cement properties. These studies clearly illustrate that the
basic C-S-H structure is amorphous. The amorphous C-S-H structure including
porosity may be a starting point for further study.

Fundamental understanding of how C-S-H is formed by chemical reaction at
different stages of hydration and how it can be modified to be denser is yet to be
achieved. Pellenq et al. [2004, 2008] propose that the cohesion of cement paste is
mostly due to chemical reaction. Nano modification due to addition of nano clay
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[Tregger et al. 2010] supports this theory. In addition Metaxa et al. [2010] showed
that by the addition of 0.048% of carbon nano fibers (CNF) more than 25% in-
crease in tensile strength can be obtained. The interaction of CNF with C-S-H gel
in this case is mostly mechanical. Hence cohesion in cement paste is due to me-
chanical and chemical interaction at the nano level. Further research is underway
to include both mechanical and chemical interaction in the modeling by using dis-
crete element method (DEM). Chandler et al. [2010] considered mechanical inter-
action in their DEM modeling using basic C-S-H structure as spherical balls. We
are proposing C-S-H as fibers or sticks so that the mechanical and chemical inter-
action can be considered similar to Anandarajah [1994] and Yao and Anandarajah
[2003]. The chemical interaction properties will be taken from MD modeling. This
model will help to better understand the behavior of cement paste in the nano
and micro level and will provide more insight in modifying the properties in the
nano level.
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The Effect of SWCNT and Other Nanomaterials
on Cement Hydration and Reinforcement

Jon Makar

Abstract. Additions of nanomaterials to cement pastes and concretes may have a
significant effect on the performance of ordinary Portland cement (OPC), OPC
blends and concrete. Due to the scale of these particles, they may not only modify
the bulk behavior of the matrix in a manner similar to micro- and macroscopic ad-
ditions, but also influence the formation and structure of the C-S-H and other
products formed during hydration. Nanoscale additives also have the potential to
add new capabilities to concrete. There is therefore growing interest in producing
composite materials that include nanomaterials.

Single walled carbon nanotubes (SWCNT) are of particular interest due to their
desirable properties as reinforcing materials. They have recently been shown to
nucleate the formation of C-S-H during the hydration of ordinary Portland cement
(OPC). A series of complementary studies are presented here. The effects of nano-
titania, nano-calcium carbonate and nano-alumina dispersed by sonication with
OPC on hydration are discussed and compared to the effect of SWCNT dispersed
by the same method. The impact of dispersing the SWCNT in blends of admixture
and mix water on the hydration of both tricalcium silicate and OPC are investi-
gated. Fracture surfaces of OPC samples blended with all four nano-materials and
hydrated for 7 days are analyzed. Classical reinforcing behaviour was identified in
the SWCNT/OPC composite alone. A new, nanoscale reinforcing mechanism
based on SWCNT bundle pull out is described. The experimental results are
used to draw conclusions about the nucleation mechanism in SWCNT composites
and on the impact of SWCNT dispersion method on the performance of those
composites.

1 Introduction

The addition of nanomaterials, such as nanotubes, nanoparticles and ultrahigh
surface area particles to cement and concrete is one of the most promising areas
of research for the application of nanotechnology to construction materials. In
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addition to being a bulk material formed by chemical reactions [Taylor 1997],
calcium silicate hydrate (C-S-H), the main component in hydrated ordinary Port-
land cement (OPC) and other cements is known to have a fine structure on the or-
der of a few nanometers [Taylor 1997]. As a result, the addition of nanomaterials
to hydrating OPC and other cements has the potential to affect both the physical
structure of the C-S-H and the hydration reactions themselves.

While studies of nanomaterials mixed with hydrating OPC may provide fun-
damental insight into the behaviour of cement and concrete, interest in these
blends has been driven by the possibility of producing novel and/or superior prop-
erties in concrete that may be directly applicable to the construction industry. As a
result, considerable attention has been paid both to adding carbon nanotubes and
to adding a variety of nanoparticulates to OPC.

Carbon nanotubes (CNTs) are particularly attractive for use in cementitious
systems because they appear to be close to ideal reinforcing materials. Ultrahigh
aspect ratios [Zheng et al. 2004], extremely high yield strengths [Yu et al. 2000]
and moduli of elasticity [Salvetat et al. 1999], and elastic behaviour [Walters et al.
1999] all point to the potential of CNTs in reinforcing applications. In addition,
the nanometric diameters of CNT means that if they are well dispersed in a matrix,
cracks will encounter one or more reinforcements soon after formation, inhibiting
growth at the earliest stage possible. Most work to date has been done on multi-
walled carbon nanotubes (MWCNT), which are less expensive and more readily
available than single walled carbon nanotubes (SWCNT). There are a number of
reports describing both mechanical [Campillo et al. 2004, Ibarra et al. 2006, Li, et
al. 2005, Xiang et al. 2005, Cwirzen et al. 2008, Konsta-Gdoutos et al. 2010] and
electrical [Li et al. 2007, Wansom et al. 2006] properties of these composites. A
recent summary of carbon nanotube/cement composite research [Makar 2009] and
an overview of the topic [Raki et al. 2010] can both be found elsewhere.

Less work has been done on OPC/SWCNT composites. SWCNT, however,
have higher aspect ratios than MWCNT and individual tube diameters that are
close to estimates of the structural spacing of C-S-H layers in hydrated OPC [Tay-
lor 1997b]. They are therefore potentially more desirable as reinforcing materials
than are MWCNT. The work presented here is part of a longer term study on the
behaviour of cementitous materials when hydrated in the presence of SWCNT.

Early studies [Makar et al. 2005] used Vicker’s microhardness testing to show
that the mechanical performance of SWCNT/OPC could be as high as 600% of
OPC alone. The improvement in performance was seen to be highest during the
first few days of hydration, which suggested that the effect may have been as
much due to the SWCNT accelerating the hydration process as due to reinforcing
behaviour. A subsequent detailed study [Makar and Chan 2009] that used SWCNT
distributed on OPC grains by sonication showed that SWCNT do indeed act to nu-
cleate cement hydration reactions. The work presented here expands on that study.
The results of an alternative approach to dispersing SWCNT in cementitious sys-
tems using sonication in admixture and mix water are presented. The results of the
previous hydration study are also compared to the hydration behaviour of OPC
sonicated with 3 different nano-materials (nanoparticulate calcium carbonate and
ultra-high surface area alumina and titania). Microscopic evidence for classical
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reinforcing behaviour is described and the implications of reinforcing by bundles
of SWCNT, as opposed to individual nanotubes, are discussed. The results are
used to provide further insight into the nucleation mechanisms behind the ob-
served effects of SWCNT on OPC hydration. Finally, the implications of the two
different methods of dispersing SWCNT on the ability of the SWCNT to reinforce
hydrated cement matrices are discussed.

1.1 Effects of SWCNT on the Hydration of Sonicated OPC

An extensive study of the hydration of OPC sonicated with SWCNT in isopropa-
nol has been published elsewhere [Makar and Chan 2009]. In summary, sonication
of OPC alone reduced the maximum heat flow and retarded its timing
compared to the as-delivered OPC control. Secondary C;A and C4AF reactions
[Pratt and Ghose 1983, Makar and Chan 2008] were suppressed or spread out in
time compared to the control. The SWCNT bundles accelerated the hydration re-
action compared to both the control as-delivered OPC and OPC sonicated alone.
They also produced a higher maximum heat flow. The heat generated by the sec-
ondary C3;A and C,AF reactions was similar to that in the as-delivered OPC, not
the OPC sonicated alone.

This behaviour was attributed to the SWCNT appearing to act as nucleating
sites for the C;S hydration reactions, with the C-S-H forming directly on the
SWCNT. As a result, the C-S-H formed a network on the surface of the OPC
grains before growing away from the surface. Evidence of fiber pullout was ob-
served in the sample material by 24 hours of hydration. No evidence was observed
for C;A hydration products forming on the SWCNT bundles, but the ettringite
formed in the initial hydration processes did have a reduced aspect ratio compared
to the control samples, suggesting that the presence of the SWCNT inhibited their
growth.

Two different mechanisms were proposed to explain the nucleating effect of the
SWCNT. First, it is possible that electrostatic behaviour drove the nucleation
process. Both the attractive force of image charges due to the local presence of
ions and trapping of water molecules by polarization effects may have occurred.
Secondly, it is also possible that metallic ions (i.e. Ca®*) may have been adsorbed
on the SWCNT. In either case, the trapping of some of the constitutents necessary
for C-S-H formation against the SWCNT resulted in the observed nucleation
effects.

2 Experiment

2.1 Materials

Samples were prepared from GU type (US type 10) ordinary Portland cement
(OPC) produced by Lafarge Canada or from monoclinic tricalcium silicate
(3Ca0-Si0, or C;S) supplied by CTL Inc (Skokie, IlI). Details of the OPC
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composition have been given elsewhere [Makar and Chan 2008]. Single walled
carbon nanotubes from two sources were used. Work on evidence for classical re-
inforcing behaviour was primarily conducted using SWCNT produced by Carbon
Nanotechnologies (USA, now Unidym), with a diameter of ~1.0 nm and typical
lengths of 0.1 to 1 pum. These SWCNT were produced using the HiPCo method
and acid purified [Chiang et al. 2001]. Samples used to investigate reinforcing be-
haviour had at 2% by mass SWCNT content added to the OPC. Work on hydra-
tion behaviour and confirmation work on classical reinforcing behaviour was
conducted using SWCNT produced by the National Research Council Canada us-
ing laser ablation [Kingston et al. 2004] and purified using a solvent based method
[Kingston, et al. In preparation]. Alumina and titania nanomaterials were supplied
by Nanoscale Materials Inc (Manhattan, KS). The alumina was amorphous and
had a surface area of 550 m”/ g, while the titania had a surface area of greater than
400 m?/ g and a crystallite size of less than 20 nm. Reagent grade CaCO; nanopar-
ticles were supplied by READE (Riverside, RI). They had typical diameters on the
order of 50-100 nm and a surface area of 20.5 m*/g. The nanomaterial content was
2% of the mass of the OPC in each blend investigated.

2.2 Dispersion of SWCNT for Use in Cementitious Composites

Dispersion of nanomaterials is one of the key issues facing the development of all
nanocomposites. Nanomaterials need to be evenly dispersed in the matrix material
in order to produce repeatable and consistent effects. Well dispersed nanomateri-
als may also be expected to produce desirable properties with a lower mass con-
tent. Successful dispersion may, however, also be difficult to obtain as the very
high surface areas of nanomaterials can cause them to adhere together due to elec-
trostatic effects and van der Waals forces. The latter effect is particularly impor-
tant in SWCNT due to their highly ordered structure. The van der Waals forces
between SWCNT have been estimated to be as high as 11 GPa [Vodenitcharova et
al. 2007].

There are additional complications in the dispersion of SWCNT for use in a
cementitious matrix. SWCNT are hydrophobic and will not readily disperse in mix
water. At the same time, the organic solvents where SWCNT are known to dis-
perse [Ausman et al. 2000] may be undesirable in cementitious systems.

Despite these difficults, at least two methods have been used to disperse
SWCNT in cementitious systems. The first, dispersion by sonication, has been
discussed in detail elsewhere [Makar and Chan 2009]. The second method, disper-
sion in cement admixtures, will be addressed below. The results presented later in
this chapter are, however, drawn from samples prepared with both methods. The
first method is more useful for investigating interactions between the cementitious
material and the SWCNT, while the second is likely more practicable for produc-
ing larger samples and production materials.

Cement admixtures are particularly desirable as dispersing agents since their
behaviour in cementitious systems is already well understood. In addition,
once the SWCNT are dispersed in the admixture, the mixture can, in principle, be
added to the mix water and cement as would be the case for the admixture alone.
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The literature reports that polycarboxylate superplasticizers have been used suc-
cessfully to disperse multiwalled carbon nanotubes (MWCNT) [Campillo et al.
2004, Ibarra et al. 2006, Li, et al. 2005, Xiang et al. 2005] in cementitious sys-
tems. Tests were therefore conducted on dispersing SWCNT using a variety of
different cement admixtures (Tab. 1). In all cases sonication was employed to
break up bundles of the purified SWCNT and the maximum allowable concentra-
tion of the admixture was used.

Table 1 Admixtures investigated as means of dispersing SWCNT

Admixture [Manufacturer Composition Application

Air Extra  [Euclid Chemicals, [Sulfonated fatty acids |Air Entrainment
Cleveland, OH
Eucon 37  |Euclid Chemicals, [Naphthalene sulfonate [Superplasticizer
Cleveland, OH

Eucoplast  |[Euclid Chemicals, [Melamine Superplasticizer

911 Cleveland, OH

Glennium  [BASF, Cleveland, [Polycarboxylate High-Range Water-

3400 OH Reducing Admixture

Disal Handy Chemicals, [Poly-naphthalene sul- [Superplasticizer
Candiac, QC fonate sodium salt

Despite the success of the polycarboxylate superplasticizer in dispersing
MWCNT, it was not found to be effective in preventing the SWCNT from clump-
ing together again in bundles once sonication had ceased. The air entraining agent
and the two Euclid supplied superplasticizers were also unsuccessful. The
SWCNT were, however, found to be readily dispersable [Makar and Chan 2009,
Makar et al 2005] in Disal at a concentration of 8 g/L.. SWCNT sonicated in Disal
and water at that concentration were found to be evenly and stably dispersed,
forming a black liquid that showed increasing viscosity with increasing SWCNT
content. A maximum SWCNT content of 3% of the mass of the mix water was
found to be possible before the dispersion was too stiff to be readily mixed with
cement. The dispersion was found to be quite stable, remaining fluid and well dis-
persed for over a year from the date of production.

2.3 Procedure

Two methods of dispersing nanomaterials were used. In the first, single walled
carbon nanotubes and nanomaterials were dispersed on the OPC by following a
procedure originally developed for use in dispersing carbon nanotubes in alumina
composites [Zhan et al. 2002]. Mixtures of unhydrated OPC and each of the vari-
ous nanoscale materials were placed in small glass jars. Each sample was then
sonicated using an high intensity ultrasonic processor (model VCX600, Sonics
and Materials, Newtown Connecticut) in isoproponal for 4 hours to evenly
disperse the nanoscale material. Sonication took place in an ice bath to avoid
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overheating the sample. The jars were sealed around the sonicator probe during
the sonication process to avoid release of the nanomaterials. All work was done in
a fume hood to provide additional environmental protection. Past work has shown
that the sonication in isopropanol procedure used here disperses the SWCNT in
bundles of a few SWCNT [Makar and Chan 2009].

Sonicated samples were vacuum dried in a specially designed glassware system
in order to prevent carbonation of the samples and nanoparticulate release. Sam-
ples were then checked by scanning electron microscopy to ensure that the nano-
materials had been adequately dispersed on the surface of the OPC grains.
Between 2 and 5 grams of the resulting materials were then hydrated for 7 days at
0.5 w/c ratio for seven days using ultrahigh purity (>1 ppm contaminant) water
(Anachemia, Inc.). Hydration characteristics were measured using isothermal con-
duction calorimetry (TA Instruments, New Castle, Delaware).

Hydration of the samples was stopped by washing in isopropanol. Samples
were then vacuum dried and stored under vacuum until needed. They were broken
up in a mortar and pestle by hand and the fracture surfaces imaged using high res-
olution scanning electron microscopy (Hitachi S-4800). Typical imaging condi-
tions were a 1.2 keV accelerating voltage, a 2.5-3 mm working distance and 7 uA
emission current. Imaging was done under high vacuum conditions in order to ob-
tain the maximum possible resolution. A discussion of the advantages and disad-
vantages of using this approach to imaging hydrated OPC samples is given
elsewhere [Makar and Chan 2008]. Samples were typically imaged at 40-50,000x
magnification, but magnifications as high as 180,000x were used as appropriate.
Although the theoretical limit of the resolution of the instrument is ~1 nm, experi-
ence has shown that the practical resolution of the instrument in cement samples is
on the order of ~ 3 nm. Individual SWCNT were therefore unlikely to be seen, but
it was possible to image bundles of SWCNT with widths of 3 or more SWCNT.
The higher diameter nanoparticles used in the research were easily resolved.

In the second method, SWCNT were sonicated in a solution of 8 g/L Disal in
ultrahigh purity water, a commercial poly-naphthalene sulfonate sodium salt su-
perplasticizer. Concentrations of SWCNT ranged from 0.5% by mass of water to
3%. The resulting dispersion was then mixed with both OPC and commercially
produced tricalcium silicate (C;S) at 0.5 w/c, resulting in SWCNT/cementitious
material ratios of 0.25% to 1.5% by mass. Samples were again hydrated for 7 days
in an isothermal conduction calorimeter.

3 Effects of SWCNT and Other Nanomaterials on the
Hydration of C;S and OPC

3.1 Comparisons between the Hydration Effects of SWCNT and
Other Nanomaterials in Sonicated Systems

One route to improved understanding of the nucleating effects of SWCNT is by
comparison to the effects produced by other nanomaterials. Isothermal conduction
calorimetry measurements on OPC sonicated with three different nanomaterials
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are shown in Fig. 1. The OPC was from the same source as the previous work with
SWCNT [Makar and Chan 2009]. The three nanomaterials were chosen both for
high surface areas and because they were not expected to form reaction products
with the hydrating OPC. There were, however, several significant differences be-
tween the nanoparticles and SWCNT. All of the comparison nanomaterials were
non-conducting, had lower surface areas than the SWCNT and had much lower
aspect ratios. The nano-alumina and nano-titania were also in the form of agglom-
erated particles with total sizes on the order of 5 um.

A detailed discussion of the mechanisms behind the results in Fig. 1 will be
presented elsewhere [Makar and Chan, in preparation]. In comparison to Figure 1
in Makar and Chan [2009], however, examination of Fig. 1 above shows that the
extent of the differences between effect of the SWCNT on the hydration process
and that observed for other nano-materials. As would be expected from previous
work [Sato and Beaudoin 2006, Sato and Beaudoin, in submission], the nano-
calcium carbonate additions produce an acceleration of the hydration process. The
development of the heat flow was otherwise similar to that produced by the hydra-
tion of the OPC sonicated alone. The nano-alumina produced more complex be-
haviour, with a higher maximum heat flow than any of the other sonicated sam-
ples. In addition, the early heat generated by the hydration of the OPC sonicated
with the nano-alumina suggests that the addition of that nanoparticle nucleates
C;A hydration reactions. Finally, the sonication of nano-titania with the OPC both
retards the hydration reactions and reduces the maximum heat flow generated dur-
ing hydration.

!-' . ————— As-delivered OPC
Sonicated OPC

\ — — — - OPC sonicated with Nano-alumina
N ereeneneens OPC sonicated with Nano-titania
3 I - N | OPC sonicated with Nano-calcium carbonate

Heat Flow (m\W/g)

Time (hours)

Fig. 1 Heat flow generated by OPC sonicated for 2 hours with and without 2% nanoparticle
additions
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The effects on OPC hydration produced by the presence of the nanomaterials
differed from those reported previously for SWCNT [Makar and Chan 2009] both
in terms of magnitude and quality. None of the nanomaterials accelerated the hy-
dration reactions compared to the as-delivered control OPC, nor did they produce
higher heat flows. Both characteristics were observed for the OPC sonicated with
SWCNT [Makar and Chan 2009]. In addition, the pattern of the heat flow genera-
tion by the samples sonicated with nanomaterials was, in general, similar to that of
the OPC sonicated alone, with the exception being the early heat flow of the OPC
sonicated with nano-alumina. The OPC sonicated with SWCNT had the same
general behaviour as the control, unsonicated OPC.

3.2 SWCNT Nucleation Mechanisms

The heat flow measurements in Fig. 1 tend to argue against adsorption as the
dominant mechanism behind the observed nucleation effects produced by
SWCNT during OPC hydration processes. All of the nanomaterials in Fig. 1 were
non-conductive, eliminating electrostatic effects as a possible nucleation mecha-
nism in their case. Adsorption, however, would remain a possible factor in the hy-
dration of the OPC in the presence of the nanomaterials. In fact, it is possible that
the retarding effect of the nano-titania was due to adsorption of the ions in the
solution on to the surface of the titania, preventing them from taking part in the
hydration reactions. While one would expect different degrees of effect from the
different nanomaterials if adsorption is the predominant nucleating mechanism,
one would still expect to see the same general hydration behaviour in each case.
The differences between the hydration behaviour of the samples sonicated with
SWCNT and those sonicated with the nanomaterials instead suggests that nuclea-
tion effects in the former be attributed to the electrostatic mechanisms that rely on
the metallic properties of the SWCNT.

A second line of evidence against the adsorption of metallic ions as a nuclea-
tion mechanism is the relative disparity between the nucleation of C-S-H and
Ca(OH), on the SWCNT bundles. Only one example of Ca(OH), nucleating on
SWCNT was observed (Fig. 2), with all other episodes of crack bridging occuring
in C-S-H. In addition, examination of SWCNT bundles on OPC surfaces during
the early stages of hydration did not show evidence of Ca(OH), forming around
the SWCNT. Although Ca(OH), appeared to be less common on the surfaces of
OPC during the early stages of hydration than is C-S-H [Makar and Chan 2008,
Makar et al. 2007], it was readily identified when it did form. Investigation of the
effect of SWCNT on the formation of Ca(OH),, however, has shown that the same
amount of Ca(OH)2 was present in samples with and without SWCNT when the
same amount of hydration had occurred [Makar and Chan 2009]. The three obser-
vations together suggest the SWCNT may be preferentially nucleating C-S-H,
with the Ca(OH), forming elsewhere in the system.

It is this relative imbalance between formation of C-S-H around SWCNT bun-
dles and Ca(OH), that supports the prevalence of electrostatic effects as a nuclea-
tion mechanism. Electrostatic effects would be expected to cause both Ca®* and
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Fig. 2 Crack bridging in Ca(OH), crystal (2% SWCNT, 7 days hydration)

Si** ions to nucleate on the SWCNT surfaces. On the other hand, adsorption of
metallic ions would be expected to primarily nucleate Ca**. In that case, a prefer-
ential formation of Ca(OH), would be the most likely outcome, not of C-S-H.

3.3 Effect of Distribution of SWCNT in Disal on the Hydration
Of C 3S

While the effect of SWCNT on the hydration of sonicated OPC was found to be
due to electrostatic nucleation effects, other factors came into play when the hy-
dration behaviour of SWCNT/Disal/cement systems were considered. Fig. 3
shows isothermal calorimetry data for C;S hydrated with and without the presence
of Disal and SWCNT. SWCNT content is shown as a percentage of the mass of
the C;S in the mix (i.e. half the percentage of SWCNT by mass of mix water).

As would be expected in a pure C;S system, the concentration of Disal used in
mix water greatly delayed the hydration process. Adding increasing amounts of
SWCNT to the mix appears to counteract the retarding effect of the Disal. At 1.5%
SWCNT content the hydration process has been accelerated to the point where it
is only marginally delayed compared to the control sample without Disal. The ap-
parent acceleration compared to sonicated Disal alone that was produced by the
presence of the SWCNT in Fig. 4 was far larger than that seen for samples where
the SWCNT were dispersed by sonication [Makar and Chan 2009].

The concentration of SWCNT in the mix to the time of the maximum heat flow
of the sample is compared in Fig. 4. The individual data points can be readily
fitted to a decaying exponential curve with the empirical equation:
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t..=7.73+29.7¢"¢ (1)

where t,,, is the time of the maxima in heat flow in hours and C is the concentra-
tion of SWCNT as a percentage of the mass of C;S. The fitted curve has an r’=
0.994.
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Fig. 3 Effect of SWCNT dispersed in sonicated Disal on C;S hydration reactions

It is interesting to note that the asymptotic value of the fitted curve is below the
time of maximum of the heat flow of the sample without Disal. As shown in
Fig. 4, a concentration of ~2.25% by mass SWCNT should be sufficient to elimi-
nate the delay induced by the presence of the Disal. This estimate could not be
confirmed experimentally due to the inability to mix C;S with mix water contain-
ing higher concentrations of SWCNT. Fig. 4 also suggests that further additions of
SWCNT beyond 2.25% by weight would produce a slight accelerating effect, with
a maximum acceleration of ~1 hour at the asymptotic value compared to the C;S
alone. This result compares to the ~2 hour acceleration due to enhanced nucleation
effects seen for OPC sonicated with 1% SWCNT [Makar and Chan 2009].

Comparison between the previously published results on OPC sonicated with
SWCNT [Makar and Chan 2009] and those here suggests that the major effect on
the hydration of the C;S/sonicated Disal system was not due to SWCNT acting as
nucleating sites for the hydration reactions. Instead, the acceleration would appear
to have been due to the interaction of the Disal with the SWCNT inhibiting the
Disal/C;S interaction. A separate experiment (not shown) indicates that increasing
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Fig. 4 Change in timing of maxima in heat flow due to the presence of SWCNT dispersed
by sonication in 8 g/L Disal.

Disal content in a pure C3S system results in an exponential growth of the timing
of the heat flow maximum. An exponential decay in the timing of the heat flow
maximum would therefore be expected if the SWCNT were inhibiting the interac-
tion of the C;S and Disal.

The loss of interaction with the C5S in turn suggests that the Disal may be dis-
persing the SWCNT by wrapping individual nanotubes or bundles. If the Disal
molecules were taken up in this form, they would no longer be able to interact
with the C;S. Examples of other molecules wrapping SWCNT can be found in the
literature [Narimatsu et al. 2006, Stranos 2006].

3.4 Effect of Distribution of SWCNT in Disal on the Hydration
of OPC

Although the effect of SWCNT/Disal combination was pronounced in C;S sys-
tems, Fig. 5 shows that it was significantly reduced in OPC mixes. In addition, the
monotonic progression in effect seen in Fig. 4 was not apparent. Instead,
SWCNTs between 0.25 and 1.5% by mass all had approximately the same effect
on the time of the OPC’s major C3;S hydration reaction. The presence of the
SWCNT also appeared to accelerate and possibly enhance the secondary C;A and
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Fig. 5 Effect of SWCNT dispersed in Disal on OPC hydration reactions

C,4AF reactions [Makar and Chan 2008, Pratt and Ghose 1983]. These reactions
are marked by arrows in Fig. 5 for the control samples without SWCNT and by
stars for the samples with SWCNT. The heat flow reached a maximum value for
both the main C;S reaction and the secondary reactions at 0.5% by mass SWCNT
concentration and fell off with increasing concentration.

The acceleration of the secondary reactions in the OPC/SWCNT/Disal system
was in direct contrast to the results of the previous work using isopropanol disper-
sion. There, evidence was provided that the presence of the SWCNT altered the
aspect ratio of ettringite formed by very early hydration reactions. No evidence for
nucleation of ettringite or other aluminate hydration products was seen and the
secondary reaction peak did not appear to be significantly altered from that of the
control sample without sonication.

The results of Fig. 5 in comparison to Fig. 3 and the earlier work [Makar and
Chan 2009] suggest that although the Disal was taken up by the SWCNT, with a
resulting reduction on the effect of the Disal on C;S hydration, the superplasticizer
was still adsorbed on the C3;A surfaces despite the presence of the nanotubes. As a
result, the aluminate reactions were enhanced.

The results in Fig. 3 to 5 have a number of implications for the mechanical per-
formance of SWCNT/cement composite materials. As will be discussed in more
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detail below, the nucleation of C-S-H on SWCNT in sonicated samples appears to
produce a high degree of mechanical bonding between the two materials. This
bonding would be expected to contribute to the development of classical reinforc-
ing behaviour in the composite materials. If the Disal was wrapping the SWCNT,
as suggested by Fig. 3 and 4, nucleation of C-S-H on the SWCNT would be inhib-
ited, potentially reducing the extent of bonding between the two materials. Mor-
ever, if the Disal/SWCNT mixture was preferentially adsorbed on the calcium
aluminate surfaces, the results may have been an uneven distribution of SWCNT
throughout the matrix. This effect would be expected to be deterimental to the per-
formance of the SWCNT as reinforcement. Not only would areas of minimal rein-
forcement exist in the matrix, but a sufficiently high concentration of SWCNT in a
small number of locations might even act as a crack former in the matrix.

4 Reinforcing Behavior in SWCNT Composites

4.1 Evidence for Classical Reinforcing Behavior

4.1.1 Classical Reinforcing Behaviour

Non-continuous fibers reinforce matrices by absorbing some of the energy associ-
ated with crack formation and propagation. Classical microscope evidence for re-
inforcing behavior by fibers is generally considered to include three different
types of behaviour:

o crack bridging (Fig. 6a), where cracks that would otherwise propa-
gate through a matrix are shown to be crossed by fibers;

. fiber pull-out (Fig. 6b) where larger cracks have caused fibers to
leave the matrix; and

o crack deflection (Fig. 6¢), where a crack that does not cross the fibers
is still deflected around them, rather than propagating in an essen-
tially straight line.

Crack bridging and fiber pull out absorb energy as the bond between the fiber and
the matrix is broken and the two materials pull away. Crack deflection absorbs en-
ergy due to the increased path length of the crack as it goes around the reinforce-
ments. It is also possible for cracks to be deflected to an extent that they no longer
propagate perpendicularly to the direction of loading on the composite
material, requiring additional energy to continue the failure process.

4.1.2 Reinforcing Behaviour in SWCNT/OPC Composites

All three classical reinforcing mechanisms were observed in SWCNT/OPC com-
posites. Crack bridging was particularly common, being observed in almost all
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Fig. 6 Schematic Representation of Fiber Reinforcement Mechanisms
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samples hydrated for a day or more. A small section of a particularly striking
example of crack bridging can be seen in Fig. 7. Here a crack had propagated in a
zig-zag pattern across a | mm wide particle of cement paste. Typical widths of the
crack were less than 1 um and additional cracks branched away from it where it
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Fig. 7 Crack bridging and fiber pull out (white arrow) in SWCNT/OPC composite (2%
SWCNT, 7 days hydration)

changed direction. SWCNT bridged the crack throughout its length and had
clearly held the two pieces of the grain together, preventing a complete fracture.

An individual example of fiber pull out is also indicated by the arrow in Fig. 7. Fi-
ber pull out was relatively easy to detect during the early stages of hydration [Makar
and Chan 2009], but was much less readily observed in sample hydrated for longer
periods such as are shown here. It is possible that the lack of observed SWCNT pull
outs was due to the adhesion of the pulled out fibers to the matrix along the fracture
surface, making observation by SEM difficult. However, other explanations lie in the
distribution of the SWCNT on the surface of the OPC grains and the behaviour of the
SWCNT bundles. These points will be discussed further below.

As noted earlier, while almost all incidents of crack bridging were seen in
C-S-H, cracking bridging was also seen in a fractured calcium hydroxide crystal (Fig.
2), which was large enough for positive identification by X-ray dispersive spectros-
copy in the SEM. This image was particularly significant as it demonstrates that the
ability of SWCNT to nucleate hydration reactions was not limited to the formation of
C-S-H alone.

The two different examples of crack bridging also show differences in the condi-
tion of the SWCNT. In Fig. 7 the nanotube bundles were clearly under tension, with a
very linear appearance. In Fig. 2 some of the bundles are also linear, but more appear
relaxed, suggesting that the two parts of the Ca(OH), crystal had moved together
somewhat after the fracture had taken place.

One feature both images have in common is that the ends of many of the bun-
dles branched apart where they were attached to the fracture surfaces. This effect
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may be due to the way in which the SWCNT bundles were distributed over the
surface of the OPC grains. SWCNT bundles distributed by sonication often inter-
sect or overlay each other (Fig. 8). The appearance of the SWCNT in Fig. 7 and
Fig. 2 suggests that these contacts are not affected by the hydration process.

Crack deflection (Fig. 9, solid arrows) was also seen in the samples, although
again less commonly than crack bridging. It was more obvious in those samples
with lower quality of dispersion, where the bundles were thicker and more closely
located together. The adhesion of the bundles to the surface of the C-S-H is in-
dicative of a deflection process. As mentioned earlier, SWCNT have elastic
moduli of around 1 TPa and, as a result, tend to stand away from the C-S-H once
pulled out of the matrix. The dashed arrow in Fig. 9 indicates an example of such
a pulled out bundle.

4.1.3 Comparisons to Fracture Surfaces in Control and Other Samples

Comparisons between the OPC-SWCNT composite fracture surfaces shown in
section 4.1.2 and those created when other hydrated nanomaterial/OPC blends
were fractured help to highlight the importance of the SWCNT in modifying the
structure of the C-S-H and in creating reinforcing behaviour. A typical fracture
surface for a control sample of OPC sonicated alone and then hydrated for 7 days
is shown in Fig. 10, while Fig. 11 to 14 show the effects of addition of the nano-
alumina, nano-calcium carbonate and nano-titania.

el

Fig. 8 SWCNT distributed by sonication on OPC surface (1% SWCNT by mass), showing
overlaps and intersections of nanotube bundles
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Fig. 9 Crack deflection (solid arrows) and fiber pullout (dashed arrow) in SWCNT/OPC
composite

Fig. 10 Typical fracture surface for OPC sonicated in isopropanol (7 days hydration), show-
ing Ca(OH), crystal (arrow)
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Details about the fracture samples and their analysis will be given elsewhere
[Makar and Chan, in preparation]. In general, however, the fracture surfaces at 7
days of hydration of OPC sonicated alone showed a mixture of Ca(OH), and C-S-
H, with C-S-H predominating. In the case of Fig. 10, a small amount of calcium
hydroxide was seen (arrow, identified by morphology), with most of the image
taken up by the C-S-H. Other images showed more massive Ca(OH), structures.
Some images showed ettringite crystals with aspect ratios of 10 or more, which
appear to have formed in pores in the structure. The overall structure appeared to
be dense at the scale examined.

In contrast, the structure of the fracture surfaces of the OPC sonicated with 2%
nano-alumina (Fig. 11) after 7 days of hydration appeared to be less dense, with
larger pores visible on the surface. The fracture surfaces themselves were rougher,
with a number of images having multiple features similar to that indicated by the
arrow in Fig. 11. Both ettringite and Ca(OH)2 were less visible along the fracture
surfaces.

Fig. 11 Typical fracture surface for OPC — 2% nano-alumina composite (7 days hydration),
showing typical surface texture (arrow)

The images of the fracture surfaces of the OPC sonicated with 2% nanocalcium
carbonate (Fig. 12) had a similar density to that for the OPC sonicated alone.
However, the overall surfaces were rougher than the OPC sonicated alone and
there was a much higher prevalence of ettringite on the fracture surfaces (82% and
21% of the images of samples with and without nanocalcium carbonate, respec-
tively). None of the images from the nanocalcium carbonate samples show frac-
tures exposing Ca(OH),.
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Fig. 12 Typical fracture surface for OPC — 2% nano calcium carbonate composite (7 days
hydration) showing ettringite (rods) and C-S-H

Fig. 13 OPC - 2% nano-titania composite fracture surface with massive Ca(OH), (7 days
hydration)
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Fig. 14 OPC - 2% nano-titania composite fracture surface with C-S-H (7 days hydration)

Finally, the images of the fracture surfaces from the 7 day hydration samples of
OPC sonicated with 2% nano-titania showed either large quantities of Ca(OH),
(Fig. 13) or relatively dense C-S-H (Fig. 14). The latter surfaces were not dissimi-
lar to those seen for hydrated OPC that was sonicated alone. The prevalence of
massive Ca(OH), was, however, higher than in any of the other samples.

The observed prevalence of the hydration products discussed above should not
be taken to represent the actual distribution of C-S-H, Ca(OH), or ettringite in the
samples. Instead, it indicated only what is present along the line of fracture of the
samples. With that condition in mind, an analysis of the images suggests that the
individual grains of cement in the samples hydrated in the presence of the nano
calcium carbonate and the nano-alumina were less well bonded together than the
control sample of OPC hydrated alone and the sample hydrated in the presence of
nano-titania. In addition to the differences in structure and surface texture de-
scribed above, fracture of the latter two samples produced larger particles, indicat-
ing the presence of a tougher matrix.

Despite the differences between the different fracture surfaces described above,
all of the four samples had greater similarities to each other than they had to the
surfaces of the OPC sonicated with 2% SWCNT samples. As shown in Fig. 7 and
9, the presence of the SWCNT creates a dense matrix with a smoother fracture
surface than the other samples. The broken pieces of the matrix were typically
much larger than those of the other samples, being in some cases millimeters, ra-
ther than micrometers across. Most significantly, no evidence was seen in the
other samples of significant cracking such as shown in Fig. 2 and 7. Once cracks
had formed in those samples they appear to have propagated through the matrix,
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causing complete fracture. It was only in the samples containing SWCNT that the
crack growth was arrested.

4.2 Evidence for Strength of Bond

Two types of qualitative evidence were observed in SEM images of SWCNT/OPC
composite fracture surfaces. In some cases two pieces of the composite material
had fractured entirely and remained connected by bridging SWCNT. Subsequently
the distance between the pieces of matrix decreased, causing the SWCNT to relax.
As a result of the two pieces of the sample moving together, the SWCNT bundles
develop curves or bends. SWCNT have elastic moduli of 1 TPa [Salvetat et al.
1999] and a tight bend is therefore indicative of considerable stored energy in the
bundle. An equivalent amount of energy would need to be available in the bond
between the SWCNT bundle and the matrix in order to prevent the bundle from
detaching.

Examples of this process can be seen in Fig. 15, where a pair of SWCNT bun-
dles are shown in the center of image. Both bundles were highly curved and it
was not obvious which sections of the bundles are continuous with each other.
Closer examination suggested the connections shown by the arrows. The two
ends of the bundle marked by the solid arrows and the lower end of the bundle
marked by the dashed arrows were attached to C-S-H structures that are in the
same approximate focal plane as the bundles themselves, suggesting that the tight
curvature seen in the former bundle was real and not an artifact of the angle of

Fig. 15 Adhesion of SWCNT ropes to OPC surface (arrows of same type indicate continu-
ous SWCNT bundles)
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imaging. The bundle marked by the dashed arrows, however, appeared to become
narrower as it moves towards its upper contact with the C-S-H, suggesting that its
curvature may have been less than would be estimated by direct measurement on
the image.

Two other types of bending experienced by SWCNT bundles in cement matri-
ces are shown in Fig. 16. Here the bundles were again bridging a gap between two
pieces of C-S-H. These bundles were thicker and had not been as well distributed
as those discussed in Makar and Chan [2009] and it was possible that they were
present in sufficient concentration to act as a crack former, rather than a rein-
forcement. They do, however, clearly illustrate several important points about the
interaction between the C-S-H and the SWCNTs.

The appearance of the gap and the SWCNT between the pieces of C-S-H sug-
gests that they may have rotated slightly as well as being pulled apart. Bundle 1 in
Fig. 16 appeared to be curved or buckled in the middle, while the remaining bun-
dles were either straight or pulled completely apart. In addition to the curvature in
the bundle 1, all of the bundles showed curvature towards the point of contact with
the C-S-H. This effect appeared to be due to each bundle being anchored at a
number of places on or in the C-S-H, but held together by van der Wahl’s forces
in the centre of the bundle. The bending of the SWCNT bundles also suggests a
considerable amount of energy was stored in the bundles, again indicating a strong
bonding situation.

O MR

Fig. 16 SWCNT bundles in the process of being pulled apart

The bundles in Fig. 16 also provide another indication of the strength of bond
between the SWCNT and the C-S-H. While bundle 1 was curved and bundle 4 was
straight and appears to be under some degree of tension, bundles 2, 3 and 5 appear
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to have been pulled apart at the time of the separation of the C-S-H. In each case
corresponding bundle ends, appearing to thin to a lower number of SWCNT, can be
seen at the top and bottom of the image. The ends of the separated bundles did not
precisely align with each other, likely due to the bundles deflecting to minimize
their energy once the two parts of the bundle hand separated. Fig. 17 shows a
schematic of the separation process.

Individual SWCNT are held in bundles by van der Waal’s forces, which have
been estimated as being as high as 11 GPa. While it is impossible to determine
from the images the degree to which the individual SWCNT contacted each other,
the adhesion of the bundles to the C-S-H when fracture occurs, rather than to other
SWCNT, again suggests that the two materials were strongly bonded together.

The apparent degree of bundle to matrix adhesion, as opposed to SWCNT to
SWCNT adhesion, was particularly significant when the effect of the size of the
bundles was taken into consideration. The strength of bond between the matrix
and a SWCNT bundle, as opposed to a single SWCNT, is dependent on the
amount of surface contact between the bundles and the matrix. A thicker bundle,
with more SWCNT, will have proportionately less contact than a thinner bundle.
Bundles of more than 6 SWCNT would be likely to have more SWCNT to
SWCNT contact by surface area than SWCNT to matrix. The fact that the
SWCNT remained attached to the matrix even when in the form of the relatively
thick bundles seen in Fig. 16 also helps to emphasize the strength of the
SWCNT/matrix bond.

c

Fig. 17 Separation of a SWCNT bundle into two due to fracture of C-S-H matrix. SWCNT
bonded to each side of the fracture (A) slide apart as the crack grows (B), eventually sepa-
rating entirely (C).

It is worth noting that the branched bundles seen in Fig. 16 may be advanta-
geous with respect to bonding and reinforcement. A branched system would be
expected to have greater contact with the matrix than a single linear bundle with
the same total number of SWCNT. Secondly, the branches mean that the applied
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forces producing the crack may not necessarily be aligned perpendicularly to the
SWCNT in the matrix even if they are aligned perpendicularly to the crack, reduc-
ing the effective load applied to the SWCNT and their bond with the matrix.

While examination of the SEM images provides qualitative information on the
strength of the C-S-H/SWCNT bond, direct measurement of the strength of bond
between a matrix material and SWCNT is a difficult undertaking. Examples in the
literature have relied on attaching one end of an individual nanotube to an AFM
probe or other structure and immersing it in unhardened matrix material [ref]. This
method can work well when bonds are expected to be weak, but in the case of a
well bonded material the results may be affected by changes in the attachment be-
tween the sample support structure and the SWCNT as well as the matrix.

Another approach would be to calculate the apparent strength of the bond based
on SWCNT or SWCNT bundle deflections. This method uses the known 1 TPa
value of the elastic modulus of the SWCNT [Salvetat et al. 1999] and the esti-
mated curvature of bent SWCNT to estimate the energy associated with the inter-
action between the matrix and the nanotubes. In principle, this calculation could
produce quantitative results for bond energy, but there several issues limit its util-
ity. First, determination of degree of curvature is limited by the quality and nature
of the images involved. This issue has been discussed above with respect to
Fig. 15. Secondly, precise estimates of the number of SWCNT in a bundle can not
be obtained from this form of SEM imaging. Finally, it is impossible to determine
the extent to which the SWCNT bundles penetrate the surface of the C-S-H. As a
result, there is no way to determine the precise length of SWCNT bonded to the
C-S-H. In the case of the sliding behaviour shown in Fig. 16, the second and third
limitations also apply. In particular, it is certainly possible that there are more
SWCNT attached to C-S-H than were present in the center of the bundle.

Given these limitations the best estimate that can be made of the bond strength
is that it is likely within an order of magnitude of the van der Waals forces holding
the SWCNT bundles together. This estimate arises directly from the behaviour
shown in Fig. 16 and 17, where the ends of the bundle remain attached to the ma-
trix, rather than one end completely detaching from the matrix. This estimate in
turn suggests that the bonding between the matrix and the SWCNT bundles
may itself arise from van der Waals forces. If this is indeed the case, the C-S-H
immediately around the SWCNT may be significantly more ordered than the bulk
material. Further work, particularly using high resolution transmission electron
microscopy, is needed to investigate this possibility.

4.3 Implications of Methods of Dispersion for Composite
Performance

The apparent high degree of bonding between the SWCNT bundles and the matrix
suggests a corresponding degree of reinforcing capability. Fully taking advantage
of that capability requires dispersing the SWCNT as evenly as possible throughout
the C-S-H matrix. The cement hydration process, where outer product grows
outward from the surface of the grain and inner product forms underneath it limits
the locations where reinforcement can take place. Reinforcement is likely to be
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limited to the outer product unless the reinforcing material can remain in solution
and is sufficiently small that it can be carried into the inner product zone before
diffusion of ions through the existing hydration products becomes the predominant
hydration mechanism [Taylor, 1997].

Neither of the two methods of dispersing SWCNT discussed here is likely to
provide a means of reinforcing the inner product. Depositing the SWCNT on the
grain surface accelerates the onset of the hydration reactions and provides local-
ized reinforcing behaviour, but once the hydration products have covered them,
any remaining product that forms between the cement grains will not be directly
reinforced. Similarly, dispersing SWCNT or nanoparticles in superplasticizer ap-
pears to be likely to cause concentrations of the nanomaterial on or near C3A in
the unhydrated OPC. The remainder of the OPC is likely to experience a reduced
degree of reinforcement, with bonding potentially hampered by the superplasti-
cizer itself.

It is certainly possible that other methods of dispersion of carbon nanotubes
and/or other nanomaterials could be developed to position them so that they would
stand perpendicularly away from the surface (in the case of nanotubes or nano-
rods) or remain suspended in the hydration water. Such processes would still leave
the inner product region unreinforced, but would improve the extent of outer
product reinforcement.

5 Conclusions

At the microscopic level, SWCNT/OPC composites showed evidence of classical
reinforcing behaviour in the form crack bridging, fiber pullout and crack deflec-
tion. This reinforcing behaviour occured even when the SWCNT were present in
the form of bundles, rather than individual nanotubes. The high degree of adhesion
between SWCNT in a bundle means that separation of a bundle during crack for-
mation acts as a fourth form of reinforcing mechanism, with energy being ab-
sorbed as the van der Waal’s forces holding the bundle together are overcome.

The ability of the hydrated OPC matrix to remain attached to the ends of the
SWCNT bundles during crack growth suggested that a high degree of bonding ex-
isted between the two materials. A qualitative estimate of the strength of bond is
that it was within an order of magnitude of the van der Waals forces in the bundle,
but no numerical estimate was possible with the data examined here. The high
strength of bond appeared to be due to the nucleation of the C-S-H by the
SWCNTs and its formation along the SWCNT bundles. Comparisons between the
peformance of the SWCNT as a nucleating agent and that of other nano-materials,
as well as the preferential nucleation of C-S-H instead of Ca(OH), on the
SWCNT, suggested that the predominant nucleation mechanism was electrostatic
in nature, rather than adsorption of metallic ions.

Dispersion remains a challenge in the use of SWCNT in cement systems. While
SWCNT can be successfully dispersed in Disal, the hydration behaviour of those
systems suggests that the SWCNT were being wrapped by the admixture, which
appeared to inhibit the nucleation behaviour produced by SWCNT dispersed
by sonication. In addition, the presence of the admixture appeared to cause the
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SWCNT to nucleate C;A and C,AF reaction products, in addition to C-S-H. Fur-
ther work is needed on dispersion issues to reach the full potential of SWCNT as a
reinforcing material.

Despite the need for improved dispersion techniques, SWCNT remain extremely
promising as nanometric reinforcing materials. As with other nanomaterials, the
real challenges to use in the field are not the development of the material. Instead,
they involve the safe and appropriate use of the material in construction. Scaling
laboratory procedures to industrial production, producing the material in an manner
safe for construction construction workers (i.e. without release of nanomaterials in
the cement or ready mix plant), and following appropriate environmental and
health guidelines through the product’s life cycle from placement to demolition all
present significant, long term challenges that need to be overcome.
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Nanomaterials-Enabled Multifunctional
Concrete and Structures

Hui Li, Jinping Ou, Huigang Xiao, Xinchun Guan, and Baoguo Han

Abstract. Nanomaterials-enabled multifunctional concrete that has self-sensing
ability and high mechanical properties is attractive for guaranteeing the safety of
infrastructure. Self-sensing ability of nanoconcrete which is based on its piezore-
sistivity is obtained by adding appropriate concentration of nano-carbon black into
concrete. Effect of various loading states on pieroresistivity of nanoconcrete was
studied experimentally, and a theoretical model was proposed to predict and mod-
ify the strain gauge factor of nanoconcrete under various loading or environmental
conditions. Effect of moisture on resistance of nanoconcrete was studied and a wa-
ter-proof method was proposed to eliminate the unfavorable effect of polarization
on resistance measurement. Finally, a cement-based strain sensor was fabricated
and used in monitoring the strain of concrete column. Other benefits from inclu-
sion of nanomaterials in concrete include enhancement in mechanical properties,
including strength, abrasion resistance and fatigue properties. Microstructures of
nanoconcrete was studied with help of SEM pictures, which showed that the hy-
dration product of nanoconcrete was more uniform and compact than that of
normal concrete.

1 Introduction

Civil infrastructures usually suffer from fatigue load, environmental corrosion
or/and natural disasters. To improve the safety of infrastructures, structural health
monitoring (SHM) is getting more and more important. SHM is normally per-
formed by measuring the strain/stress of a structure’s critical zone with sensors;
the health of the structure can be evaluated based on the measured information,
which can be used when deciding whether or not to repair the structure [1].
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Traditional strain sensors (such as optical fiber sensors, electrical resistance strain
gauges, and piezoelectric ceramics) have been widely used in SHM [2-5]. How-
ever, the cost and durability of traditional sensors, and the comparability between
traditional sensors and concrete are limited, motivating us to develop new genera-
tion of sensors that is more preferable for concrete structures.

The recently developed multifunctional nanomaterials enabled concrete pro-
vides an efficient way to improve the safety of concrete structures. By incorporat-
ing some conductive nanomaterials (such as carbon nanofiber or carbon black)
with concrete, the concrete can be conductive and piezoresistive [6, 7], the so-
called smart concrete. Smart concrete is a new generation of structure materials
that developed from carbon fiber reinforced concrete (CFRC) in the past decade
by utilizing the piezoresistivity for sensing strain [8-13] or by utilizing the relation
between damage and resistance for sensing damage [14-15]. To improve the ap-
plication of smart concrete in health monitoring, some approaches such as using
smart concrete as surface coating [8] or as structural materials [10;14] have been
proposed. Recently, an advanced application approach using smart concrete as an
embedded strain sensor was proposed. In such approach, a standard cubic strain
sensor was fabricated with smart concrete [11,12]. CBCC sensor is just this kind
of embedment cement-based sensor[16]. The strain-sensing property, humidity in-
sulation method and piezoresistivity model of CBCC sensor has been studied to
promote the application of CBCC sensors [17,18]. Besides the self-sensing ability,
another merit for concrete by incorporating nanomaterials is the improvement of
microstructure and mechanical properties[19,20].

Due to an ultrafine size, nano-particles show unique physical and chemical
properties different from those of the conventional materials. Because of their
unique properties, nano-particles have been gaining increasing attention and been
applied in many fields to fabricate new materials with novelty functions[21-23]. If
nano-particles are integrated with traditional building materials, the new materials
might possess outstanding or smart properties for the construction of super high-
rise, long-span or intelligent civil infrastructure systems. This paper will introduce
some progresses on utilizing nano-Si0O,, nano-TiO, to improve the strength, wear
resistance and fatigue properties of concrete [24-27].

2 Self-sensing Nano-concret and Structure

2.1 Materials and Test Methods

Carbon black (CB) of 120nm came from Liaoning Tianbao Energy Co., Ltd
(Liaoning, China). The specific gravity of CB was 1.98g/cm’. CB in the amount of
5%, 10%, 12%, 15%, 20% and 25% by weight of cement (i.e., 3.11%, 6.04%,
7.22%, 8.79%, 11.39%, and 13.85% by volume of composite, respectively) were
used and the corresponding mixture types were called A-5, A-10, A-12, A-15, A-
20 and A-25 respectively. The cement used was Portland cement (P.042.5) from
Harbin Cement Company (Harbin, China). The water-cement ratio was 0.4 for all
specimens. A water-reducing agent UNF (one kind of —naphthalene sulfonic acid
and formaldehyde condensates) was used in the amount of 1.5% by weight of
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cement. The water-reducing agent could increase the dispersion of CB particles
and facilitate the workability of the mixture. The defoamer, tributyl phosphate
(made in China), was used in the amount of 0.13 vol.% to decrease the number of
air bubbles.

Defoamer and UNF water-reducing agent were dissolved in water, then CB was
added and stirred at high speed in a mortar mixer for 3 minutes. This mixture and
the cement were mixed at high speed for 2 min. After this, the mix was poured
into oiled molds to form prisms of 30x40x50mm for compressive testing. After
pouring, an external vibrator was used to facilitate compaction and decrease the
number of air bubbles. The samples were demolded after 24h and then cured in a
moist room (relative humidity 100%) for 28 days. Afterwards, the specimens were
dried in an oven at 60  for 2 days to extract redundant water to eliminate the po-
larization effect on resistance measurement. The dried specimens were then tested
at ambient temperature.

Load

1 Data
acquisition U, R,

50( 36| 20 l system

HE
<

- Inner contact
Outer contact

40 Strain gage

Fig. 1 Schematic of the experimental set-up (mm).

DC electrical resistance measurement was made in the longitudinal axis, using
the four-probe method, in which copper nets served as electrical contacts. The
copper nets were placed into the specimen when pouring the mix into molds. Four
contacts were placed across the whole cross-section of 30x40mm of the specimen,
these were all perpendicular to the longitudinal axis and symmetrically positioned
with respect to the mid-point along the height of the specimen (i.e., two contacts
were in planes above the mid-point and two contacts were in planes below the
mid-point). The outer two contacts (36mm apart) were for passing current. The in-
ner two contacts (20mm apart) were for measuring the voltage (see Fig. 1).

A DC circuit, developed by Han [28] was used to measure the resistance of the
specimen as follows:

R =U,R /U, (1)
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where R, is the standard reference resistor, U, is the voltage applied on the refer-
ence resistor, and U; and R; are the voltage and resistance between the two inner
contacts of the specimen, respectively. U; and U, were collected using the data ac-
quisition board.

2.2 Piezoresistivity of Nano-concrete and the Modeling

2.2.1 Piezoresistivity Behavior of Nano-concrete

Compressive testing was performed on a 30x40mm side of each specimen. The
strain was measured by using strain gauges attached to the middle of the opposite
sides of a specimen and parallel to the stress axis. Compressive testing under force
control was conducted using a hydraulic mechanical testing system with 120-kN
maximum loading capacity. The scheme of monotonically static loading up to
specimen failure was arranged. During the loading process, DC electrical resis-
tance measurement was simultaneously made in the stress axis, using the four-
probe method as described earlier. Three specimens of each type mixture were
tested.

Fig. 2 shows the resistivity (p) as a function of CB volume content (V) of CB-
filled composites. It can be observed from Fig.2 that the resistivity of the compos-
ites decreased dramatically with increasing CB content from 7.22 vol.% to 11.39
vol.%, i.e. from A-12 to A-20. The resistivity of the composites varied slightly
outside the above range. The content range over which the resistivity varied pre-
cipitously was called percolation threshold. Therefore, in this study, the percola-
tion threshold zone of the composites was CB in the amount of 7.22 vol.%~11.39
vol.%.

According to tunneling effect theory, the natural logarithm of resistivity of
composites In(p) is a linear function of potential barrier width (s), i.e. the distance

between CB particles. Furthermore, it is well accepted that distribution of CB

10' —= -
A5 A \A12
= |
Q
S
.é‘loi A-15
=
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10 F —

2 4 6 8 10 12 14
Content (vol.%)

Fig. 2 Logarithm of resistivity as a function of volume content of CB.
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particles is random and the average distance between particles is proportional to
V', Thus, In(p) is a linear function of V', For clear observation, the V"' and

natural logarithm of resistivity were respectively nominated as abscissa and
ordinate and the curve in Fig.2 was redrawn in Fig.3. The curve can be divided
into three stages according to the variation of slope. The curve from 7.22 vol.%
to 11.39 vol.% in Fig. 3 was just linear, so the tunneling effect dominated conduc-
tivity and electromechanical properties of the composites in stage II.

9
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Fig. 3 Natural logarithm of resistivity as a function of V-1/3.

Tunneling current is an exponential function of barrier width, implying a pre-
cipitous change of resistivity upon distance between CB particles. The distance
between CB particles is shortened with increasing compressive strain on speci-
mens. As a consequence, the resistivity of composites decreases with increasing
compressive strain according to tunneling effect theory.

Figs. 4 show the fractional change in resistivity versus the compressive strain
curves of A-15. Additionally, the distance between probes was shortened during
loading, which induced change in electrical resistance. However, it could be ob-
served from Fig. 4 that the change in resistance induced by this factor was very
small and negligible. The resistance was essentially proportional to the volume re-
sistivity that was selected as a measurement in this study. For A-15, the resistivity
decreased linearly with increasing compressive strain up to failure of the speci-
mens except for a small perturbation over the strain range of [0.003~0.004] which
indicated the occurrence of microcracks. The three curves for the three specimens
of this mixture were almost the same, indicating that the results were repeatable.
Linear fit of the experimental data showed that the relationship between the
fractional change in resistivity and compressive strain was nearly linear. The
fractional change in resistivity per unit strain (i.e., the strain gauge factor) was
55.28 as shown in Fig. 4.
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Fig. 4 Fractional change in resistivity of A-15 as a function of compressive strain.
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Fig. 5 Stress-strain curves of A-15.

Fig. 4 presents the strain-stress curves of A-15. It can be seen from Fig.4 that
the strength of the CB-filled composite could reach more than 40MPa. Therefore,
it can be used as a structural material like common concrete. Similar results have
been obtained for other mixtures. In the following text, CBCC denotes the cement-
based composites filled with 15% carbon black.

2.2.2 Modeling on Piezoresistivity of CBCC

According to tunneling effect theory [30], current density in a tunneling resistor
formed by two adjacent CB particles at a low voltage region can be depicted by
the following equation:

J=[32mp)"?128,1(e/h)*U -exp[ (478 [ h)(2mp)''?] 2

where J is current density, m, e and & are the electron mass, charge on an electron
and Planck’s constant, respectively, ¢, S and U are the height of tunneling
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potential barrier, tunneling width and voltage applied across tunneling resistor, re-
spectively. R;qdenotes the tunneling resistor and A and S denote the section ar-
ea and length of the resistor, respectively. Then the resistance of the resistor can
be obtained as

R,, =k, S,exp( k,S,) 3)

where k, = (2/3)2m@)™""*(e/h)> A" and k, = (4z /h)2me)''? .

For a given composite, k; and k, are constants. S can be obtained as

follows:

S, = Dl(7r/6)”3V[”3 _IJ[ES], @)
where v.and D are the volume concentration and diameter of CB particle, respec-
tively. Equation (2) indicates that even a slight change of s, may cause a large
change of resistance. Conductive networks in CBCC are composed of a large
number of &, and the change in resistance of CBCC is the integrated result of the
change of each r,. Therefore, the piezoresistivity model of CBCC will be estab-
lished based on the resistance behavior of each k,. The resistance of each R,
under strain can be quantified with equation (3); hence, the key task of the model-
ing is to obtain the deformation of each r,, under external strain.

i Ko

(a) (b)  ©

Fig. 6 Schematic of conductive network in CBCC. (a) SEM picture, (b) Schematic picture,
(c) conductive network model.

The microstructure of CBCC was observed with SEM to study the characteris-
tics of the conductive network of CBCC. Fig. 6 (a) shows the microstructure of
CBCC, in which the bright spherical objects and rounded hollowness denotes CB
particles. To see the pattern of conductive network clearly, CB particles are em-
phasized in a white background, as shown in Fig. 6 (b). The conductive path is
formed by adjacent CB particles and is presented in Fig. 6 (b) by joining the CB
particles. Based on the schematic characteristics of a conductive network, a con-
ductive model is proposed, as shown in Fig. 6 (c). First, &, is connected in series
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to form a resistor element z,. Then, &, forms the conductive network by connec-
tions in parallel and then series. It can be easily derived that the fractional change
of resistance of CBCC is equal to that of R,. Therefore, piezoresistivity modeling
of CBCC is focused on the behavior of R, under external loading.

The resistance value of each R, can be calculated based on equations (2) and

(3). The orientation direction of each R, is assumed to be uniformly distributed

by considering the infinite and randomly distributed CB particles in CBCC. Fig. 7
(a) and (b) show the schematics of orientation and distribution of tunnel resistor,

respectively. Assume that there are a total 4X3(M+1)* of R,y in the space and
each 4(M+1)* of R, surround a coordinator. For example, 4M+1)* of R,y is
first defined by €, and ¢, as shown in Fig. 7 (a). Both @, and @_ should be

over the range of [ 0,27 ]; however, considering the symmetrical characteristic of

R,y in each quadrant, 8,,¢, € [0,7/2] is sufficient to represent the orientation

character of R, and is adopted in this paper. Therefore, @, and @, are in
0,0, =[0,7/2M , /M 37w/2M -+ - L I2(M -1), /2], %)

where @, , ¢, , and 9y , @, are defined in the same way as that of 0..0..

Hence, the resistance behavior of CBCC can be described by the 3(M+1)2 of R, .

As shown in Fig. 7 (b), the distribution of CB particles defined by above method is
not uniform in space that the distribution density is higher near each coordinate, but
it is uniform in calculating the effect of multi-axial strain on resistance.

Fig. 7 Schematic of (a) orientation and (b) distribution of R, .
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When CBCC is load free, the original length of R, is So, and R|, is the sum of 3
(M+1)* of R, as

R, =3(M +1)°k,S, exp(k,S,), (6)

Then, assuming that CBCC is subjected to multi-axis strain of €, , €,,, and £,

in each axis, the corresponding strain of R, in each axis direction can be calcu-

lated as

£

mx,my,mz

g =
PV (E, E)+V,

(N

where V_and V are the ratio of volume occupied by CB and matrix to the whole
volume of composite, respectively. E_and £ are the modulus of CB and matrix,

respectively. The length of R,, under multi-axial strain changes from S, to ei-

therSﬂ,orSéy,or S, as

S = S0y COF O, (1+£,)7 +5i2 6, sit? 9, (1+,)° +sin’ 6, cos’ @, (1 +£,)°

Sey :S()\/cos2 tﬁ?y(l+€y)2 +sin® 0, sin® gz)y(1+€x)2 +sin’ 6, cos ¢y(l+£‘z)2 . (®)

Se = Soyc08 B.(1+,)° +5in’ 6_sin’ g, (1+£,)* +5in’ 6, cos* g (1 +¢,)?

Equation (8) indicates that even under the same external strain status, the strain of
each R, with different orientation angle is different. Therefore, based on equa-

tions (6) and (8), the resistance of CBCC under multi-axial strain changes from

Ryto R as
+1M +1
R = Z kiSolFexp(k,SoF, )+ F,exp(k,SoFy)+ F_exp(k,SyF )]
i=1 j=1
9)
where
\/ &((l r%((’ Dz )i+e,)’ +sir%((l (’ i
F, J odCE g 2 45 r%( rﬂ(’ D, 4 4 r%( 3((’ ) 4y

F:\/ i D”)(1+gz)2+sir%((’ bz, r%((] D7) e s r%((’ D7 03l l)”)(1+ &)

Z
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Hence, the change in resistance of CBCC can be calculated as

R M+1M +1
R +1)2 }: z:{lﬂAexp[szo(lﬂ —D]+ F, exp[k,S,(F, =]+ F, exp[ k,S,(F, = D]}

(10)

Conducting series expansion on the exponent function in equation (10), the fol-
lowing equation can be obtained:

(Fe+F +F ) +———— (F, —F +F, —F +F -F)
Ro 3(M+1)2 g ©awm +1)2 g

oLt MZH%F (Fe=)? +Fy(Fy =) 4 F,(F, =) ]
6(M+1) i=1 j=1 o g y o

an
The first item of the right hand side in equation (11) is the inherent behavior of the

integrated change in length of each R, under external strain and is denoted as
E/ So> which represents the resistance change trend of CBCC under multi-axial
strain. k, S, is denoted as S, which represents the sensitivity factor of CBCC
and is dependent on the intrinsic property of CBCC. Therefore, § / So and f rep-

resent the piezoresistivity characteristics (trend and sensitivity factor) of a com-
posite. Considering the uncertainty in CBCC synthesis, g is best obtained from a

simple uniaxial compressive test and can then be utilized to predict the resistance
behavior of CBCC under complex loading and environmental conditions. The ap-
plicability of obtaining S from a simple compressive test will be validated by

utilizing it in predicting resistance behavior under other effects (CB concentration
and temperature). Orientation uniformity of R, is dependent on the value of M.

M =30 can meet the precision requirement of calculation.
For CBCC, Based on the previously measured strain gage factor of 55.5 [6],
coefficient g can be calculated as 337, and ¢, is then obtained as 3.45 nm™. Util-

izing these parameters, the model can predict the strain gauge factors of a compos-
ite under various complex strain statuses. Besides predicting the resistance behav-
ior of CBCC under various strain states, the model can be used to predict the
resistance behavior of CBCC under various ambient conditions by transforming
such conditions change into strain.

Thermal expansion will lead to a change in S, that may cause a change in strain
gauge factor. By substituting thermal expansion strain into the proposed model,
the strain gauge factors under various temperatures can be predicted. Experiments
were conducted for CBCC. The thermal expansion coefficient (TEC) of CBCC in
longitudinal direction and transverse direction was measured as 16.5 and 13.9, re-
spectively. The slight discrepancy of TEC in different directions was caused by
the embedded electrical probes. Taking the distance S, under 20  as the baseline,
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the original distances between each two adjacent CB particles under various tem-
peratures can be calculated based on the measured TEC. Then, based on the pro-
posed model, strain gauge factors of CBCC under various temperatures were
obtained, as shown in Fig. 8. The theoretical strain gauge factors change slightly
from 55.197 (-10 ) to 55.249 (50 ), indicating that the effect of temperature
on strain gauge factor is slight. The experimental measured strain gauge factors,
54.95 (-10 ), 55.23(20 ) and 55.64 (50 ), respectively, as shown in Fig. 8,
also show a small dependence on temperature.

58 —m— Theoretical results
% Experimental results

g 56 %
B PAd
S e
en
Z 54+
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£
I
=
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50 1 1 1 1 1 1 1
-10 0 10 20 30 40 50

Temperature (°C )

Fig. 8 Effect of temperature on the strain gauge factors.

2.3 Effect of Water Content on Electrical Property of CBCC and
the Water-Proofing Method

2.3.1 Effect of Water Content on Resistance Measurement of CBCC

Water content is defined as the ratio of the absorbed water mass to the dried
specimen mass and is measured after the specimen is submerged in water and the
surface dried. Previous research indicated that when an electric field was present
during electrical resistance measurements, a polarization-induced electric field in
the material in opposite direction occurred and ions were transported to the contact
[31]. To investigate the influence of water content on the polarization and electri-
cal properties of CBCC, the resistances of CBCC with various water contents
were continuously collected for five minutes for each specimen and the first value
referred to as the initial resistance of the specimen.

Fig.9 (a) shows the fractional change in initial resistance of CBCC with water
content. Fig.9 (b) shows the relative fractional change in resistance of CBCC with
measurement time. Three specimens were tested. The fractional change in initial
resistance7) is given as follows:

n=(Ry—Ry)/R,. (12)
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where R and R, show the initial resistance of a specimen with a given water con-

tent and with water content of 0%, respectively.
The relative fractional change in resistance /3 is given as follows:

B=(R—-Ry)/R,, (13)

where R and R, are resistances of the specimen with a given water content at

measurement time ¢ and at the beginning of the measurement interval (¢ = 0), re-
spectively.

It can be seen from Fig.9 (a) that the initial resistance of CBCC increased
slightly when the water content was lower than 3%. Next, the initial resistance of
specimens increased dramatically. The initial resistance increased by about 86%
for the specimen with the highest water content (i.e. 12.9%). As shown in Fig.9
(b), the resistance of the dried specimen (i.e. water content 0%) stayed almost con-
stant during measurement. However, the resistance of specimens with substantial
water content increased over time. Also, the higher the water content, the more
dramatic the increase of resistance was with measurement time.

Because the mobility of ions in the cement paste increased with water content,
the polarization phenomena was also related to water content. When the water
content was very small, it was difficult for ions to move to the contacts due to the
absence of solution. As a consequence, the resistance of the specimen stayed con-
stant during measurement. The results indicate that it was necessary to keep the
composite dry and to be insulated from ambient moisture. The waterproofing
method was then proposed.
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Fig. 9 Fractional change in initial resistance of CBCC as a function of water contents (a),
Relative fractional change in resistance of CBCC as a function of measurement time (b)

2.3.2 Waterproof Method of CBCC Encapsulated with Epoxy

Specimens were cast with the same materials and methods as described before.
Cured specimens were dried at 60  for 48 hours to remove water and then encap-
sulated with epoxy with a thickness of about 0.9mm. The epoxy was a kind of
polyamide resin with the tension strength of 43.6MPa, tension modulus of 3,
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680MPa, elongation percentage of 1.2% and a density of 1.254g/cm’. Before en-
capsulation, two strain gauges were attached on the two opposite sides of each
specimen in the longitudinal direction.

Six encapsulated specimens were prepared for this test. The specimens were
dipped in a container filled with water and were controlled to be 50  in an oven
to simulate the environment of fresh concrete during the first three days. Resis-
tances of specimens were measured each day. Once the first three days’ measure-
ment was completed, the container was moved out of the oven to the ambient air
and the resistance of the specimens was measured at room temperature every 3
days for 15 days. Ambient temperature was synchronously measured using a
thermometer for temperature compensation (with a temperature gauge factor of
0.0007409/ ).

After the two-week unloaded test, the specimens were taken out of the water
and enclosed with a sponge full of water. The loading with creep was then applied
to the specimens. Three specimens were applied with loading of stress ratio of 0.2
and the other three specimens were applied with loading of stress ratio of 0.6. The
tests lasted for one month. The creep strain of specimens was measured using a
micrometer gauge. Resistance, strain and temperature were measured every three
days.

The variation in resistance could be an indicator of the waterproof effectiveness
of epoxy. The initial resistance ( R;) and temperature of six specimens were first

measured as references. During the water dipping test, the resistance of specimens
(R) and the ambient temperature were continuously measured. The compensated
resistance (R ) was obtained after temperature compensation from R. The frac-
tional change in resistance (percent ratio of change in resistance to initial resis-
tance (AR/R;) and to compensated resistance (AR /R ), respectively) with
time of two specimens are shown in Fig. 10; the results of the other specimens
were similar.

It can be seen from Fig. 10 that the resistance of specimens decreased with
temperature for the first three days (which was attributed to the tunnel effect being
strengthened at high temperature) and then was completely recovered to the initial
resistance when the temperature returned to the ambient temperature. The resis-
tance was almost constant except for a slight difference in the next 11 days, which
implies that no water immerged into the specimen, and the slight difference was
attributed to the small scatter of temperature compensation factor. Therefore, the
waterproof effectiveness of epoxy was validated for unloaded condition.

The effect of the creep strain and the temperature on resistance should be re-
moved in order to see clearly the effect of moisture. Therefore, the strain gauge
factor (fractional change in resistance per unit strain) of each specimen was first
measured as 58.2, 52.7, 56.4, 54.5, 59.6 and 58.5, respectively. The results in ref-
erence [32] indicated that the creep strain gauge factor of composites was the
same as that measured in the elastic strain regime.
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Fig. 10 Fractional change in resistance of CBCC encapsulated with epoxy under unloaded
condition in moist environment

Fig.11 (a) shows the fractional change in resistance during long-term loading
with stress ratio of 0.2. The instantaneous elastic strain of three specimens was
725, 714 and 739 ue , respectively. Accordingly, the change in resistance was
4.556%, 3.852% and 4.457%, respectively. Based on the strain gauge factor ob-
tained earlier, the change in resistance of specimens under this loading level
should be 4.22%, 3.763% and 4.168%, respectively, which agrees well with the
measured resistance. Therefore, the epoxy was not cracked at this applied strain.
The resistance of specimens decreased simultaneously with increasing creep strain
as shown in Fig.11 (a) as AR/ R, . Based on the measured temperature and strain

gauge factor, R~ was obtained after temperature and creep strain compensation;

therefore, AR/ R was obtained to indicate if the epoxy was cracked. AR/ R

was very slight, which indicated that water content in the CBCC did not change.
Fig.11 (b) shows the fractional change in resistance of three specimens during
long-term loading with stress ratio of 0.6. The instantaneous elastic strain of three

specimens was 2556, 2519 and 2591 ué€, respectively. AR/ R was slightly
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Fig. 11 Fractional change in resistance and creep behavior of CBCC encapsulated with ep-
oxy during long-term loading with stress ratio of 0.2 (a) and with stress ratio of 0.6 (b) in
moist environment.
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larger than that shown in Fig.11 (a). The largest difference between R and R of

three specimens was 1.0% (occurring at the 24" day), 0.68% (occurring at the 30"
day) and 0.71% (occurring at the 21" day), respectively. However, fractional
changes in resistance of these specimens remained very small during the meas-
urement process, indicating that the difference between R and R¢ was not caused
by water content change in CBCC. The difference was mainly attributed to the
slight strain gauge factor change under various loading levels; creep strain com-
pensation was conducted with an obtained strain gauge factor in the elastic
regime, but micro-cracks would occur with stress ratio over 0.6 resulting in a
slightly decreased strain gauge factor.

In addition to the water absorbing capacity discussed above, the deformation
ability of epoxy was also important to ensure the waterproof effectiveness under
loading. When a specimen was applied compressive loading, the specimen should
expand in transverse direction, which would lead to a tension deformation of side
epoxy layer. The Poisson ratio of composite was about 0.17. Therefore, for speci-
mens under long-term loading of 0.2 stress ratio as shown in Fig.11(a), the tension
strain of epoxy was less than 221ue, for specimens under long-term loading of 0.6
stress ratio as shown in Fig. 11(b), The tension strain of epoxy was less than 800
ue. The tension capacity of epoxy was more than 5000 ue, so the epoxy should not
crack under the loading condition.

The experimental results indicate that waterproof measure, i.e. the specimen
encapsulated with epoxy, could effectively insulate specimens from moisture and
provided a potential way of using CBCC as a strain sensor material. The full water
absorbing capability of epoxy was the most important factor for waterproof effi-
ciency, for CBCC, the full water absorbing capability of epoxy should be less than
1.83. During long-term loading, creep behavior was observed for CBCC, but wa-
terproof efficiency of epoxy remains well, which should be attributed to the high
deformation ability. The resistance of CBCC encapsulated with epoxy exposure to
moist environment was only influenced by temperature and strain, which could be
conveniently compensated.

2.4 Self-sensing Concrete Structures

2.4.1 Preparation of Concrete Column with Embedded CBCC Sensor

Epoxy encapsulated CBCC sensor with shape of 30x40x50 mm was prepared with
the developed methods, and the properties of CBCC sensor were shown in table 1.

Table 1 Properties of CBCC sensor

Strain sensing properties Mechanical properties
Resistivity Gave factor Strength Peak strain  Modulus Poisson ratio
(Qcm) & (MPa) (UE) (x10* MPa)

719.4+53.7 55.5+2.87 44.7+0.32 4400+136 1.44+0.06 -0.17+0.015
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Concrete columns were made with C40 and C80 concrete respectively for the
aim of studying the strain sensing property of CBCC sensors in different strength
grades of concrete matrix. The cement used for C40 and C80 concrete were Port-
land cement P.032.5 and P.0O42.5, respectively. The other materials used for fab-
ricating C40 and C80 were all the same. The fine aggregate was natural river sand
with a fineness modulus of 2.94. The coarse aggregate was crushed diabase with a
maximum radius of 20 mm. A water-reducing agent (FDN) and silica fume (aver-
age radius is 100nm) were used. The mix proportions are shown in Table 2.

Table 2 Mix proportions of concrete columns (kg/m3).

Strength grade ~ Cement ~ Water Sand Coarse aggregate Silica fume  FDN

C40 435 190 535 1240 - -
C80 480 148 690 1080 60 5.76

Concrete columns were cast with molds of 100x100x300 mm, and a CBCC
sensor was placed at the center of each column as shown in Fig. 12. The longitu-
dinal axis (resistance measurement direction) of the CBCC sensors was parallel to
the 300mm side of concrete columns. For casting concrete column, FDN was first-
ly dissolved in half volume of water and mixed with cement, sand and coarse ag-
gregate in a concrete centrifugal blender for 2 min. The remainder of the FDN so-
lution and water were poured into the mixture and mixed for another 2 min to
achieve good workability. Finally, the fresh concrete was poured into molds with
central located CBCC sensor to form prisms. After pouring, an external vibrator
was used to facilitate compaction and decrease the amount of air bubbles. The
specimens were demolded at 24 h and then cured in a standard moist room for
28 days.

In addition to the concrete columns embedded with CBCC sensor, three plain
columns that without CBCC sensors were fabricated for C40 and C80, respec-
tively. The strength of concrete columns with and without CBCC sensors will be
comparatively studied to see the effect of CBCC sensor embedment on the me-
chanical property of concrete column.

CBCC sensor Sensor location Concrete column

Fig. 12 CBCC sensor and concrete column with embedded CBCC sensor.
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2.4.2 Test Methods

Uniaxial compressive test was performed on the 100x100mm side of a concrete col-
umn by MTS with 2,500 kN maximum loading capacity. Two displacement trans-
ducers were vertically fixed to measure the longitudinal strain, and two additional
longitudinal strain gauges were attached on the two other longitudinal sides to help
centrally install the column on the MTS (if the concrete column is central installed,
the strains measured by two transducers and two strain gauges under a low level pre-
loading will be almost the same). Two strain gauges were horizontally attached on
two opposite side surfaces (100x300mm) of the column to measure the transverse
strain. During compressive test, the longitudinal strain was synchronously measured
with the embedded CBCC sensor by measuring its resistance.

Two loading schedules, i.e. cyclic loading and monotonic loading, were ar-
ranged. For cyclic loading, the amplitude of each cycle was 30% of the ultimate
strength of concrete column. The loading and unloading rates were all 0.5MPa/s.
The load was locked for 60s at the amplitude (maximum and minimum) of each
cycle to investigate the sensing stability of CBCC sensor. For monotonic loading,
in order to generate data in the descending part of the stress-strain curve, force
control at a rate of 0.5 MPa/s was first applied until load reached 70% of ultimate
strength and then switched to deformation control at a rate of 0.003 mm/s until the
specimen could no longer sustain the load. Three specimens were tested for each
loading case.

2.4.3 Measured Strain under Cyclic Loading

Fig. 13 shows the strain of a C40 concrete column (Fig. 13 (a)) and a C80 concrete
column (Fig. 13 (b)) under cyclic loading measured by CBCC sensor and dis-
placement transducer, respectively. Strain measured by CBCC sensor was
obtained by dividing the fractional change in resistance with the gauge factor 55.5.
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Fig. 13 he strains of (a) C40 concrete column and (b) C80 concrete column under cyclic
loading measured by displacement transducer and CBCC sensor. Strain measured by CBCC
sensor was obtained by dividing the fractional change in resistance with the calibrated
gauge factor 55.5.
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It can be seen from Fig. 13 that the strain amplitude of C40 concrete column
measured by displacement transducer, and CBCC sensor is about 400 (/€ and

380 UE , respectively, and the strain amplitude of the C80 concrete column is
about 700 (& by displacement transducer and 630 (€ by CBCC sensor. During

the interval of load locking, the measured strain by displacement transducer and
CBCC sensor both keep stable. The little discrepancy between strain measured by
CBCC sensor and that by displacement transducer is caused by the accuracy of the
calibrated gauge factor used here as 55.5. Considering the deformation capacity of
CBCC sensor as 4400 &, the deformation of the embedded CBCC sensor under

cyclic loading is in elastic regime, which can be verified by the zero residual strain
after unloading. The experimental results indicate that the repeatability and stabil-
ity of embedded CBCC sensor under cyclic elastic loading are reliable.

2.4.4 Measured Strain under Monotonic Loading

Fig. 14 shows the strain-stress curves of a C40 concrete column and a C80 con-
crete column under monotonic loading measured by CBCC sensor and displace-
ment transducer, respectively. Strain measured by CBCC sensor was obtained by
dividing the fractional change in resistance with the gauge factor 55.5. The frac-
tional change in resistance of CBCC sensor upon strain measured by displacement
transducer (considered as the baseline strain) is also shown in Fig. 14. The stress-
strain curves measured by displacement transducer are the typical curves of low
strength concrete (Fig. 14(a)) and high strength concrete (Fig. 14(b)), respectively.
The strains measured by transducer are regarded as the baseline (real strain) to
study the sensing property of embedded CBCC sensors. For C40 concrete column,
the strain measured by CBCC sensor agrees well with that measured by displace-
ment transducer when the strain is smaller than 1200 € (concrete column is in

elastic regime). But with the further increase in loading, the strain measured by
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Fig. 14 The strains of (a) C40 concrete column and (b) C80 concrete column under mono-
tonic loading measured by displacement transducer and CBCC sensor, and the fractional
change in resistance of CBCC sensors during loading. Strain measured by CBCC sensor
was obtained by dividing the fractional change in resistance with the calibrated gauge factor
55.5.
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CBCC sensor becomes lower and lower than that measured by displacement
transducer and at last turns to be minus. Corresponding to the measured strain-
stress curve, the resistance of CBCC sensor decreases at a constant rate at the first
stage, then the decrease rate becomes slow and slow and at last turns to increase.
For the C80 concrete column, similar phenomenon to that of C40 concrete column
is observed from Fig. 14(b), i.e. the strain measured by CBCC sensor agrees well
with that measured by displacement transducer when the strain is smaller than
1800 LUE (concrete column in elastic regime), then the strain measured by CBCC

sensor becomes smaller than that measured by displacement transducer.

The changing of CBCC sensor’s accuracy in different loading stages is caused
by the change of CBCC sensor’s gauge factor which is related with the transverse
deformation characteristics of concrete column in different loading stages. The ra-
tios of transverse strain to the longitudinal strain (RTL) of concrete columns are
calculated and shown in Fig. 15. The rapid increase of RTL means the quick de-
velopment of cracks in concrete column. For C40 concrete column, RTL keeps at
about -0.19 when the concrete column is in elastic stage as shown in Fig. 15 (a).
On the other hand, the Poisson ratio of CBCC sensor is also in the order of -
0.19[32], therefore, the gauge factor of CBCC sensor can be directly used for cal-
culating the strain. However, when the strain of concrete column exceeds
1200 L€ , the absolute value of RTL becomes larger and larger than 0.19, indicat-

ing that the concrete column steps into plastic stage. Moreover, the increasing
RTL causes a different transverse deformation condition for the embedded CBCC
sensor from that of the free CBCC sensor and results in the discrepancy between
real and using gauge factor. In other words, CBCC sensor’s gauge factor at con-
crete column’s plastic stage is different from that calibrated at free condition,
however, the gauge factor used for calculating strain was still the calibrated gauge
factor 55.5. Hence, the strain measured by CBCC sensor becomes lower and lower
than that measured by displacement transducer. The relationship between RTL
behavior and the strain measured by CBCC sensors of C80 concrete columns is
similar to that of C40 concrete column. The experimental results indicate that the
transverse deformation of concrete column affects the gauge factor of CBCC
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Fig. 15 The RTL during compressive loading of concrete column (a) C40 and (b) C80.
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sensor. The calibrated gauge factor of CBCC sensor should be modified based on
the proposed piezoresistivity model (see section 2.2) when used in different load-
ing conditions. The experimental results indicate that the CBCC sensor has a good
strain sensing ability especially when the concrete column in elastic regime.

2.4.5 Damaged Characteristics of CBCC Sensors Embedded in Various
Concrete Columns

The strength of CBCC sensor should match with that of the concrete structure to
avoid breaking earlier than the monitored object. The damage of CBCC sensor is
defined as the point of its resistance turns to increasing from decreasing.

It can be seen from Fig. 14 (a) that the fractional change in resistance of CBCC
sensor embedded in C40 concrete column decreases with strain untill 3230 (&

(the other two CBCC sensors are 3250 (€ and 3013 L€ respectively). On the

other hand, the peak strains of the C40 concrete columns are 1919, 2024and
2003 (€ , respectively, indicating that the CBCC sensors damge later than the

C40 concrete columns. Fig.16 (a) shows an “integral” CBCC sensor in the broken
C40 concrete column, supporting the conclusion that CBCC sensor doest not syn-
chronously break with C40 concrete column, but the interface between CBCC
sensor and matrix may damage first because of the well known reason that inter-
face in low strength concrete is a weak zone. For CBCC sensor embedded in C80
column, It can be seen from Fig. 14(b) that the fractional change in resistance of
the CBCC sensor turns to increase from decrease after the strain of concrete col-
umn exceeds 2768 UE (the other two embedded CBCC sensors are 2607and
2562 UE respectively ), On the other hand, the peak strains of C80 concrete col-
umns are 2849 L€ , indicating that the CBCC sensors fail a little earlier than the
C80 concrete columns, which can be supported by Fig. 16 (b) that the CBCC sen-
sor is fully fracture, but the interface seems in a good condition.

Generally, the modulus and Poisson ratio between CBCC sensor and concrete
are different. Therefore, when a concrete column embedded with CBCC sensor is
under loading, the embedded CBCC sensor will be in a multi-axial loading condi-
tion and the distributed stress on the embedded CBCC sensor may be different
from that on the concrete matrix. Hence, the strength matching is not between the
uniaxial compressive strength of a free CBCC sensor and the strength of the con-
crete matrix, but between the triaxial loading strength (depending on the Poisson
ratio relationship between the CBCC sensor and the concrete matrix) of the em-
bedded CBCC sensor and the distributed stress (depending on the modulus rela-
tionship between the CBCC sensor and the concrete matrix) on the embedded
CBCC sensor at the time of concrete column break. The uniaxial compressive
strength of CBCC sensor is much lower than that of C80 concrete. However, they
were damaged almost simultaneously, indicating that the strength matching is not
between the uniaxial compressive strength of CBCC sensor and the strength of
concrete column.



Nanomaterials-Enabled Multifunctional Concrete and Structures 151

Fig. 16 Failure modes of the embedded CBCC sensors (a) in C40 concrete column and (b)
in C80 concrete column.

3 Mechanical Properties of Nano-concret

3.1 Microstructure of Nano-concrete

3.1.1 Materials

A cement paste is composed of small grains of hydrated calcium silicate gels, na-
nosized individual pores, capillary pores (structural defects), and large crystals of
hydrated products. There should be rooms for nanophase materials to improve the
properties of pure cement paste. However, as nano-particles are easy to aggregate
due to their great surface energy, large quantity of these particles cannot be uni-
formly dispersed. In this pilot study, the nano-particle contents in the mortar spec-
imens were 3%, 5% and 10% by weight of cement.

Table 3 Mix proportion of the specimens

Mix proportion of the specimens (per 768 cm®)

Mixture Water Sand Nano-SiO, Nano-Fe,O; UNF Silica
W/b Cement (g)

no (ml) (g (g (g (2 fume (g)

A 0.5 225 450.0 1350

B, 0.5 225 436.5 1350 13.5 34

B, 0.5 225 4217.5 1350 22.5 6.5

B; 0.5 225 405.0 1350 45.0 11.2

C 0.5 225 436.5 1350 13.5 6.8

G, 0.5 225 427.5 1350 225 11.2

G 0.5 225 405.0 1350  45.0 225

D 0.5 225 427.5 1350 9.0 13.5 7.9

E, 0.5 225 427.5 1350 9.0 3.0 13.5

E, 0.5 225 405.0 1350 18.0 6.0 27.0

F 0.5 225 382.5 1350 3.4 67.5

Although there are various nanophase materials supplied by some companies in
China, nano-SiO, and nano-Fe,O; only were used in this study. The nano-SiO,
with a mean grain diameter of 15-nm was purchased from Zhoushan Mingri
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Nanophase Material Company, Zhejiang province, China. The nano-Fe,O; with a
mean grain diameter of 30-nm and & phase was purchased from Fangyuan Nano-
phase Material Institute, China. The cement used was Portland cement (P.032.5).
UNF-water reducing agent (UNF) was added to disperse the nano-particles, and
defoamer was also used to decrease the amount of air bubbles.

Eleven mixtures were cast with different mix proportions (see Table 3). The
water/binder (w/b) ratio for all mixtures was 0.5, where the binder weight is the
total weight of cement, nanophase materials and silica fume.

3.1.2 Methods

A rotary mixer with a flat beater was used for mixing. Defoamer and dispersant
agent (if applicable) were dissolved in water and then the nano-particles were add-
ed and stirred at high speed for about 2 min. Then the cement and silica fume (if
applicable) were added to the mixer and stirred for another 1 min. Afterwards,
sand was added into the mixture and auto-stirred for about 1.5 min. The well-
mixed mortar was poured into molds to form the cubes of size 4x4x4cm for all
mixing proportion for compressive testing and prisms of size 4x4x16cm for mix-
tures A, By, By, Ci, C; and D only for flexural testing. An external vibrator was
used to facilitate compaction and decrease the amount of air bubbles. The samples
were demolded after 24 hours and then cured in air at room temperature for 7days
and 28 days, respectively.

Six cubic specimens were made from each mixture. Three cubes were tested at the
7thday and the other three were tested at the 28th day to observe the influence of dif-
ferent age strengths of mortars with nano-particles. However, three prism specimens
for mixtures B, C;, and D were cast for the flexural strength test at the 28th day.

Compressive testing for the strength at the 7th and 28th day was performed us-
ing a hydraulic mechanical testing system (MTS) under load control. Bending test-
ing for flexural strength at the 7th day and at the 28th day was carried out on the
long surface of prism specimens using a bend tester under load control. In addi-
tion, the compressive testing for strength of the specimens after the bending test
for mixtures A, C;, C, and D was also conducted at the 28th day, and the results so
obtained were compared with those of the cube specimens. After the mechanical
tests, the crushed specimens were selected for scanning electronic microscope
(SEM) tests.

3.1.3 Strength

Table 4 shows the compressive strength of eleven mortar mixtures. It can be seen
that the compressive strengths of specimens with mixtures B, B, and B; at the 7th
day and 28th day were all higher than that of plain cement mortar with the same
w/b, as for the strength at the 28th day. The effectiveness of the nano-Fe,Oj; in in-
creasing strength increased in the order: B;> B,>B; (with the decrease on nano-
Fe,O; volume fraction). Furthermore, that the strength enhancement for B; at the
7th day is evidently higher than that at the 28th day. These results indicated that
the optimal content of nano-Fe,0; for reinforcing concrete purposes should be less
than 10% (by weight of cement) under the present dispersion condition.
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The compressive strengths of the specimens with mixtures C;, C, and Cj at the
7th day and 28th day were higher than that of the plain cement mortar with the
same w/b too. The effectiveness of the nano-SiO, in increasing strength increased
in the order: C;., C,,C; (with the increase on nano-SiO, volume fraction), which is
opposite to those for the nano-Fe,0; test series.

Comparison of the strength of the cement mortars with and without silica fume
are listed in Table 4, it indicates that the nano-particles are more valuable in pro-
viding strengthening than silica fume.

Table 5 shows the flexural strength at the 7th day and 28th day. It is increased
by the addition of nano-SiO2 or nano-Fe203. The effectiveness of the nano-
particles in increasing the flexural strength increased in the order: B1> B2 and
C1> C2, respectively.

The strength of the mortar mixed with nano-SiO2 and nano-Fe2O3 together
was lower than that of the mortar mixed with only nano-SiO2 or nano-Fe203.

Table 4 Compressive strength of mixtures

. Compressive strength at the 7th day Compressive strength at the 28th day

Mixture no
Target (MPa) Enhanced extent (%) Target (MPa) Enhanced extent (%)

A 17.6 0 28.9(29.7) 0
B; 214 22.7 36.4 26.0
B, 20.6 16.7 33.1 14.5
B; 21.1 20.0 30.0 3.7
Ci 18.6 5.7 329 (33.4) 13.8 (12.6)
C, 21.3 20.1 33.8(34.1) 17.0 (14.7)
Cs 21.3 20.1 36.4 26.0
D 224 27.0 35.4 (34.8) 22.0 (17.1)
E, 19.4 10.0 29.8 3.0
E> 232 32.0 34.3 18.6
F 18.9 74 31.8 10.0

Note that the data in bracket were obtained from the corresponding mixtures of
4x4x8 cm (by-specimens after bending test of specimens with dimension 4x4x16
cm) at the 28th day.

Table 5 Flexural strength of mixtures at the 7th day and 28th day, respectively

Mix-  Flexural strength at the 7th day Flexural strength at the 28th day

ture no Target (Mpa) Enhanced extent (%) Target (MPa) Enhanced extent (%)
A 3.28 0 49 0

B, 5.8 17.8

B, 43 30 6.0 23.0

C 5.8 19.2

C, 42 28 6.2 27.0

D 6.0 21.8
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3.1.4 Microstructure and Discussion

Figs 17~20 show the microstructure of cement pastes with and without nano-SiO,
and nano-Fe,O;. It was found that in Fig 17 (the microstructure photograph of the
plain cement paste) that C-S-H gel existed in the form of ‘stand-alone’ clusters,
lapped and jointed together by many needle hydrates. At the same time, deposit
CaOHj, crystals were distributed among the cement paste. The Figs 18~20 show
the microstructures of mixtures B, C;and D, which are of higher strength. They
were different from that of the plain cement paste, i.e., the texture of hydrate
products was more dense and compact. Big crystals such as Ca(OH), were absent.
Although the cement paste pattern of these three mixtures showed some differ-
ences, their microstructures were uniform and compact.

The mechanism that the nano-particles could improve the microstructure and
strength of cement paste can be illustrated as follows. When a small quantity of
the nano-particles were uniformly dispersed in the cement paste, the hydrate prod-
ucts of cement will deposit on the nano-particles due to their great surface energy
during hydration and grow to form conglomeration containing the nano-particles
as ‘nucleus’. The nano-particles located in the cement paste as nucleus will further
promote and accelerate cement hydration due to their high activity. In the consid-
eration of the nano-particles uniformly disperse situation, a good microstructure
could be formed with the uniformly distributed conglomeration. At the same time,
according to Wu’s ‘centroplasm’ hypothesis, the aggregates, sands and other par-
ticles are considered as centroplasm that acts as skeleton, and gel as transmitter
substance. The binding force between centroplasm and transmitter substance has
an important effect on the strength of concrete [33]. Innumerable nano-particles
distributing in cement paste as ‘sub-centroplasm’ can tightly bond with the hy-
drated products around the transition zone between the nano-particle and hydrate
products. On the other hand, the nano-particles among the hydrate products will
prevent the crystal from growing, such as CaOH, and AFm, and such fine crystals
are favorable for the strength of cement paste [34-36]. Also, the nano-particles
will fill pores to increase the strength as silica fume does. However, when the
nano-particles cannot be well dispersed, as the case of extensive nano-particles
content, the aggregating nano-particles will create weak zone, in form of voids.
Consequently, the homogeneous hydrate microstructure could not be formed, and
low strength will be expected. On the other hand, as the nano-SiO, can participate
in the hydration process to generate C-S-H through reacting with CaOH,, the small
quantity of aggregating nano-SiO, will not be a weak zone, so the strength in-
creases with the content of nano-SiO, increases even when small quantity of nano-
Si0, is not very well dispersed.

The strength of the cement mortars with nano-particles has a preferably im-
provement, as demonstrated in this study. Furthermore, it can be predicted that the
strengthening effect of nano-particles would be further enhanced in concrete be-
cause the nano-particles improve not only the cement paste, but also the interface
between paste and aggregates.
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Fig. 19 SEM photograph of mixture C1
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Fig. 20 SEM photograph of mixture D

3.2 Abrasion Resistance of Concrete Containing Nano-particles

3.2.1 Materials and Mixture Proportions

The cement used is Portland cement (P.042.5). Fine aggregate is natural river sand
with a fineness modulus of 2.4. The coarse aggregate used is crushed diabase

with diameter of 5~25mm. UNF water-reducing agent (one kind of [ —naphthalene

sulfonic acid and formaldehyde condensates, China) is employed to aid the disper-
sion of nano-particles in concrete and achieve good workability of concrete. The
defoamer, tributyl phosphate (made in China) is used to decrease the amount of
air bubbles.

The nano-particles are purchased from Zhoushan Mingri Nano-phase Material
Co. (Zhejiang, China) and their properties are shown in Table 6. The modified PP
fibers are obtained from Zhangjiagang Synthetic Fiber Co. (Jiangsu, China) and
their properties are shown in Table 7.

Table 6 The properties of nano-particles

Specific surface area

Item Diameter (nm) (/) Density (g/cm®) Purity (%) Phase
Si0, 10ts 640 T 50 <0.12 99.9 -
TiO, 15 240t 50 0.04~0.06 99.7 Anatase

Table 7 The properties of PP fibers

Item Elongation (%) Fiber number (D) ~ Diameter ({M1)  Length (mm)

Target 40t 3 11tos 84~92 15+1

The water-to-binder (the sum of cement and nano-particles) ratio used for all
mixtures is 0.42. Sand ratio is 34%. The mixture proportions for cubic meter of
concrete are given in Table 8. Herein, PC denotes plain concrete. PPCland PPC2
denote the concrete containing PP fibers in the content of 0.6 kg/m’ and 0.9 kg/m’,
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respectively. NSC1 and NSC3 denote the concrete containing nano-SiO, in the
amount of 1% and 3% by weight of binder, respectively. And NTC1, NTC3 and
NTCS5 denote the concrete containing nano-TiO, in the amount of 1%, 3% and 5%
by weight of binder, respectively.

Table 8 Mix proportions of specimens (kg/m®)

Mixture Coarse PP Nano- Nano- Slump
Water Cement Sand . . X UNF Defoamer
no. aggregate  fiber SiO, TiO, (cm)
PC 151 360 650 1260 - - - 54 - 5~6
PPC1 151 360 650 1260 06 - - 54 - 3~4
PPC2 151 360 650 1260 09 - - 54 - 2~3
NSC1 151 3564 650 1260 - 3.6 - 54 0216 2~3
NSC3 151 3492 650 1260 - 10.8 - 72 0288 1~2
NTC1 151 3564 650 1260 - - 3.6 54 0216 2~3
NTC3 151 3492 650 1260 - - 10.8 72 0.288 2~3
NTC5 151 342 650 1260 - - 18 7.2 0.288 1~2

3.2.2 Specimen Fabrication

To fabricate the concrete containing nano-particles, water-reducing agent is firstly
mixed into water in a mortar mixer, and then nano-particles are added and stirred
at a high speed for 5 min. Defoamer is added as stirring. Cement, sand and coarse
aggregate are mixed at a low speed for 2 min in a concrete centrifugal blender, and
then the mixture of water, water-reducing agent, nano-particles and defoamer is
slowly poured in and stirred at a low speed for another 2 min to achieve good
workability.

To fabricate plain concrete and the concrete containing PP fibers, water-
reducing agent is firstly dissolved in water. After cement, sand, coarse aggregate
and PP fibers (if used) are mixed uniformly in a concrete centrifugal blender, the
mixture of water and water-reducing agent is poured in and stirred for several
minutes.

Finally, the fresh concrete is poured into oiled molds to form cubes of size
100x100x100 mm that are used for compressive testing, prisms of size
100x100x400 mm for flexural testing and cubes of size 150x150x150 mm for
abrasion testing. After pouring, an external vibrator is used to facilitate compac-
tion and decrease the amount of air bubbles. The specimens are de-molded at 24h
and then cured in a standard moist room at a temperature of 20

3.2.3 Test Methods

Both compressive and flexural tests are performed in accordance with JTJ 053-94
(Testing methods of concrete for highway engineering, China). Abrasion testing is
conducted according to GB/T16925-1997 (Test method for abrasion resistance
of concrete and its products, China), testing equipment is ball bearing abrasion
machine.
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Firstly, the abraded face of specimen is put upward. The abrasion head is put on
the abraded face. The machine rotates the abrasion head rubbing the abraded face.
The abraded face is flushed by water in order to clean the dust from the abraded
face as the machine rotates. The abrasion head abrades a circular groove with di-
ameter of 75Smm on the abraded face of specimen. The depth of abrasion groove is
measured to be as the initial depth when abrading 30 revolutions. Henceforth, the
machine stops once time when rotating per 1000 revolutions, and the depth of
abrasion groove is measured. When the revolutions of abrasion head reach 5000
revolutions or the depth of abrasion groove exceeds 1.5mm, the testing can be
stopped. The revolutions of abrasion head are recorded and the final depth of abra-
sion groove is measured.

Then the index of abrasion resistance is defined as

1,=VR/ (14)

where, [, is the index of abrasion resistance; R is the revolutions of abrasion head

(kilo revolution); P is the depth of abrasion groove (mm), which is the difference
between the final depth and initial depth of abrasion groove.

The index obtained from the test that takes the molded face of specimen as the
abraded face is called surface index of abrasion resistance, and that taking the side
of specimen as the abraded face is called side index of abrasion resistance. The
surface index is slightly discreter than the side index of abrasion resistance, but it
is more in agreement with the actual circumstance of pavement concrete.

The larger the value of the index of abrasion resistance is, the stronger the abra-
sion resistance of concrete is. Generally, when surface index of abrasion resistance
is larger than 1.60, the abrasion resistance of concrete pavement can be ensured.

3.2.4 Compressive and Flexural Strengths

Table 9 shows the compressive and flexural strengths of all specimens at the
28th day. It can be seen that, when nano-particles in a small amount are added,
both the compressive and flexural strengths of concrete can be enhanced. How-
ever, when nano-particles in a large amount are added, the flexural strength of
concrete is lower than plain concrete although the compressive strength is still a
little enhanced. The effectiveness of nano-TiO, in increasing the compressive and

Table 9 Compressive and flexural strengths of specimens

Mixture no. Flexural strength Compressive strength
Target (MPa) Enhanced extent (%) Target (MPa) Enhanced extent (%)
PC 5.46 0 59.08 0
PPCI 5.99 9.81 61.02 3.28
PPC2 6.60 20.87 63.29 7.12
NSClI 5.69 421 66.36 12.31
NSC3 5.36 -1.87 61.16 3.51
NTC1 6.02 10.28 69.73 18.03
NTC3 5.62 3.04 66.62 12.76

NTC5 5.28 -3.27 60.00 1.55
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flexure strengths increases in the order: NTCS<NTC3<NTCl1 (with the decrease
on nano-TiO, content) and the similar results can be observed in Table 4 for the
concrete containing nano-SiO,. When the content of PP fibers increases from
0.6kg/m’ to 0.9kg/m’, compressive strength of the concrete containing PP fibers
enhances only a little, but its flexural strength improves markedly.

If concrete is perfect and has no flaws, its compressive and flexural strengths
should be enhanced synchronously. But in practice, the enhanced extent of com-
pressive strength of concrete is greatly larger than that of flexural strength. This is
primarily attributed to the presence of micro-cracks with different scales in con-
crete, and the effect of micro-cracks on flexural strength of concrete is greater than
on compressive strength. However, with the addition of PP fibers, the formation
and propagation of micro-cracks are inhibited, and the scales of micro-cracks are
reduced, so the enhanced extent of flexural strength of the concrete containing PP
fibers is higher than that of compressive strength. When the content of nano-
particles is larger, such as the concretes containing 3% nano-SiO, and 5% nano-
TiO,, the workability of concrete is worse, and the number of micro-cracks in con-
crete increases, which results in the decrease of flexural strength of concrete. In
addition, because nano-particles are more difficult to uniformly disperse when the
contents are large, and the weak zone in concrete increases, which also causes the
decrease of flexural strength of concrete.

3.2.5 Abrasion Resistance

Table 10 shows the results of abrasion resistance of all specimens at the 28th day.
It can be seen that the abrasion resistance of concretes containing nano-particles
and PP fibers is remarkably improved, in particular the abrasion resistance of con-
crete containing nano-particles. The enhanced extent of the abrasion resistance of
concrete containing nano-particles is much higher than that of concrete containing
PP fibers. The side indices of abrasion resistance of all concretes are larger than
their surface indices of abrasion resistance.

Table 10 The results of abrasion resistance of specimens

Surface index of abrasion resistance  Side index of abrasion resistance

Mixture no. Target Enhancedextent (%) Target Enhancedextent (%)
PC 1.19 0 1.55 0

PPCl1 1.42 19.1 242 55.9

PPC2 1.60 344 2.62 69.2

NSC1 3.06 157.0 3.71 1394

NSC3 2.39 100.8 2.93 89.0

NTC1 3.34 180.7 4.24 173.3

NTC3 2.95 147.7 3.72 140.2

NTC5 2.27 90.4 2.88 86.0

The effectiveness of nano-TiO, in enhancing abrasion resistance increases in
the order: NTC5<NTC3<NTC1 (with the decrease on nano-TiO, content). The
abrasion resistance of concrete containing nano-TiO, in the amount of 1% by
weight of binder increases by 180.7% for the surface index and 173.3% for the
side index. Even for the concrete containing nano-TiO, in the amount of 5% by
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weight of binder, the abrasion resistance increases by 90.4% for the surface index
and 86% for the side index. The similar results can be found for the concrete con-
taining nano-SiO,.

The index of abrasion resistance of concrete containing PP fibers increases with
increasing fibers content. The enhanced extent is almost the same as that presented
in the related literatures.

The addition of nano-particles is much more favorable to the abrasion resis-
tance of concrete than that of PP fibers.

The mechanism of nano-particles improving the abrasion resistance of concrete
can be interpreted as follows. Supposed that nano-particles are uniformly dis-
persed and each particle is contained in a cube pattern, the distance between nano-
particles can be specified. After hydration begins, hydrate products diffuse and
envelop nano-particles as kernel. If the content of nano-particles and the distance
between them are appropriate, the crystallization will be controlled to be a suitable
state through restricting the growth of Ca(OH), crystal by nano-particles. This
makes the cement matrix more homogeneous and compact. As a consequence, the
abrasion resistance and strength are improved evidently such as the concrete
containing 1% nano-TiO,. With increasing content of nano-particles, the distance
between nano-particles decreases, Ca(OH), crystal can not grow up enough,
which leads to the ratio of crystal to C-S-H gel small and the microstructure of
cement matrix is loose. The abrasion resistance and strength of concrete decrease
relatively.

In addition, because cement content and water content in this study are small,
the slump of fresh concrete, especially the concrete containing nano-particles is
less than 60mm, which leads to a thin mortar layer on the surface of concrete
forming. The thin mortar layer is favorable to the improvement of abrasion resis-
tance of concrete.

However, the abrasion resistance and strength of concrete are decreased with
increasing content of nano-particles. Studies have shown that the content of nano-
particles has a strong influence on the water demand of cement paste. The larger
the content of nano-particles is, the more the water demand of cement paste is. If
the mixture proportions of concrete are the same, the workability of concrete will
decrease remarkably with increasing content of nano-particles, which conse-
quently decreases the abrasion resistance and strength of concrete. In addition, the
uniform dispersion of nano-particles in cement paste is difficult with increasing
content of nano-particles, which also decreases the strength and abrasion resis-
tance of concrete.

The abrasion resistance of concrete containing modified PP fibers is improved,
which is mostly attributed to the crack-arresting effect and crack-thinning effect of
PP fibers, and the bridge effect of PP fibers on cracks and diversion effect of PP
fibers on separated cement blocks. The larger the content of PP fibers is, the
stronger these effects are. In addition, friction work is consumed when PP fibers
are pulled out from concrete.
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3.2.6 The Relationship between Abrasion Resistance and Compressive
Strength of Concrete

As mentioned in introduction, there are different views on the relationship be-
tween abrasion resistance and compressive strength of concrete at present. The
relationship between abrasion resistance and compressive strength of concrete is
obtained from this test, and shown in Fig. 21 and 22, respectively.
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Fig. 21 The relationship between the index of abrasion resistance and compressive strength
of concrete containing nano-particles
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Fig. 22 The relationship between the index of abrasion resistance and compressive strength
for all mixtures

It can be seen from Fig.21 that the indices of abrasion resistance of concrete
containing nano-particles increase with increasing compressive strength. The rela-
tionship appears to be linear, and the correlation coefficient is close to 1.0. The
correlation of side index of abrasion resistance is slightly larger than that of sur-
face index.

Fig. 22 shows the total relationship between the indices of abrasion resistance
and compressive strength for plain concrete, the concrete containing nano-
particles and the concrete containing PP fibers. It can be seen that the curves
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approach hyperbola basically, which confirms that compressive strength is a criti-
cal factor affecting the abrasion resistance of concrete.

The relationship between the index of abrasion resistance and compressive
strength can be expressed by

I = Jeu (15)
0, fot6,

where, I, is the index of abrasion resistance of concrete; f_, is the compressive
strength (MPa); 6, and @, are constants that can be obtained by curve fitting
techniques and reported in the Table 11.

Table 11 Regression coefficient in the Eq. (15)

Index of abrasion resistance 6, 0, Correlation coefficient >
Surface index of abrasion resistance -1.47819 122.867 0.67625
Side index of abrasion resistance -0.94309 81.5936 0.78734

3.3 Flexural Fatigue Performance of Concrete Containing
Nano-particles for Pavement

3.3.1 Materials and Mixture Proportions

The materials and fabrication methods were same to that shown in section 2.2. Six
kinds of mixtures are cast in this study. The water/binder ratio used for all mix-
tures is 0.42, where the binder weight is the total weight of cement and nano-
particles. Sand ratio is 34%. The mixture proportions for cubic meter of concrete
are given in Table 12. Herein, PC denotes plain concrete. PPC denotes the con-
crete containing PP fibers in the content of 0.9 kg/m’. NSC1 denotes the concrete
containing nano-SiO, in the amount of 1% by weight of binder. NTC1 and
NTC3 denote the concrete containing nano-TiO, in the amount of 1% and 3% by
weight of binder, respectively. And NTPC denotes the concrete containing both
nano-Tiqz in the amount of 1% by weight of binder and PP fibers in the content of
0.9 kg/m’.

Table 12 Mix proportions of specimens (kg/m’)

Mixture Fine Coarse PP . . Slump
Water Cement Nano-SiO, Nano-TiO, UNF Defoamer
type aggregate aggregate fiber (cm)
PC 151 360 650 1260 - - - 54 - 5~6
PPC 151 360 650 1260 09 - - 54 - 2~3
NSC1 151 3564 650 1260 - 3.6 - 54 0216 2~3
NTC1 151 3564 650 1260 - - 3.6 54 0216 2~3
NTC3 151 3492 650 1260 - - 10.8 7.2 0.288 2~3

NTPC 151 356.4 650 1260 09 - 3.6 7.2 0.288 -
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3.3.2 Test Methods

Flexural strength testing is performed in accordance with JTJ 053-94 (Testing
Methods of Concrete for Highway Engineering, China).

For flexural fatigue testing, a four-point bending test method is applied with an
effective span of 300 mm in a 100 kN Material Testing System (MTS). The test is
carried out in load control using a continuous sinusoidal waveform with a loading
frequency of 10 Hz.

The load cycle characteristic value R is defined as follows: R =P, /P,

ax
where P;, and P, refer to the minimum and maximum load of sinusoidal wave
in each cycle. R is taken as 0.1 in this test.

The stress level S is defined as: S = o, / O where o, and O, are the flex-

ural fatigue strength and the flexural strength, respectively. The following four
stress levels are selected: 0.70, 0.75, 0.80 and 0.85 for all specimens referred in
this study.

The input data for the test include the waveform, maximum and minimum load
amplitude, loading frequency, maximum number of cycles.

The reference for the loading stress levels is the average ultimate static flexural
strength of specimens measured just before the fatigue testing. The preload of
100~200 N is put on the specimen to eliminate the error caused by poor contact.
The fatigue failure numbers of specimens are recorded.

3.3.3 Fatigue Equation and Weibull Distribution

3.3.3.1 The Type of Fatigue Equation and the Physical Meaning of the
Parameters in Fatigue Equation

There are two types for fatigue equation. One is single-logarithm fatigue equation,

ie. S=lga— PlgN ; the other is double-logarithm fatigue equation, i.e.

IgS=lga- ﬂlg N . Where, S is the stress level, N is the fatigue life of

concrete.

The fatigue performance of concrete is dependent on the two important parame-
ters (& and ,5 ) in fatigue equation. The parameter & reflects the height of fatigue
curve. The larger the parameter ¢¢ is, the higher the fatigue curve is, and the better
the fatigue performance of concrete is. The parameter ﬂ reflects the steep degree

of fatigue curve. The larger the parameter ,5 is, the steeper the fatigue curve is,

and the fatigue life of concrete is more sensitive to the change of stress.

At present, the single-logarithm fatigue equation is extensively used. It is avail-
able in the common range (0.55<5<0.85) of fatigue life NV, but it cannot extend.
The double-logarithm fatigue equation is a perfect type. It can not only agree well
with the test results but also extend suitably. Both two types of fatigue equations
are used to analyze the fatigue performance of concrete in this study.
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3.3.3.2 Weibull Distribution
Because concrete belongs to the heterogeneous material, the data of flexural
fatigue test are very scattered, even though the stress level S is the same.
Therefore, it is necessary to take an appropriate method to process the data.

In 1939, Weibull, an engineer of Sweden put forward a probability density dis-
tribution function to process the data of fatigue test [37,38]. The cumulative distri-

bution function Pf (N ) of double-parameters Weibull distribution can be ex-

P, (N)=1 —exp{— (%ﬂ (16)

The function P, (N ) corresponds to the failure probability. Where, A is the shape

pressed by

parameter or the Weibull slope at the stress level S; u is the scale parameter; N is
the position parameter or the fatigue life of concrete at the stress level S.
Taking twice natural logarithm for both sides of Eq. (16) gives

1
Inln—————=AIn(N)- 11 17
nnl—Pf(N) n(N) n(u) a7
1
Setting Y =Inln————, X =In(N ),n =11 , th
etting nnl—Pf(N> n( )77 n(u) en

Y=AX -7 (18)

It can be seen from Eq. (18) that, if the relationship between Y and X is linear
(when the correlation coefficient r is larger), the data of fatigue test follow the
Weibull distribution. On the contrary, it will be not true.

According to Eq. (17), it can be figured out

+7

In ln;
1-P;(N) Y+

N=In"{{In ln¥ +Alnut /At=e 4 =e* (19
1-P,(N)

The corresponding relationship between the fatigue life and failure probability can
be found from Eq. (19). When a failure probability p is given, the corresponding
fatigue life NV at certain stress level S can be calculated.

3.3.4 Flexural Strengths

Table 13 shows the flexural strengths of all specimens at the 28th day. It can be
seen that the flexural strengths of the specimens with additives NSC1, NTC1 and
NTC3 are all higher than that of plain concrete with the same water/binder ratio.
The effectiveness of nano-particles in enhancing flexural strength increases in the
order: NTC3 <NSCl1< NTCI.
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Table 13 Flexural strengths of specimens

Mixture type PC PPC NSCI NTC1 NTC3 NTPC
Target (MPa) 5.46 6.60 5.69 6.02 5.62 4.85
Variation coefficient (%) 7.56 8.35 4.85 777 7.84 8.55
Enhanced extent (%) 0 20.87 421 10.28 3.04 -11.21

Generally, nano-particles are more difficult to uniformly disperse when the
content is large, and thus the workability of concrete is worse, the number of mi-
crocracks and weak zone in concrete increase, which leads to smaller enhance-
ment in flexural strength, e.g. the flexural strength of NTC3 is smaller than that of
NTCI.

The flexural strength of NSCI is smaller than that of NTC1 even though the
contents of the two kinds of nano-paticles are the same. It may be attributed to
the fact that the specific surface area of nano-SiO, is much larger than that of
nano-TiO,, so nano-SiO; is more difficult to uniformly disperse than nano-TiO; in
concrete.

The flexural strength of PPC improves markedly. Due to the addition of PP fi-
bers, the formation and propagation of microcracks in concrete are inhibited, and
the scales of microcracks are reduced.

However, the flexural strength of NTPC is lower than that of plain concrete,
which indicates that the interaction between PP fibers and nano-particles is nega-
tive. When nano-TiO, and PP fibers are respectively added into concrete, the
workability of fresh concretes (NTC1 and PPC) becomes bad compared with plain
concrete (shown in Table 13); when nano-TiO, and PP fibers are added into con-
crete together, the workability of fresh concrete (NTPC) becomes worse, which
leads to the low density of hardened concrete, more porosity in concrete and low
flexural strength.

3.3.5 Weibull Distribution Verification

According to the probability theory of Weibull distribution, the failure probability
p corresponding to the failure life N can be expressed by

i
k+1

p (20)

where, k is the total number of the fatigue test data at certain stress level; i is the
sequence number of failure specimens at certain stress level, i=1, 2, ..., k.

Then the linear regression is carried out for the fatigue test data according to
Eq. (18) when the stress level S is respectively equal to 0.70, 0.75, 0.80 and 0.85.
Table 14 shows the results of Weibull regression analysis for all concretes referred
in this study.
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Table 14 The results of Weibull regression analysis

Stress PC PPC NSCl1

levelS 1 n r A n r A Ui r
0.85 0.5372 3.1176 0.9648 0.5084 3.7853 09776 0.5555 3.5917 0.9897
0.80  0.4552 3.6308 0.9947 0.7748 5.8196 0.9838 0.7047 5.0214  0.9916
0.75 0.5516 4.8485 0.9950 0.6405 5.7947 0.9948 0.6991 6.0511 0.9554
0.70  0.5639 5.7642 0.9636 0.7062 7.2156  0.9952 0.6125 6.2229  0.9925

Table 15 The results of Weibull regression analysis (continued)

Stress NTCI1 NTC3 NTPC

level§ 4 n_r A N r A n_r

0.85 0.7687 4.8185 0.9609 0.5402 3.6665 0.9928 0.6178 4.0804 0.9539
0.80 0.6269  5.1252 0.9903 0.4725 3.8831 0.9947 0.4628 4.0289 0.9906
0.75 0.7951  7.4281 0.9995 0.6216 5.7011 0.9960 0.7052  6.4582 0.9929
0.70 0.7913  8.0021 0.9982 0.6277 6.2475 0.9922 0.6252  6.3174 0.9974

It can be seen from Table 15 that all correlation coefficients are larger than

0.95, which indicates that the relationship between Inln—— and In(N) is
1-P,(N)
linear for four stress levels. This validates that the fatigue lives of all concretes re-
ferred in this study follow the double-parameters Weibull distribution.
In this study, the test data processed by Weibull distribution is used to analyze
the flexural fatigue performance of various concretes.

3.3.6 Flexural Fatigue Performance of Concretes under the Same Failure
Probability

The test data that have 10% failure probability after being processed by Weibull
distribution are used to compare the flexural fatigue performance of various
concretes.
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Fig. 23 Fatigue curves of concretes when the failure probability p is 10%
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Fig. 23 shows the fatigue curves of various concretes when the failure probabil-
ity p is 10%. Although the slopes of fatigue curves are little different for various
concretes, on the whole the flexural fatigue performance of concretes increases in
the order: PC< NTC3<NSC1<NTPC<PPC<NTCI. The results of single-logarithm
fatigue equation are consistent with that of double-logarithm fatigue equation.

Table 16 Fatigue equations of concretes (failure probability p=0.1)

Mixture Single-logarithm fatigue equation Double-logarithm fatigue equation

type S=a- ﬂlg N Correlation 1 gS = 1 ga- ﬂl gN Correlation

coefficient r coefficient r

PC §=0.9005-0.07411gN  0.9995 1gS=-0.0413-0.0417 1gN  0.9995
PPC $=0.9678 - 0.0880 1gN  0.9954 1gS =-0.0035 - 0.0494 1gN  0.9946
NSCI1 §=0.9403 - 0.08341gN  0.9966 1g§ =-0.0191 - 0.0467 IgN  0.9939
NTC1 §=0.9682-0.08201gN  0.9880 1g§ =-0.0035 - 0.0460 1gN  0.9851
NTC3 §=0.9365-0.0828 IgN  0.9826 1gS=-0.0211 - 0.0465 1gN 0.9818
NTPC S5 =0.9545 - 0.0857 1gN  0.9746 1gS=-0.0112-0.0481 1gN  0.9723

Table 17 Regression parameters of fatigue equations (failure probability p=0.1)

Mixture Single-logarithm fatigue equation Double-logarithm fatigue equation

type a Enhanced ﬂ Enhanced o Enhanced Enhanced
extent (%) extent (%) extent (%) extent (%)

PC 0.9005 0.00 0.0741 0.00 0.9093  0.00 0.0417  0.00

PPC 0.9678 747 0.0880 18.76 0.9920  9.09 0.0494 18.47

NSC1 0.9403 442 0.0834 12.55 09570  5.24 0.0467 11.99

NTC1 09682  7.52 0.0820 10.66 0.9920  9.09 0.0460 10.31

NTC3 0.9365 4.00 0.0828 11.74 09526  4.76 0.0465 11.51

NTPC 0.9545 6.00 0.0857 15.65 09745  7.18 0.0481 15.35

Tables 16 and 17 show the fatigue equations of various concretes and their re-
gression parameters ( & and /3 ) when the failure probability p is 10%. It can be

seen that, the regression parameters of fatigue equations of concretes containing
nano-particles and PP fibers are all increased in different extent, and all correla-
tion coefficients are larger than 0.97. The increase of & indicates that the flexural
fatigue performance of concretes is significantly improved. The increase of ﬂ in-
dicates that the fatigue curves of concretes become steep, and the sensitivity of
their fatigue lives to the change of stress is increased.

For the concrete containing PP fibers, when the single-logarithm fatigue equa-

tion is used, the values of ¢ and ,B increase by 7.47% and 18.76%, respectively;

and when the double-logarithm fatigue equation is used, the values of ¢ and ﬂ in-
crease by 9.09% and 18.47%, respectively. The similar conclusion can be found in
related literatures [39,40].

For the concrete containing 1% nano-TiO,, the values of ¢ and /3 increase by
7.52% and 10.66% (in the single-logarithm fatigue equation), respectively, and
9.09% and 10.31% (in the double -logarithm fatigue equation), respectively.
Compared with other concretes, the enhanced extent of ¢ is the largest, whereas,
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the enhanced extent of /3 is the lowest. Therefore, the fatigue performance of

NTCI is improved in the largest extent, and the sensitivity of its fatigue life to the
change of stress is increased in the smallest extent in this test.
For NSC1 and NTC3, the enhanced extent of & is smaller, whereas, the en-

hanced extent of ﬂ is larger. Therefore, the fatigue performance of NSC1 and

NTC3 improves a little, but their fatigue lives are more sensitive to the change of
stress. The fatigue performance of NTC3 and NSCl is close to each other.

For the concrete containing both nano-particles and PP fibers, i.e. NTPC, the
enhanced extent of & is smaller than NTCland PPC, whereas the enhanced

extent of ,B is larger than NTC1 and smaller than PPC. Therefore, the fatigue per-

formance of NTPC is poor than NTCland PPC, but the sensitivity of its fatigue
life to the change of stress is intervenient.

Tables 18 and 19 show the theoretic fatigue lives of various concretes calcu-
lated by using single-logarithm fatigue equation and double-logarithm fatigue
equation, respectively, at four stress levels. It can be seen that the theoretic fatigue
lives of concretes containing nano-particles and PP fibers are all enhanced in dif-
ferent extent. With increasing stress level, the enhanced extent of theoretic fatigue
number of the concretes containing nano-particles and PP fibers is increased
remarkably, which indicates that the concretes containing nano-particles and PP
fibers have excellent flexural fatigue performance at high stress level (correspond-
ing to heavy traffic loads) compared with plain concrete. Additionally, the fatigue
lives of concretes containing nano-particles and PP fibers are also decreased with
increasing stress level.

Table 18 Theoretic fatigue lives of concretes calculated by single-logarithm fatigue
equation

S =0.85 S =0.80 S=0.75 S=0.70
Mi - - - -
xture Th§0retlc Enhanced Th§0retlc Enhanced Th§0retlc Enhanced Th?oretlc Enhanced
type fatigue fatigue fatigue fatigue

extent (%) extent (%) extent (%) extent (%)

number number number number
PC 10 0.00 45 0.00 215 0.00 1016 0.00
PPC 44 354.07 161 255.26 597 177.95 2209 117.46
NSC1 24 151.90 96 111.83 383 78.13 1522 49.79
NTC1 55 475.38 225 395.39 916 326.52 3730 267.22
NTC3 22 130.77 89 96.01 358 66.49 1437 41.41
NTPC 33 245.03 127 179.59 487 126.56 1865 83.59

The fatigue lives, as well as their enhanced extent calculated by using single-
logarithm fatigue equation are almost the same as that calculated by using double-
logarithm fatigue equation. The fatigue lives of various concretes increase in the
order: PC<KNTC3<NSC1<NTPC<PPC<NTCI.

It can be seen from Table 18 that the theoretic fatigue number of PPC increases
by 354.07% when the stress level S is 0.85, which is approximately consistent
with the test results in related literature [40]. However, the theoretic fatigue num-
ber of NTC1 increases by 475.38% at the same stress level. When the stress level
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Table 19 Theoretic fatigue lives of concretes calculated by double-logarithm fatigue
equation

§=0.85 S=0.80 §=0.75 S=0.70
Mixt - - - -
e Thgoretlc Enhanced Thf:oretlc Enhanced Thf:oretlc Enhanced Thf:oretlc Enhanced
type  fatigue fatigue fatigue fatigue
extent (%) extent (%) extent (%) extent (%)
number number number number
PC 10 0.00 43 0.00 203 0.00 1060 0.00
PPC 46 352.62 156 260.84 575 183.50 2322 119.05
NSC1 25 151.30 93 115.08 369 82.23 1618 52.65
NTC1 57 470.30 215 397.83 873 330.77 3912 269.05
NTC3 23 130.10 85 98.04 342 68.80 1508 42.30
NTPC 34 240.68 121 180.76 463 128.51 1944 83.36

S is 0.70, the theoretic fatigue number of PPC increases by 117.46%, however, the
theoretic fatigue number of NTC1 increases by 267.22%. Apparently, the concrete
containing 1% nano-TiO, has much better flexural fatigue performance than the
concrete containing PP fibers.

The enhanced extent of fatigue life of the concrete containing 3% nano-TiO; is
the lowest. Even for this concrete, the theoretic fatigue number increases by
130.77% and 41.41% at the stress levels of 0.85 and 0.70, respectively.

Table 20 presents the theoretic stress level of NTC1 and PC calculated by fa-
tigue equation. The theoretic stress level of NTC1 is enhanced compared with PC
when the fatigue failure number N is equal to 10°. The theoretic stress level of
NTCI increases by 4.45% (calculated by single-logarithm fatigue equation) and
2.80% (calculated by double-logarithm fatigue equation). This further validates
that the fatigue performance of NTC1 is superior to PC.

Table 20 Theoretic stress level of NTC1 and PC when the fatigue failure number N is 10°

Mixture Single-logarithm fatigue equation Double-logarithm fatigue equation

type Theoretic stress level Enhanced extent (%) Theoretic stress level Enhanced extent (%)
PC 0.4559 0.00 0.5111 0.00

NTC1  0.4762 445 0.5254 2.80

3.3.7 Mechanism of Fatigue Improvement

The addition of PP fibers benefits the fatigue performance of concrete under flex-
ural cyclic loading. This can be attributed to that the fibers are able to bridge mi-
crocracks and retard their growth, thereby prolonging the fatigue life of concrete.
Otherwise, the addition of PP fibers can increase the ability to absorb energy of
concrete [41]. That is to say, in the concrete containing PP fibers, the action of fi-
bers bridging and fibers pullout dissipate energy in the wake of the crack tip, and
therefore substantially improve load-bearing capacity and resistance to crack
growth. Furthermore, the inclusion of PP fibers produces a more ductile behavior
during fatigue loading [42].
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The mechanism of nano-particles improving the flexural fatigue performance of
concrete can be interpreted as follows. Supposed that nano-particles are uniformly
dispersed and each particle is contained in a cube pattern, the distance between
nano-particles can be specified. After hydration begins, hydrate products diffuse
and envelop nano-particles as kernel. If the content of nano-particles and the dis-
tance between them are appropriate, the crystallization will be controlled to be a
suitable state through restricting the growth of Ca(OH), crystal by nano-particles.
Moreover, the nano-particles located in cement paste as kernel can further pro-
mote cement hydration due to their high activity. This makes the cement matrix
more homogeneous and compact. Additionally, nano-particles can act as fillers to
improve the density of concrete, which leads to the porosity of concrete reduced
significantly. As a consequence, the flexural fatigue performance and strength of
concrete are improved evidently, as presented in previous sections of this article.

Studies have shown that the content and specific surface area of nano-particles
have a strong influence on the water demand of cement paste. The larger the
content of nano-particles is, the more the water demand of cement paste is. If the
water/binder ratio is the same for the concrete containing different contents of
nano-particles, the workability of concrete will decrease with increasing content of
nano-particles, which consequently has a disadvantageous influence on the flex-
ural fatigue performance and strength of concrete. Additionally, the nano-particles
become more difficult to disperse uniformly in cement paste with increasing con-
tent of nano-particles. The aggregation of nano-particles will form weak zones in
cement paste. As a result, the enhanced extent of flexural fatigue performance and
strength of concrete decreases, e.g. NTC3.

NTCI has better flexural fatigue performance than NSCI even though they
contain the same content of nano-particles. This may be attributed to the larger
specific surface area of nano-SiO, than that of nano-TiO,, which leads to nano-
Si0, being more difficult to disperse uniformly in cement paste, as mentioned ear-
ly in the article.

The flexural fatigue performance of the concrete containing both nano-particles
and PP fibers (NTPC) is inferior to that of the concrete containing the same
amount of nano-TiO, alone or PP fibers alone. This is primarily attributed to the
bad workability of NTPC.

4 Future of Multifunctional Nano-concrete

Concrete structures constitute a large portion of civil infrastructures, but their reli-
ability is relatively low because of wide material discreteness and complex service
environment. Consequently, the safety of concrete structures is an important prob-
lem being paid attention to at all times in civil engineering field. Therefore, it is
necessary to take reasonable measures to monitor the state of concrete structures.
In order to monitor the performance and state of concrete structures during their
service periods, the information of structural state need be obtained by appropriate
monitoring technologies. Now local monitoring for concrete structures is usually
achieved by embedding such sensors as electric-resistance strain gauges, optic
sensors, piezoelectric ceramic, shape memory alloy and fiber reinforced polymer
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bar in key structural positions. However, these sensors have such drawbacks as
poor durability, low sensitivity, high cost, and unfavorable compatibility with
concrete structures. Smart concrete has favorable piezoresistivity, great durability
and good compatibility with concrete structures, etc., and it can therefore be used
to develop retrofit or new installations, including traffic monitoring, weighing in
motion, corrosion monitoring of rebar, strain-sensing coating.
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Nano-optimized Construction Materials by
Nano-seeding and Crystallization Control

Michael Kutschera, Luc Nicoleau, and Michael Briu

Abstract. Nanotechnology and nanoscience are rapidly creating new possibilities
to control and improve material properties. This trend can be also seen in con-
struction materials used for civil infrastructure applications. Special focus in this
area is put on Portland cement and gypsum. Together their annual production is by
far larger than for any other material worldwide.

Nano-engineering and nano-modification of these materials can be done
between their dissolution and hardening. Especially the nucleation step and the
crystallization period are most suitable to change the material properties by adding
active supramolecular components or colloidal (particle) nano-seeding-additives.
This chapter summarizes existing technologies for analyzing and changing the
nano-structure of cement and gypsum construction materials. It also shows first
results in homogeneous seeding the precipitation of calcium silicate hydrates
within a real Portland cement composition. All these procedures, when done
correctly, will result in improved material properties opening up with new possi-
bilities for civil infrastructure applications.

1 Introduction

When talking about nanotechnology and cementitious systems it is not always
easy to span the bridge between modern advanced technology and know how
which exists since some two thousand years. But it is always good to start from
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the very beginning. Since the dawn of time, the need to create a shelter, a home,
alongside acquiring food and partnership remains in the top 3 creature priorities.
This inevitably implicates that historically, to create the said shelter or housing,
the best developed technologies that were suitable and affordable during those
times have been used. Starting from wooden shacks, clay cottages, natural stone
dwellings up to brick mansions and concrete buildings there has been a constant
and tremendous development. But it is often not recognized as high-tech due to
the fact that more or less everybody has access and can use the technology on a
very normal basis.

However we will show that modern hydraulic binder systems including cement
and gypsum are on the eve of a technological revolution. Modern possibilities of
engineering and modification on the nanoscale can influence the existing nano-
structure of cementitious systems in a targeted, specific and systematic way.

A start can be made with existing building materials. They can roughly be
sorted into three classes:

e Solid mass natural materials (e.g. stone, wood, straw)
e Pre-processed, manufactured materials (e.g. iron, steel, glass, brick)
¢ On site reactive materials (e.g. clay, lime mortar, gypsum, cement, concrete)

Each class has its own quality and application area and nearly all buildings are
made of a combination of those materials. From the engineering side, solid mass
natural materials are typically quite cheap but require certain workmanship and
are not easily compatible with modern industrial construction methods or proce-
dures. Here lies the advantage of pre-processed, manufactured materials. They
come in standardized dimensions and can be delivered on a regular basis with
guaranteed quality. Additionally they have some extraordinary material properties

Fig. 1 Bridging the gap of several orders of magnitudes in length scale: Nano-engineering
and nano-modification of hydraulic binder systems. Left: nanoscale calcium silicate hy-
drates on sintered tricalcium silicate surface in a calcium hydroxide solution after 2 hours
observed by atomic force microscopy (particles of 30x60 nm?) [Nicoleau 2004], middle:
microstructure within reacted cement paste (um...mm), right: Burdsch Chalifa during
construction (m...km). (picture sizes left: 0.4 ume0.4 pm, middle: 20 pme20 pm, right:
~500 m*830 m)
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Fig. 2 Dramatic increase of global cement usage during the last century ([U.S. Geological
Survey 2010]).

(like steel or glass). Finally on-site reactive materials fulfill double function. They
are used to bond together other construction materials (like brick) and on the other
hand can be filled into a boarding to form a construction element of any desired
form when hardened.

This classification is not fully distinctive. There are lots of materials which be-
long to multiple categories like e.g. prefabricated concrete parts or clay-straw
composites. Nonetheless the classification is still helpful.

1.1 A Short History of Cementitious Systems

When looking back on the history of construction, gypsum is by far the most an-
cient material. Traces of the use of gypsum go back to 7000 b.c. and there are
clear descriptions dating back to 3000 b.c. when Egyptians burned gypsum in
open-air fires. To produce gypsum, natural calcium sulfate hydrates are thermally
treated (burned) to generate a mixture of calcium sulfate hemi-hydrate and anhy-
drate. The processing itself as well as reaction times and temperatures determine
the resulting composition and subsequent product properties and quality. Modern
production methods focus on low prices (flash calciner, high temperatures, short
residing times) or high quality and robust reactivity (autoclave-type calciner, low-
er controlled temperature profiles, longer burning times).
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Proven traces of cement production and usage go back to the Roman age where
the so called Opus Caementicium was used as a recipe for the inside of brick-
faced or solid concrete buildings. The Romans also used aggregates and different
hydraulic binder systems (lime, pozzolans, cement) to form lime mortars, struc-
tural mortars, underwater mortars and concrete [Vitruvius, 25].

Modern cement development started some 200 years ago. In 1817 Louis Vicat a
French engineer invented an artificial cement called white gold. This finding was
superseded in 1824 when Joseph Aspdin who was a master craftsman for masonry
in Leeds (England) filed a patent called “an improvement in the mode of produc-
ing an artificial stone”. This so called ordinary Portland cement (OPC) mainly
consists of calcium silicates with the most prominent modifications tricalcium sili-
cate (Alite) and dicalcium silicate (Belite) among aluminates, ferrites and many
more components and impurities. For Portland cement the production consists of a
calcination (de-carbonization) process in a rotary kiln. Raw materials are among
others limestone and clays. Due to the high temperatures needed for calcination
(approx. 1400°C) optimizing the production with respect to a decreased energy
demand, management of the energy source used as well as use of secondary en-
ergy carriers (e.g. plastic waste or tires) were important tasks in modern cement
production. CO, emission is still a major future challenge for cement producers.

From a scientific view it is valid to treat cement and gypsum within one com-
mon scope. In a physico-chemical sense both raw materials dissolve in contact
with water leading to a very high local supersaturation with respect to calcium-
silicate-hydrates or calcium-sulfate-hydrates respectively. This is due to the fact
that hydrated species have a lower solubility when compared to the not hydrated
ones. The following precipitation process is therefore running highly thermody-
namically unbalanced. But also complex kinetics like supply of fresh ions, forma-
tion of critical nuclei and self-passivation play an active role during the hardening
process. In addition both materials undergo some transitions from amorphous pre-
cursors to intermediate and final crystalline structures. A detailed description of
these reactions will be given in chapter 2 for cement and gypsum.

In the view of nano-technology (hardened) cement itself without any modifica-
tions is clearly a nano-material. It has a hierarchical structure ranging from sub-
millimeter dimensions down to nanometer scale. And it is known that a lot of its
material properties strongly depend on the structures and the structure develop-
ment below 100nm [Taylor 1997]. Examples are rheological behavior in liquid
state, shrinkage during hardening as well as the development of the final compres-
sive and flexural strength. Things are not so clear for gypsum. Here the
CaS0,-2H,0 crystals are well in the pm range. On the other hand the mechanical
properties of gypsum depend on the cohesion between these crystallites. This can
be easily seen by the decrease of mechanical strength upon humidity or wetting of
gypsum specimens [Tesarek et al 2004; McGowan 2007]. Theses cohesion forces
again very much depend on Van der Waals forces, inner surface structure match-
ing and roughness on nanometer scale. Therefore cement and gypsum are by na-
ture a nanostructured material with complex hierarchical super and sub-structures.
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1.2 Current Trends in Nano-modification of Cementitious
Systems

In the last decades there has been a continuously increasing trend to modify and
optimize cementitious binders by means of nanotechnology and nanoscale addi-
tives. In a roughly chronological order the following modifications evolved:

e Supramolecular additives

e Nanoscale fillers (inert)

e Functional nano additives which influence hydration and/or structure
development

Supramolecular additives for cement and concrete are known and used since the
mid-1960s. They can act as for example high performance dispersants, rheology
modifier or anti shrinkage agents. All of them act in the liquid pore solution before
the final hardening of the concrete. They modify and partially cover the surfaces
both of the starting materials as well as of the forming hydrate particles. On these
surfaces they control rheological properties of the cement paste by electrostatic,
hydrophobic or steric interactions. They also modify (lower) the surface energies
leading to changes in wetting properties and decreased capillary forces. Typical
chemistries used have sulfonate, carboxylate or amine functionalities (among
many others...).

The development of improved supramolecular additives allowed incorporation to a
certain extent, nanoscale filler particles and materials into cement paste and concrete
mixtures. These fillers are mostly inert meaning that they neither interfere with the hy-
dration process nor do they change the hydration products. Typical examples for those
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fillers are micro-silica, nanoscale pyrogenic SiO,, Ca(OH), or even TiO, particles.
Their main task is to optimize the grain size distribution leading to a highly filled and
compact cement matrix with reduced pores and voids. There has been a noticeable de-
velopment in the mix design using nanoscale fillers. The resulting ultra high perform-
ance concretes (UHPCs) outperform standard concretes with very high compressive
strengths and better flexural strength and increased durability. The use of these UHPCs
is still limited to high performance civil infrastructure applications like bridges, iso-
lated parts or in ocean underwater structures. The UHPC parts are prefabricated and
require novel joining and application techniques (e.g. gluing instead of grouting) [Feh-
ling, Schmidt and Stiirwald 2008].

The latest means of nano-modification of cementitious systems are functional
nano additives which influence hydration and/or structure development. Known
systems comprise of nano-tubes or nano-rods (mainly carbon nanotubes [Akkaya
2003; Trettin and Kowald 2005 & Shah 2009]), nanoscale C-S-H particles and na-
noscale gypsum particles. They shall act as internal reinforcement as well as nu-
cleation and crystallization seeds. In the following chapters we will focus on the
latter two means of nano-modifications. In chapter 2 we will discuss the chemical
reactions occurring during hardening of cement and gypsum followed by a short
overview of relevant analytical tools and modeling approaches in chapter 3. Chap-
ter 4 is about nano-modification of the nucleation steps during hydration. Finally
chapter 5 demonstrates a means of influencing and modifying the subsequent crys-
tallization processes on the nanometer scale. Some final concluding remarks will
summarize the contents. We explicitly note that there are numerous hydration
models, modeling techniques as well as characterization methods that are pub-
lished and proven but cannot be repeated due to size and scope limitations. Our
main focus will be the manipulation of the hydration process of cement and gyp-
sum by nano-modification of the nucleation period of those materials.

2 The Hardening of Construction Materials

2.1 Hpydration in Ordinary Portland Cement

Concrete is the complex mix of cement powder, sand, gravel, water and admixtures.
It is daily used almost everywhere on earth and allows raising sky-creepers of hun-
dredth meters high. The secret for building such tall and at the same time fragile
structures originates in a structure transformation at the nanometer scale occurring in
cement paste. The changes of this fluid concrete paste to a load-bearing material are
due to cohesion properties of the cement part and to the microstructure evolution
over time. A false belief is to trust that cement is simply drying when it hardens; in
fact it reacts with water (it hydrates) to form new amorphous and crystalline phases.
The pore microstructure changes during the whole cement hydration. This evolution
is a multi-scale development from the nanometer range up to tens of microns and is
the key for the resulting material properties like workability, compressive and flex-
ural strengths, durability, permeability, etc...

The microstructure and its modification with time result from the precipitation
of different hydrates, coming from the reaction of the main anhydrous phases
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(Ca;3Si0s, Ca,Si0,, CazAl,Og, Ca4A12FezO|0,1 sulfate carriers, such as calcium sul-
fates) with water [Taylor 1997]. Indeed, nowadays all ordinary cement contain
sulfate carriers. They are added after the clinker production during milling in order
to regulate the set of cement and to avoid the flash set. In presence of sulfate ions,
the anhydrous aluminate phases react to form Alumino-Ferrite tri-substituted hy-
drates (AFt) [Taylor, 1997; Goetz-Neunhoeffer, 2006; Moore, 1970]. Cement is a
multiphase powder and therefore its hydration is complex and sensible to many pa-
rameters. During the hydration, anhydrous phases and water disappear and hydrates
fill the space among grains. But the volume occupied by hydrates is generally lower
than the corresponding stoichiometric volume of cement and water. Voids are con-
sequently formed. Hardened cement is therefore a porous inhomogeneous material.
The broad size range of hydrates leads consequently also to a very broad pore size
distribution. Polymers and any organic or inorganic additives that concrete manufac-
turers may add in order to modify the fresh state as well as reaction kinetics (retard-
ers, accelerators) will impact the crystallization of hydrated phases, the pore struc-
ture and therefore the microstructure development [Zinng 2008]. As the hydration is
the key process, a summary about the most important reactions occurring during the
cement hydration will be exposed. Special attention is paid to the correlation of hy-
drate formation with the onset of cohesion and the starting point of hardening.

The hydration of anhydrous silicate phases, leading to the precipitation of the
Calcium Silicate Hydrates (C-S-H) is the major reaction in cement. A more detailed
overview of C-S-H precipitation will be made hereafter. Generally most hydrates
nucleate heterogeneously and a few homogeneously [Barret, 1974]. However, nu-
cleation and growth kinetics are strongly dependent on ion concentrations in the
pore solution. Furthermore, nucleation of hydrates can be easily disturbed by add-
ing fine minerals. These effects facilitate modification of the microstructure during
the nucleation phase and in the end improved concrete properties. Data generated in
our laboratories will be presented to highlight the various possibilities offered to
concrete manufacturers in order to accelerate cement hydration.

Motivated by the desire to enrich our understanding of the physical transforma-
tions in cement paste, scientists have developed over two decades, new characteri-
zation techniques allowing investigations of structural modifications over a broad
size range. In parallel, due to the need of forecasting concrete properties for long
service lifetimes, interesting models have been proposed to simulate numerically
the cement hydration and the expected microstructure. An overview of established
as well as emerging analytical and modeling technologies will be given.

2.2 Correlation between Hydrates, Microstructure and Cohesion
Properties in Cement

The hydration of hydraulic materials is responsible for the transformation of con-
crete or mortar from the viscoelastic state to a load-bearing material. For the sake
of simplicity only the main reactions which are responsible for the onset of cohe-
sion up to the hardening are presented.

" In cement community, it is usual to use acronyms to designate cement phases. These
phases are in cement notation: Cs3S, C,S, C3A, C4,AF.
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First, immediately after the mixing of cement with water, gravitational forces
make grains settle, they slowly interconnect and then coagulate [Jiang, 1996]. Fi-
nally they form an infinite network of grains running in the whole paste volume
[Nachbaur, 2001]. The duration is depending on the water to cement ratio, but oc-
curs always within the first 10 minutes [Winnefeld, 2002]. When no superplasti-
cizer is used, the forces between grains are strongly attractive [Plassard, 2005] and
a relative high energy is needed to break up the physical gel-like network formed.
But this coagulation step is a reversible transformation. That means that the ce-
ment paste recovers its fluidity if mixed once again and will coagulate again im-
mediately when mixing is stopped. This is well characterized by dynamic rheome-
try measurements where the storage modulus becomes higher than the viscous
modulus during the coagulation [Blask, 2001].

After a while, anhydrous phases start reacting with water; dissolve and the first
hydrate phases appear. The very first ones come from aluminate reaction with sul-
fate carriers. The principal one of this series is the calcium trisulfoaluminate hy-
drate or commonly called ettringite, which precipitates as follows:

Ca;AlL,06 + 3 CaS0O,4,2 HyO + 26 HyO > CagAly(SO,);(OH) 1,26 H,O

Ettringite precipitation increases the number of possible contact points in the paste
and also leads to an increased solid volume fraction since it binds a lot of water

Fig. 4 Cryogenic SEM picture of a cement, the water-to-cement ratio is 0.5, containing 7%
of aluminum sulfate quenched 6 minutes after the mix with water. All around the grains,
small hexagonal crystals of ettringite have precipitated. The pores and therefore distance
between grains are rapidly bridged by these crystallites. A rapid stiffening of the paste is
then observed and sprayed concrete is set.
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molecules. For instance, in modern sprayed concretes the set accelerator technol-
ogy is based on aluminum salts, Ettringite precipitation is used for achieving set-
ting time within the first 10 minutes (Fig. 4).

Nevertheless and even in the case of sprayed concrete, ettringite precipitation
alone does not allow reaching high enough mechanical strength required by con-
crete structures. Another hydrate is required for achieving higher resistances. This
is accomplished by “C-S-H”, the calcium-silicate-hydrate coming from the reac-
tion of the two main anhydrous silicate phases in ordinary Portland cement, the
tricalcium silicate (Ca3SiOs) and the dicalcium silicate (Ca,Si0,) which represent
about 60wt% and 20wt % of cement respectively. During their dissolution, the
aqueous solution becomes more and more concentrated in calcium, hydroxide and
silicate ions up to reaching a maximal supersaturation with respect to C-S-H of 1,5
up to 10. As a consequence C-S-H precipitates. The C-S-H precipitation consumes
less calcium and hydroxide than the dissolution provides and the solution gets still
richer in calcium hydroxide until supersaturation with respect to the second hy-
drate phase the Portlandite (Ca(OH),)) is reached which then also precipitates.
The C-S-H stoichiometry can vary according to the calcium hydroxide concentra-
tion in solution [Greenberg, 1965]. This variation implies large differences in the
crystalline structure, a review of different C-S-H structures is made in the follow-
ing reference [Richardson, 2008]. In normal cement, the calcium to silicon ratio is
close to 1.7. Consequently, tricalcium and dicalcium silicate hydrations can be
summarized as follows:

Ca;Si0s + (1,3 +x) H,0 > (Ca0), ,-(Si0,)-(H,0), + 1,3 Ca(OH),
Ca,Si0; + (0,3 + x) H,0 > (Ca0), ,-(Si0,)-(H,0), + 0,3 Ca(OH),

x is not well-defined but recent studies [Allen, 2007] give a closer estimation
of 1.8.

C-S-H is the elementary brick of a nano-structural masonry which glue to-
gether cement grains. These cohesive capabilities are due to two special character-
istics. Firstly, C-S-H crystallites are very small (60x20x40 nm3) [Gauffinet, 1998].
Hence, they develop a huge specific surface area [Allen, 2007; Jennings 2000] and
therefore can interconnect elements at the smallest scale. Secondly, when C-S-H is
immersed in calcium rich solution at basic pH, extreme highly attractive forces
arise between C-S-H crystals [Plassard, 2005; Jonsson, 2004]. Moreover, these
forces are robust against pore solution variations [Jonsson, 2005] and make the
cohesion also robust for all types of cement. As soon as C-S-H has precipitated,
the structure becomes more resistant, stiffer and harder and this transformation is
irreversible.

2.3 Gypsum Hydration

Gypsum is used as construction material since ancient times. First proofs of usage
as construction material are in Anatolia and Syria, 9000 years ago. Today stucco,
screed, plasterboard, filler, and many more products for the construction industry
are based on this binder. Gypsum also is also used as sulfate carrier in OPC with
about Swt%.
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Gypsum, CaSO, - 2 H,O, is typically named dihydrate referring to the water
content per mol CaSO,. In different calcination processes dihydrate is heated
above 100 °C, thus removing some of the crystal water and hemihydrate CaSO,
0.5 H,0, so-called plaster of Paris or stucco is formed. It may also be found as the
rare mineral bassanite. The water content is limited to 0.5 per mol CaSQ,, but can
be further reduced by drying to the water free hemihydrate. It is used as drying
agent as it rapidly rehydrates to hemihydrate. Simple heating of dihydrate in a ro-
tary kiln or kettle yields a microcrystalline product with fast setting time and high
water demand, so called B-hemihydrate. More elaborate production processes use
autoclaves and additives such as HNO; to yield well crystalline o-hemihydrate
products of low water demand and smooth workability. By the calcination of
gypsum at higher temperatures, all the crystal water is removed and anhydrate,
CaSQ,, is formed. This CaSO, anhydrate shows slow hydration and low water
demand. Huge deposits of gypsum and anhydrate occur naturally and are mined
industrially. Other sources for gypsum are industrial processes such as flue gas
desulfurization, the synthesis of phosphoric acid, fluoric acid and others.

2.4 The Hydration of Plaster

The hydration of gypsum is dominated by two processes. The calcined phase
hemihydrate and anhydrate respectively dissolve in water and dihydrate precipi-
tates and crystallize. Although the solubility of CaSO, in water in equilibrium is
limited to 2.06 g/L, hemihydrate can create supersaturated solutions of 8 g/L
[Singh Middendorf 2007; Freyer Voigt 2003]. The dissolution of the calcined
phases is exothermic, while the re-crystallization of dihydrate is only slightly exo-
thermic. Thus the hydration reaction can be followed by heat flow calorimetry,
where mainly the dissolution of the hemihydrate or anhydrite is monitored. Fig. 5
shows the heat flow curve of a typical hemihydrate. We can divide the reaction in-
to 4 parts. Part I is dominated by wetting of the surfaces, saturation of any water
deficient hemihydrate and hemihydrate dissolution. A supersaturated solution is
generated. Part II shows less heat flow, which is due to a relatively slow dissolu-
tion rate since the ion concentrations are closer and closer to theoretical solubility
of the considered hemihydrate. During this phase dihydrate nuclei are formed
from the supersaturated solution and onto impurity particles surfaces. Within Part
IIT a sufficient nuclei amount has precipitated and dihydrate crystals further grow.
In order to feed the dehydrate crystallization, further Ca** and SO,> ions are
needed and therefore more hemihydrate is dissolved. The dissolution increase is
measured with the higher heat flow. Part IV finally shows the final consumption
of hemihydrate which has been fully converted in dihydrate. The conductivity
achieved is then proportional to the solubility of dihydrate (2.06 g/L.).

The reaction can be observed by a variety of analytical methods. Raman spec-
troscopy and X-ray diffraction can follow the phase development of hemihydrate
and dihydrate. By measuring the conductivity, the pore solution concentrations
can be determined and can reveal the supersaturation state with respect to di-
hydrate reached in part I and II.
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Fig. 5 Heat flow calorimetry diagram (line) of a typical hemihydrate, mixed in situ; con-
ductivity dotted line. Due to the inherent delay in the response of the calorimeter, the time
axes are not fully comparable.

3 Analytical Tools and Models

3.1 Experimental Techniques to Characterize the
Microstructure Development

Investigations linking the micro-structural organization within binder materials in
general and all mechanical/physical properties need methods accessing structural
details from the nano- to the micrometer scale. We aim to give here a rapid over-
view of the most useful techniques with a special emphasis on the emerging ones
or on new developments. The advantages and drawbacks of each technique are
summarized in table 1. This reveals that a full characterization of the cement struc-
ture require the use of various methods and techniques.

Electron microscopy is now a standard technique for investigating the cement
microstructure [Diamond, 1993; Stutzman, 2004; Scrivener, 2004; Galluci, 2007].
Despite its easy-to-use practicability it has also a couple of drawbacks limiting its
use in certain cases. The three main disadvantages are the artifacts due to the sam-
ple preparation, the local representativeness of pictures and finally the problems
inherent to a 2D-imagery for investigating 3D-characteristics. Nevertheless, this
century is the witness of further improvements enabling better analysis of cement
microstructure. As an example, a lot was done in environmental scanning electron
microscopy [Moser, 2002 & 2003] and cryogenic microscopy [Fylak, 2006;
Zinng, 2008] to avoid as much as possible artifacts due to the sample preparation.
Additionally computing techniques were developed to interpret and transpose
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Table 1 Overview of different techniques related to the observation of cement microstructure.

-~ Minimal .
Characterization ) . Information . .
. object size . Main Advantage |Main Drawback
Technique provided
observable
Morphology, topograph 2D Vizualisation +
S.EM. 10 nm phology, topography, Easy-to-use degeneresence of the
crystallography .
microstructure
Possibility to observe determine
. Morphology, topography,| layer thickness on grains, Low . .
Cryogenic S.E.M. 50nm crystallography impact on microstructure due to 2D Vizualisation
sample preparation
. Topography, . .
Micro-Tomography X 500 nm Connectivity, Morphology Non Invasive Required Synchroton
Topography, High resolution combined to the " .
Cryo-FIB-nanotomography 20nm Connectivity, Morphology| pssibility to study 50%um? Long time processing
- . Only technique assessing the -
" Elasticity, Density, N ! Low statistical
Nano-Indentation 100 nm Porosity mechanical properties at the reproducibility
nanoscale
Surface Area, size and . .
S.AX.S. 1nm shape of particles Non Invasive Low penetration depth
Surface Area, Degree of . . .
: " Non Invasive, higher depth of | Only available at neutron
SANS. 0.5 nm hydration, size and penetration than SAXS facilities, flux very low
shape of particles
Dynamic N.M.R. methods . ' Does not work without
. 1nm Surface Area, Porosity Non Invasive " :
(relaxometry & Diffusometry) paramagnetic species

2D-data to 3D in order to catch the finest microstructure details. Actually electron
microscopy is a well suited method when the expected information is correlated to
structures with a size above 100nm.

Recent papers showed that nanoindentation [Constantinidines, 2004] coupled or
not with other techniques [Jennings, 2007] are a powerful probe to explore how C-
S-H particles are stacked and packed. Besides the existence of two types of C-S-H
heaps in cement was confirmed, one having low and one with high density. This
kind of characterization is also particularly valuable to follow the nanoporosity
evolution in connection with the C-S-H precipitation. This nanoporosity is then
connected to the micro-mechanical properties and the pore diffusivity.

Improved by fresh developments in tomography, 3D-imagery makes out-
standing progresses in cement interpretation [Bentz, 2000; Burlion, 2006]. With
high-energy X-Ray sources, it is today possible for researchers to reconstruct to-
mograms with resolution about one micron [Galluci, 2007]. Despite its relative
low resolution compared to the traditional microscopy, this technique facilitates
non-invasive sample analysis and presents the invaluable opportunity to visualize
the connectivity within pastes and to follow it in-situ without any artifact related
to the sample preparation. For highest resolution, it is necessary to look for other
techniques. Currently, the highest resolution (15 nm) (20 nm in table 1) obtained
on cementitious samples was achieved by focused ion beam nanotomography
(FIB-nanotomography). Moreover, large sample blocks of 50x50x50nm3 can be
analyzed contrary to other high-resolution technique (TEM-Nanotomography), of-
fering a new horizon in sample topology as a more precise definition of interfaces
at the sub-micrometer level is possible [Holzer, 2006].
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X-Ray and neutron scattering are well-established techniques for in-situ studies
of cement pore structure [Allen, 1991; Kriechbaum, 1989]. Compared to the clas-
sical mercury porosimetry, these techniques possess the advantage of being non-
invasive. With neutron source facilities, analysis of elastic and quasielastic spectra
allows consequently the monitoring of the silicate phase hydration [Hiussler,
2002; Faraone, 2004; Peterson, 2005]. Water binding and surface area evolution
during hydrate precipitation can be simultaneously followed in a same sample.
Recently, SAXS benefits of a popularization of laboratory equipments making this
technique more and more accessible and attractive. Nevertheless, the highest reso-
lutions based on X-Ray scattering as well as neutron scattering experiments
require rare and expensive external facilities which make these characterization
methods still infrequently used in cement analysis.

NMR has been an ever-present and key technique in the characterization of
binders, from the post-war period with Pakes’s article [Pake, 1948] showing pro-
ton NMR spectra of gypsum, until today where dynamic NMR methods deliver
new outstanding results on cement paste porosity. The recent progresses made in
cement field were reviewed in the following articles [Nestle, 2007 & Skibsted,
2008]. Two-dimensional NMR relaxometry provides unique information on ex-
change of water between the silicate surface and the capillary pores [McDonald
2005 & 2007]. Proton relaxation at the surface of hydrate is a probe (and non-
invasive) for the determination of specific surface area of these hydrates and its
evolution during the hydration [Zajac, 2007]. It also enables to study the pore size
distribution over time. For instance, the fractal character of cement paste was
clearly demonstrated with the power-law followed by the pore size distribution
[Plassais, 2005]. New NMR techniques are certainly a high-performing tool in
order to provide access to hydration processes at nano scale also in presence of
admixtures [Rottstegge 2006].

3.2 Multi Scale Computer Modeling Bridging Nano- to
Macroscale

Nowadays, the long-term durability and performances of concrete structures, es-
pecially under aggressive conditions, are now critical aspects of architectural de-
sign especially considering the growing necessity to build sustainable structures
based upon more sustainable resources. Therefore, modeling or numerical simula-
tions becomes increasingly helpful and valuable tool in order to forecast micro-
structure development from the early age until its maturity after many months or
years. For this reason, knowledge about cement hydration kinetics is primordial
for forecasting its performances. Consequently, it is desirable to model the cement
structure evolution only with the cement phase composition and the grain size dis-
tribution. This point is basically the key and certainly the most difficult to realize
due to the complexity of cement chemical reactions. For the moment, to the best
of our knowledge, no current model is able to obtain a cement structure evolution
without any fitting parameters. The best present methods are getting closer and
closer to elucidating the elementary physico-chemical processes. For more than a
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decade, some outstanding structural models, based firstly on understanding ce-
ment hydration, have been proposed and for the first time brought real steps
forward. As a consequence noteworthy accomplishments have been made linking
reactivity, paste structure, thermodynamics and kinetics.

The most advanced platform gathering the modeling of rheology behavior, hy-
dration kinetics, microstructure development, elastic properties was created by col-
laborators of NIST under the name “The Virtual Cement and Concrete Testing
Laboratory” or VCCTL? [Bentz 2006]. A key innovation was to build a hydrate
microstructure from thermodynamics laws which govern their nucleation, growth
and dissolution mechanisms and by also taking into account diffusion process. The
code for the hydration part was originally called CEMHYD3D [Haecker, 2005] and
a later version was named HydratiCa [Bullard, 2008]. A future version is targeting
the coupling of HydratiCa (for early times of hydration) and THAMES (for later
times) in order to ensure a complete and multiscale assessment of concrete life.

A vector modeling approach was developed at the EPFL by S. Bishnoi et al.
called pic [Bishnoi, 2008]. The purpose of this model is to be a powerful toolbox
to simulate and to test different mechanisms of hydrates nucleation and growth
and the corresponding microstructure evolution. The particular advantage of [ic is
its flexibility and gives to users a large degree of freedom to build various struc-
tures. For instance, the alite hydration was studied and it was proven that Avrami
equations, broadly used in many systems, are not suitable for alite or cement
[Bishnoi, 2009]. Other different hydration models for alite were tested in this arti-
cle and appear to be inconsistent with experimental observations and consequently
the full explanation of alite hydration remains unclear.

4 Nano-engineering of Nucleation

4.1 Design of C-S-H Nucleation and Growth

The most exciting cement mineral and which has also led to the largest collection
of work is undoubtedly C-S-H. Unfortunately this hydrate is difficult to character-
ize and to quantify during the cement hydration. These problems were and are
still basically the greatest barrier to overcome in order to perfectly seize the link
existing between the development of this hydrate and all the mechanical changes
occurring in a cement paste. The lack of investigation techniques was at the origin
of many controversies in the past about its nucleation and growth process. Nowa-
days with the emergence of new characterizations, scientists’ opinions tend to be
more and more unified.

Among the largest single body of work, supported by many experimental investi-
gations, Nonat and co-workers’ study describes with the best accuracy the calcium
silicate hydrates nucleation and growth during the early age of cement. They pro-
posed that C-S-H nucleates [Garrault-Gauffinet, 1999] heterogeneously onto anhy-
drous silicate grains and grows according to two anisotropic rates: one parallel to the

2http: //vcectl.cbt.nist.gov/
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Fig. 6 Nucleation and growth of C-S-H clusters on a C,S surface. They fit the degree of hy-
dration of two grams of pure tricalcium silicate paste mixed with one gram of water, after
one hour, 4.5 hours and 18 hours. These were created according to the model developed by
Garrault, the 3D visualization made by Nicoleau.

grain and one perpendicular to the grain. Basically this is not a crystal growth,
since crystals are very size-limited in normal conditions but a secondary nuclea-
tion of C-S-H particles around the first ones appeared during the primary nuclea-
tion [Garrault, 2001]. This means that the growth can be described by an
iso-oriented aggregation of particles around the first ones, similar processes occur
in many other systems [Niederberger, 2006; Nudelmann, 2007; Célfen, 2008]. On
Fig. 6, schematic representations illustrate the nucleation and then the growth of
C-S-H on a C;S surface.

The beauty of this model exists firstly in its simplicity since it utilizes only five
parameters” that are directly connected with physical measures and secondly in its
capacity to give precious information on C-S-H development in various systems
[Garrault, 2001 & Nicoleau, 2004 & 2010]. Further aggregation around the first
nuclei cause cluster growth on the grain surface which coalesce when they are big
enough. This coalescence can be observed by NMR relaxation [Zajac, 2007] since
the lateral surface of growing clusters disappears. After a certain time, C-S-H par-
ticles cover the whole surface of the cement grains and at this point kinetics be-
come limited by a diffusion process of reactants through the newly formed C-S-H
layer. Hydration is roughly summarized in Fig. 7 by the succession of three steps:
the primary nucleation occurring during the induction period, the expansion of

3 These parameters are: the surface area of growth, the number of nuclei, the parallel and
perpendicular aggregation rates and finally the permeability of the C-S-H layer per unit of
thickness.
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Fig. 7 Description of the tricalcium silicate hydration according to the degree of hydration.
In the insert a cryogenic S.E.M. picture, in the middle of this one silicate grain covered by a
C-S-H layer can be seen (Hydration of C,S at a W/C=0.5). This silicate grain was cut into
two parts during the sample preparation.

C-S-H clusters and finally the thickening of the C-S-H layer. The nucleation step
is not only influencing the early hydration but astonishingly also the late hydra-
tion, since the diffusion rate of species through the layer depends strongly on its
nano-porosity. One of the main factors increasing the nano-porosity is a stronger
nucleation. Temperature [Zajac, 2007] or some additives play a role on the C-S-H
nucleation and can affect the development of mechanical properties.

Precise acceleration of hydration is a difficult task and was always a question of
dosage. Indeed, parameters positively influencing the hydration at the very early
age can have a negative impact on the latter stages of hydration after many days or
weeks. This means that an over-accelerated hydration in the first hours of setting,
often very beneficial for getting rapid setting times, may have dramatic payback
on 28 days compressive strength4 and consequently on durability. Consequently it
is a question of compromise for the concrete manufacturers whether to accelerate
the setting or not, since advancing the early stage setting may lead to inferior later
stage strength and durability. Naturally, modeling is a valuable toolbox in order to

* The strength at 28 days is a norm value indicating the mature strength of concrete.
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understand the effect of accelerators and to design better ones [Nicoleau 2010].
An overview of some known accelerators is presented in the following.

Calcium chloride is the best known hardening accelerator used in not-
reinforced concretes. Degree of hydration curves reported on Fig. 9 show the
extreme acceleration brought by this additive in the first hours. The addition of
calcium chloride has firstly an impact by increasing the number of primary nuclei
and secondly the C-S-H growth mode may be also drastically changed. On Fig. 8,
two cryogenic SEM pictures of two cement pastes hydrated after one hour reveal
two grains exactly in the same configuration. The first one is a paste non-
accelerated (a) and the second one is accelerated with 200 mM of calcium chloride
(b). In the CaCl, case, the grain surface is already strongly covered by C-S-H (in-
termingled with ettringite) only one hour after the mix, while this is free of C-S-H
on the reference.

Fig. 8 (a) Cryo-SEM picture of a reference C,S paste, and (b) a C,S paste mixed with 200
mM CaCl, both taken after 60 min and at a water to cement ratio of 0.42. Both pictures are
centered on a grain truncated during the sample preparation. Truncations are visible on the
left part of pictures and grain surfaces on the right. C-S-H cannot be seen on (a) while an
abundant precipitation occurred on (b).

0,8 -
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Fig. 9 On the left, degree of hydration curves of C,S paste (W/C=0.42) accelerated with dif-
ferent amounts of CaCl, and on the right parameters corresponding to the fit of these curves
according to the Garrault’s model presented in the following article [Garrault, 2010].
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Many other ions play a role on the nucleation step, for instance by reducing or
by increasing the number of C-S-H primary nuclei [Garrault, 2010 & Sauvaget,
2001] on anhydrous silicate phase grains. Concerning the known additives sodium
metasilicate or water glass is one of the most efficient since it provides a massive
quantity of silicate ions which will react immediately with the calcium ions pro-
vided by the dissolution of anhydrous phases. Sodium metasilicate was used a
couple of decades ago as set accelerator, also for sprayed concrete. It was replaced
later by other salts due to the problematic increase of alkali concentration in con-
crete and therefore the high risk related to the alkali-silica reaction, a concrete dis-
ease leading to rapid deterioration of concrete structure. The extra C-S-H nuclei
gives an outstanding boost to the growth during the first hours but has a negative
effect at later times, reflected generally in bad compressive strengths at 28 days.

Another way to promote the nucleation from the very beginning is to provide a
very fine material with which C-S-H nuclei have a good affinity. These materials,
sometimes nano-sized provide an immense specific surface area. Very low dos-
ages are sufficient to double or triple the surface area of solid particles in the mix.
The number of locations, where nucleation occurs, is often increased and their dis-
tribution in the paste changes. Therefore these nano-materials can be seen as nu-
cleation promoters. Many examples can be found in literature on calcium carbon-
ate [Soroka, 1976], titanium dioxide [Goertz, 2007], nano-silica [Belkowitz, 2009]
or pozzolans [Korpa, 2008], or more innovative on carbon nanotubes [Kowald,
2007]. The number of extra nuclei per m? of material which can precipitate is
depending first of all on the crystal affinity for this material [Boistelle, 1985]. As
C-S-H nucleation follows the classical nucleation theory, this affinity can be esti-
mated by comparing the necessary time to nucleate C-S-H (Eq. 1) from supersatu-
rated solutions. This is directly related to the energy difference (factor F(j3))
between homogeneous and heterogeneous nucleation (Eq. 3). A schematic repre-
sentation on Fig. 10 explains the link between the wetting angle o formed by a C-
S-H nucleus on a substrate surface and the energy decrease accompanying the het-
erogeneous nucleation.

AG .
* _Ink,
T

1ntind = (1)

with #;,; necessary to form a critical nucleus, AG the enthalpy formation of this
nucleus and k,, a constant.

with AGr =—RT lnﬂ 2)
B the degree of supersaturation of the aqueous solution before the nucleation.

AG"" = F(0).AG,"™ 3)

with F(ar)=0,5-0,75cos & +0,25cos’ & “4)
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Fig. 10 Tllustration of a nucleus formation of a critical radius r from a supersaturated solu-
tion. The higher the affinity for the substrate, the smaller the wetting angle is. The first case
corresponds to the homogeneous nucleation. The heterogeneous nucleation is accompanied
of a volume decrease of the critical nucleus.
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Fig. 11 Curves log(t, )=f(logf3’) corresponding to the homogeneous nucleation of C-S-H in su-
persaturated solutions and 4 different heterogeneous ones: on hairy latex particles with carboxy-
late functional groups, on hairy latex particles with hydroxyl functional groups [Nicoleau, 2004],
on calcite and on titanium dioxide [Nicoleau, 2007].

It is actually possible to nucleate C-S-H onto various substrates, organic or inor-
ganic. In order to illustrate this purpose, we gather some of our own results on nu-
cleation studies in presence of different additives. Fig. 11 presents the nucleation
curves obtained in the homogeneous case and in presence of either two different
latex particles, calcite or finally titanium dioxide. It seems that the very general
common point among all these additives is their negatively charged surface in
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alkaline solutions. The slope of the homogeneous curve can allow us to calculate the
interfacial energy of the crystal-solution % it is found between 10 and 15 mlJ/m?
[Nicoleau, 2004; Garrault 1998]. By assuming that nuclei have a spherical cap
(Fig. 10), a simple division between the slope of the homogeneous nucleation curve
and the slopes of the different heterogeneous nucleation curves determined in pres-
ence of an additive, gives the diminution of nucleation enthalpies (F(o)) between
both types of nucleation. Therefore the wetting angle of one C-S-H nucleus on this
aforesaid additive (Fig. 12) can be calculated according to the equation 3.

In addition to our own results, we include in Fig. 12 the C-S-H nucleus affinity
for dicalcium silicate (Belite) from reference [Garrault, 1998]. The authors also
showed that this affinity should be even greater for tricalcium silicate (0<30°), the
main anhydrous component in cement. This means that it is really difficult to find
an additive having a higher affinity for C-S-H than the anhydrous silicate phases
already present in all cements.
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Fig. 12 Curve F(o) plotted according to the equation 4. The particular points represent affinities
of a C-S-H nucleus for the various substrates invoked on the previous figure.

The last way to activate the nucleation is to provide synthetic nuclei or seeds.
Accelerators based on seeding technology have a substantial advantage compared
to other additives because seeds, if properly stabilized, favor strongly the homo-
geneous nucleation in the pore solution and not the heterogeneous one on cement
grains. Therefore, synthetic nuclei do not accelerate the C-S-H layer formation
and do not favor the limitation of growth in the diffusion-limited step. The seeding
technology is not new. Many scientists have already attempted to enhance the me-
chanical properties by seeding concrete [Duriez, 1956]. Despite the fact that litera-
ture is rich in interesting articles related to this topic [Alizadeh, 2009; Thomas,
2009], not a single product based on a seeding material has come to the market.
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Fig. 13 Cryogenic SEM pictures of (a) a cement paste quenched 11 hours after the mix and
(b) a cement paste mixed with 0.3% by weight of C-S-H seeds (X-SEED®100) quenched
only 6 hours after the mix. These times correspond to necessary hydration times in order to
reach the same degree of hydration determined by isothermal calorimetry. The W/C ratio is
0.5. On picture (a), honeycomb-like C-S-H covers the grain surface whereas it precipitates
far way the grain on picture (b). The use of stabilized C-S-H seeds favor heterogeneous

growth.
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Fig. 14 Early compressive strengths measured on concrete cubes containing 400 kg/m?3 of a
low-alkali cement 52.5R mixed at constant water to cement ratio of 0.44 and cured at 10 °C
in presence of two accelerators: calcium nitrate and stabilized C-S-H seeds. Dosages in ac-
celerator are given in percentage of actives weight by weight of cement.

Very recently, a new product appeared, based on suspended synthetic nano-sized
C-S-H nuclei. Such a suspension shows excellent accelerating properties [Nicoleau,
2010], without any drawback at later times, and promotes the nucleation and
growth in the pore solution, as it can be observed on Fig. 13. The increase of
compressive strength is huge and generally valuable compared to other state-of-art
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accelerators like calcium nitrate, especially at very low temperature where calcium
salts can underperform (Fig. 14).

5 Nano-modification of Crystal Growth

5.1 Nano-modification of Gypsum Growth

To adjust the application performances of cementitious as well as gypsum based
binders various additives are used. The most important properties to be controlled
are the setting time by retarders as well as accelerators, as well as the strength and
durability. All this is achieved by controlled crystallization of the hydrated phases
accomplishable only at the nano level [Lewry Williamson 1994] and will be dis-
cussed for gypsum in this part.

A series of studies deal with the influence of additives on the crystal habit of di-
hydrate crystals. The influence on the crystallization at the nano level can be ana-
lyzed during the different stages of hardening. The starting point is the formation of
nuclei, which can be suppressed or stimulated. The growth of the hydration product
dihydrate is likely to be retarded by adsorbed molecules or accelerated by higher
ionic strength in solution. The whole hydration also depends on the dissolution rate
of hemihydrate or anhydrate. The dissolution of these materials is also moderated
by additives [Mueller, Stark 2004]. Inorganic additives like alkali or ammonia salts
of inorganic acids like sulfuric phosphoric or hydrochloric acid are typical accelera-
tors for the crystallization process [Koslowski, Ludwig 1999]. The soluble salts
increase the solubility of calcium sulfates in water [Yadav, 1995] and increase the
concentrations of Ca® and SO,” in solution. Due to different adsorption
constants on dihydrate crystal faces, the crystal shape changes according to

016

014 w— GypsuUm slurry without accelerator
= Addition of 0.1 m% K2C03
——Addition of 0.3 m% K2C03
012 — Addition of 0.5 m% K2C03
Addition of 0.7 m% K2C03
Addition of 1.0 m% K2C03

Normalized heat flow [Wig]

40 70 g0

Time [min]

Fig. 15 Heat flow calorimetric study of the acceleration effect of K,CO,.
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normalized heat flow [Wig]
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Fig. 16 Heat flow calorimetric study of the acceleration effect of dihydrate seeds.

ion type and concentration. A typical overall trend is to observe changes from a
needle-like aspect ratio to a more isotropic one, which has negative consequences
on mechanical properties by less gypsum crystals entanglement. Also temperature
and pH play an important role and influence all stages of the plaster hydration
[McCartey Alexander 1958; Bertoldi 1978 & Konak 1976].

On Fig. 15 and Fig. 16 two different acceleration mechanisms are demonstrated.
The addition of K,COj; increases the solubility of calcium sulfate in solution due to
a raised pH value and elevated solution salinity. The heat flow, used as indicator
for the progress of the hydration, shows a shorter and sharper hydration reaction
with increasing K,COj; concentration, which can be interpreted by faster crystalli-
zation and faster dissolution of hemihydrate. Nevertheless the initial period is still
present and not shortened, indicating that nucleation step is not suppressed.

Addition of finely ground dihydrate in Fig. 16 shows a different acceleration
mechanism in contrast to the previous example. Here, the time to fully hydrate the
hemihydrate is not drastically shortened, but the gypsum growth starts immedi-
ately. Indeed, some small amounts of dihydrate material have been added and act
as seeding material. Consequently, the usual period of nucleation is significantly
reduced, until its complete suppression. The fine gypsum seeding material is more
cost-effective for the gypsum producers than other inorganic compounds. Hence,
this is the industrial method of choice.

Retarders are as important as accelerators in order to control the setting of gyp-
sum based binders. Usage of Carboxylic acids or their alkali salts as retarders is
based on the adsorption of the carboxylic groups on the surfaces of the forming
dihydrate crystals and also on the hemihydrate [Singh, Middendorf 2005]. The ad-
sorbed organic molecules not only retard the formation of new crystalline layers
on the dihydrate crystals, but also prevent the hemihydrate from dissolving. As
the molecules adsorb in different amount on the different faces of crystals the
morphology will change [Badens Boiselle 1999]. Modeling of the adsorption
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processes is possible but only relevant for special systems and can not be general-
ized [Hill Plank 2004]. Water soluble polymers such as PAA or PMAA are known
as retarders [Smith Alexander 1970; Amjad Hooley 1986]. The retardation effect
is also used in the field of scale inhibition for example with amines or phosphonic
acids [Liu Nancollas 1975].

However the hydration kinetic also influences the mechanical properties of
standard set plaster. By grinding hemihydrate or introducing gypsum seeds an ac-
celeration of about 30 % is easily achievable, resulting in an increased hardness of
30 % to 50 % [Amathieu Boistelle 1986]. The accelerated crystallization process
results in the formation of smaller crystals. When keeping total porosity to a con-
stant level the size of the resulting nano/micro pores is also smaller. This results in
higher strength levels of the hardened material. To analyze the porosity of hard-
ened gypsum binder, direct methods are preferable. Fig. 17 shows a broken sam-
ple of hardened gypsum. With Cryo-SEM methods it is possible to observe the
fine structure of pores and micro pores. However the preparation is still difficult as
gypsum has low hardness, cutting or polishing is not practicable and each image
can only show a small section. XRD-tomography is a possibility to get informa-
tion of the whole sample but the resolution allows only minor insight into the mi-
cro pore structure smaller than 2 pm.

Dynamic NMR gives the opportunity to analyze the finest pore structure
below the micrometer scale [Nestle 2009]. The use of superplasticizer allows the
formulator to make workable gypsum pastes with much less water. It has been

Fig. 17 Cryo SEM picture of a broken sample of hydrated plaster.
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demonstrated that this water-to-gypsum ratio reduction decreases the porosity.
Hence, the lower porosity increases then the mechanical properties.

5.2 From Hydration to Crystallization

Beside the evolution of the hydrated phases, habit and crystal size distribution
may also influence the strength development in the final work material. In the case
of gypsum the dense intergrowth of dihydrate crystals is responsible for the final
properties of the material. The observation of the favorable crystal shape can be
followed by SEM methods. Fig. 18 shows two typical crystal shapes of dihydrate.
Both precipitated from solution with similar ion concentrations but under different
growth rates controlled by the evaporation rate. Slow evaporation tends to favor
plate-like crystals, while fast evaporation often results in needle-like structure.

488-18d E (H,5k) T 4ER-18dT-48°C CR (B,5k)

Fig. 18 SEM pictures of typical gypsum crystals grown from solution.

5.3 From Microscopic to Macroscopic

Dry plaster is characterized by a linear elastic macroscopic behavior and it has
been reported that its hardness and elastic modulus decrease with increasing po-
rosity. Under constant loading, it undergoes permanent deformation that can be
accentuated by moisture. The hardness, elasticity and porosity of a gypsum sample
are the consequence beside the shape and size also of the intergrowth and inter-
locking of dihydrate crystals [Soroka Serada 1968]. Crack propagation is due to
heterogeneous microstructure consisting of entanglement of elongated crystals and
a bimodal distribution of pores with microscopic interconnected pores and large
spherical air bubbles. It involves different mechanisms acting at different scales
[Meille Fantozzi 2003]:
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e Crack bridging by gypsum crystals, acting locally behind the crack tip

e Secondary cracking operating in a macroscopic process zone around the
crack tip

e Substantial macroscopic crack branching that contribute to wake effects.

[Saddaoui Caspar 2000]. The compressive strength of set plaster becomes signifi-
cantly lower by wetting or even high relative humidity. Generally speaking, this
can be explained with layers of water on the different surfaces acting as lubricant
in between the dihydrate crystals, as proven by AFM methods [Finot Goudonnet
1997]. The fracture behavior of set plaster results mostly from the weakening of
forces at the interface between gypsum crystals rather than a crystal
break down. Macroscopic crack propagation occurs by linkage with micro cracks
originating from weak regions [Saddaoui Fantozzi 2005]. The sustainability of
gypsum-based materials is determined not only by the strength but also largely by
their deformability. Under permanent load, elastic and plastic deformations occur
in gypsum, which primarily depend on raw materials quality, on placing and hard-
ening conditions, on the hardened materials shape and on the applied load [Sattler
1974; Odler Roessler 1989].

Besides control at the nano level, adjustments may be performed at a bigger
scale. In order to control the rheology of gypsum paste, additives like superplasti-
cizers contribute to the flow of the paste. Foaming and defoaming agents control
the macro pore structure.

6 Summary

In 2010 it is not new to affirm that nanotechnologies are one of the greatest vec-
tors of innovation in cementitious systems. Never the less, there was a real break-
through of these technologies into the real life of consumers only in the past few
years. Despite its historical existence, we illustrated that with new developments
in material analysis, the key parameters in cement hydration can be identified and
hence new molecular architectures can help to tune the parameters that govern
concrete properties.

It has been shown that two key starting points for nano-engineering and nano-
modification of construction materials exist: the nucleation step and the crystalli-
zation period of the materials. Both steps substantially determine the transition of
the material from a fluid suspension to a hardened structural material. Active
components which change those steps are either supramolecular or colloidal (par-
ticle) nano-seeding-additives. But it is not easy to find suitable substances as they
considerably change the subtle balance of dissolution, precipitation, surface en-
ergy, critical seed size, etc. Only the combination of mechanics, thermodynamics,
polymer chemistry and material engineering areas results in more and more ad-
vanced, top-performing and highly sustainable solutions. And every step down in
nano-size technology, nano-analytics and understanding of those mechanisms
happening on the nano-scale will still open up the opportunity to improve those
processes leading to more and more advanced, efficient and powerful construction
materials.
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Next-Generation Nano-based Concrete
Construction Products: A Review

Anal K. Mukhopadhyay

Abstract. Nanotechnology in the construction industry ranked eighth out of ten
most significant areas of applications. Although nano-products are costly, the re-
search in nano-technology is gaining momentum with the motivation of immediate
profitable return from high value products. This chapter documents potential
nano-products that can improve the performance and durability of concrete with
high service life. Nano-products have the ability to manipulate structure at the
nanometer scale, which leads to the generation of tailored, multifunctional, ce-
mentitious composites with superior mechanical performance and durability hav-
ing a range of novel properties such as: low electrical resistivity, self-sensing ca-
pabilities, self-cleaning, self-healing, high ductility, and self-control of cracks.
This chapter covers the primary areas of nano-engineering and nano-modifications
of cementitious systems such as (i) incorporation of nano-scale spherical materials
(e.g., nano-SiO,, TiO,, AL,O,, Fe,O, etc.) and nano-tubes or fibers [(carbon nano-
tube (CNT) and carbon nano-fibers (CNF)] and nano-clay into cementitious mate-
rials during mixing, (ii) application of nano-porous thin film on aggregate surfaces
before concrete mixing in order to improve interfacial transition zone (ITZ) in
concrete, (iii) nano-engineering of concrete pore solution and controlled release
of chemical admixtures, (iv) improve the workability in self-consolidated concrete
(SCQ), (v) further improvement of reactive powder concrete (RPC), (vi) applica-
tions in building materials, (vii) nanotechnology based devices etc. The discussion
for each area of application covers (i) research findings by different researchers /
agencies, (ii) possible mechanisms of improvement, (iii) potential areas of applica-
tions. Finally, challenges and future direction of nano-based products in construc-
tion field is briefly described.

1 Introduction

Nanotechnology is the creation of materials and devices by controlling of matter at
the levels of atoms, molecules, and supramolecular (nano-scale) structures [Roco
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et al. 1999]. In other words, it is the use of very small particles of materials to cre-
ate new large scale materials [Mann 2006].

Concrete is the one of the most common and widely used construction materi-
als. It properties have been well studied at macro or structural level without fully
understanding the properties of the cementitious materials at the micro level. The
rapid development of the characterization techniques makes it possible to charac-
terize cementitious materials at micro/nano-scale level. The better understanding
of the structure and behavior of concrete at micro/nano-scale could help to im-
prove concrete properties and make concrete more durable. It is expected that the
strengths and durability of a concrete could be enhanced if the overall porosity and
capillary pore sizes in cement paste are reduced or the diffusion of pore solution
and aggressive chemicals is hindered by the introduction of some additives with a
similar range of capillary pore sizes.

Successfully mimicking nature's bottom-up construction processes is one of the
most promising directions. Nano-engineering encompasses the techniques of ma-
nipulation of the structure at the nanometer scale to develop a new generation of
tailored, multifunctional, cementitious composites with superior mechanical per-
formance and durability potentially having a range of novel properties such as:
low electrical resistivity, self-sensing capabilities, self-cleaning, self-healing, high
ductility, and self-control of cracks. The primary areas of nano-engineering and
nano-modifications of cementitious systems include (i) incorporation of nano-
scale spherical materials (e.g., nano-SiO,, TiO,, Al,O,, Fe,O, etc.) and nano-tubes
or fibers [(carbon nano-tube (CNT) and carbon nano-fibers (CNF)] and nano-clay
into cementitious materials during mixing to improve mechanical performance as
well as add novel properties, (ii) application of nano-porous thin film on aggregate
surfaces before concrete mixing in order to improve interfacial transition zone
(ITZ) in concrete, (iii) nano-engineering of concrete pore solution and controlled
release of chemical admixtures, (iv) improve the workability in self-consolidated
concrete (SCC), (v) further improvement of reactive powder concrete (RPC), (vi)
applications in building materials, (vii) nanotechnology based devices etc.

Construction industry will be one of the major potential consumers of nanos-
tructured materials [Bartos 2005], although, nanomodified highway materials are
mostly at the laboratory stage. Application of nano-based products has the poten-
tial to overcome some of the common problems (if not all) in concrete. Table 1
listed the common problems and related solution strategies. Nanotechnology has
the potential to enhance the desirable properties of concrete while helping to ad-
dress some of the challenges facing the construction industry.

This chapter documents applications of nano-based products in construction
areas based on the data and information collected from current literatures. The
information would be beneficial to both construction engineering education and
research and promote greater use of the nano-based products in large scale field
applications.



Next-Generation Nano-based Concrete Construction Products: A Review

209

Table 1 Solution Strategies for Common Concrete Problems through Nanotechnology Ap-

plications.

Problem

Solution strategies

Cracking due to brittleness

Improve ductility — (i) nano-reinforcement,
nano-bridging of organic and cementitious mate-
rials, (ii) transformation of concrete form a
strain-softening material to a strain hardening
material through the use of new generation nano-
fibers

Crack formation due to
dimensional instability
from  thermal  (plastic
shrinkage) and moisture
fluctuation (drying shrink-
age)

Reduce shrinkage by
nano-products

incorporating suitable

Insufficient resistance to
chemical attacks such as
ASR/DEF, sulfate attack,
corrosion, freeze-thaw etc.
primarily due to high per-
meable nature of concrete

Reduce permeability by proper utilization of
nanotechnology — self repair / sealing, admix-
tures, self-healing, use of nano-products, inter-
face management, nano-engineering of concrete
pore solution

Estimating life-expectancy

Self monitoring through the use of nano-

products

2 Incorporation of Nano-scale and Nanostructured Materials

Incorporation of nano-materials into the matrix to improve concrete mechanical
properties emerged as a promising research field of nano-composite. Nano-scale
particles are characterized by a high surface area to volume ratio and some of
them are highly reactive. Most of the research work till date was conducted with
nano-silica (nano-SiO2) [Bjornstrom et al. 2004, Ji 2005, Jo B 2007, Li 2004,
2006, 2007, Qing 2007, Lin KL 2008, Lin DF 2008, Sobolev 2009, Qing 2008,
Kuo 2006] and nano-titanium oxide (nano-Ti0O2) [Li 2006, 2007]. A few studies
on incorporation of nano-iron (nano-Fe203) [Li 2004], nano-alumina (nano-
Al203) [Li Z 2006], and nano-clay particles [Chang 2007, Kuo, 2006] are also
reported. Manufacture of nano-sized cement particles and the development of
nano-binders [Lee 2005] is another area where limited numbers of investigations
were carried out. Nano-engineering of concrete can take place in one or more of
the three locations such as (a) in the solid phases, (b) in the liquid phases, (c) at
the interfaces between liquid-solid and solid-solid [Garboczi 2009].

2.1 Incorporation of Nano-SiO, during Mixing

Research showed that the compressive and flexural strengths of cement mortars
containing SiO, and Fe,O, nano-particles were both higher than those of plain
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cement mortar [Li et al. 2004, Hui Li 2004]. The experimental results show that
the compressive strengths of mortars with nano-silica (NS) were all higher than
those of mortars containing silica fume at 7 and 28 days. An addition of 10%
nano-SiO, with dispersing agents resulted 26% increase of 28 days compressive
strength whereas the increase of strength was 10% with 15% silica fume [Li H et
al. 2004]. Another research showed that the addition of small amounts of NS
(i-e., 0.25%) caused 10% increase of compressive strength and 25% increase of
flexural strength at 28 days [sobolev et al. 2009].

The SEM microstructural study of the mortar specimens with and without nano-
particles revealed the mechanisms for improved performance with nano-SiO,.
When a small quantity of the nano-particles is uniformly dispersed in the cement
paste, the hydrated products of cement deposit on the nano-particles due to their
great surface energy, i.e., act as nucleation sites. Nucleation of hydration products
on nano-particles further promotes and accelerates cement hydration [Bjornstrom et
al. 2004, Lin 2008]. The addition of colloidal silica resulted acceleration of CsS
dissolution and rapid formation of C-S-H phase in cement paste (Bjornstrom et al.
2004). The other mechanisms of improved performance are (i) nano-particles fill
the nano-size pores of the cement paste, and (ii) nano-SiO, reacts with Ca(OH),
(i.e., pozzolanic reaction) and generates additional C-S-H [Jo 2007]. Both proc-
esses are influenced by the particle size and the proper dispersion of the nano parti-
cles within the cement paste, with the colloidal dispersions being more effective
than the powder [Gaitero et al. 2010]. A reduction in Ca(OH), content and increase
in C-S-H content in cement mortar as a result of nano-SiO, addition was noticed
through DTA and XRD testing (Tang et al. 2003). With the addition of 3 wt%
nano-SiO,, significant improvement of early age ITZ structure with respect to re-
duction in content, crystal orientation degree, and crystal size of portlandite crystals
was reported by Qing et al. [2003]. Increase of chemically combined water content
and heat of hydration and decrease of CH content in presence of nanometer SiO,
powder was noticed by Lu et al. [2006]. The microstructural studies by NMR,
BET, and MIP indicated that Portland cement composite with nanosilica produce
more solid, dense, and stable bonding framework [shih et al. 2006]. In other study
[Dolado et al. 2005], it is reported that the improvement in strength due to
nanosilica addition was not related to pozzolanic reaction but due to the formation
of denser microstructures through growth of silica chains in C-S-H.

A combined effect of the above mechanisms produces an uniform dense micro-
structure with improvement not only in the cement paste but also in the ITZ.
Effective dispersion of nano-particles is key to achieve the full benefits of adding
nano-particles in cementitious system. Self-aggregation especially at high dosage
of nano-particles is a common concern [Ozyildirim and Zegetosky 2010], which
sometimes leads to in-homogeneous microstructure development and poor per-
formance. The application of superplasticizer and high speed dispergation were
found to be effective in proper dispersion of nano-silica particles [Flores et al.
2010]. High-intensity, high-shear mixing with the use of a proper dispersant
would be helpful in thorough mixing with minimal clumping [Ozyildirim and
Zegetosky 2010],

It is expected that permeability (with respect to gas, liquid, ionic movement)
of concrete with nano-SiO, should be low enough to increase its durability and



Next-Generation Nano-based Concrete Construction Products: A Review 211

service life. Incorporation (i.e. 1.5 wt%) of nanosilica (i.e., amorphous silicic acid
with avg. particle size of 15 nm) additives has caused a decrease in water penetra-
tion depth, gas permeability, and diffusion depth (Wagner et al. 1994). The water
permeability test showed that the nano-SiO2 concrete has better water permeabil-
ity resistant behavior than the normal concrete (Tao Ji 2005). The nanoindentation
study showed that the volume fraction of the high-stiffness C-S-H gel increased
significantly with addition of nano-silica [Mandal et al. 2010]. Volume fractions
of high-stiffness C-S-H were 38% and 50% for samples with 6% and 18%
nanosilica, respectively. This has significance on durability of concrete. Gaitero et
al. [2008] reported that high stiffness C-S-H is more resistant to calcium leaching.
*Si MAS-NMR spectra of the cement paste with nano-silica showed that nano-
silica increases the average chain length of C-S-H gel. Therefore, addition of
nano-silica has a positive impact on durability.

2.1.1 Nano-SiO; in High Volume Fly Ash Concrete

Nano-SiO, could significantly increase the early age compressive strength of high
volume fly ash concrete [Li 2004]. Significant increase (i.e., 81%) of 3 days com-
pressive strength was observed in nano-SiO, added high volume fly ash concrete
(HVFC) in comparison with HVFC without any nano-addition. The addition of
fly ash alone leads to higher porosity at early ages, while nano-SiO, actually low-
ers the concrete porosity through pore size refinement at early ages. The en-
hancement of pozzolanic activity of the fly ashes due to the presence of nano-SiO,
was observed form heat of hydration test data. The maximum temperature due to
heat of hydration was 61°C for the concrete with 50% FA incorporating 4% nano-
Si02 whereas it was 65°C for plain portland cement concrete (PCC) and 51°C for
HVEC. The benefits of using HVFC in terms of better durability and long term
mechanical properties had already been established but low early age strength of
HVEFC is a drawback. The addition of nano-SiO, has a great potential to overcome
this drawback of HVFC. The composite addition of nano-SiO,, fly ash, and silica
fume was found to be very effective way to achieve good performance and an
economic way to use nano-SiO, [Feng et al. 2004].

2.1.2 Incorporation of Nano-SiO, in Hardened Cement Paste

Reactive nanoparticles can be electrokinetically transported to reduce the perme-
ability of hardened cement paste [Cardenas et al. 2006] through some kind of
chemical reactions. Nanosilica (i.e., 20 nm size) and nanoalumina (2 nm size) par-
ticles dispersed in simulated pore fluids were used to make colloidal nanoparticles.
It was observed that 5 minutes treatment using 5 V of potential applied over a
span of 0.15 m is sufficient to drive nanoparticles into the pore system. The coef-
ficients of permeability for each paste were reduced by 1-3 orders of magnitude.

2.2 Incorporation of Nano-TiO,

TiO, (especially anatase polymorph) has identified as a potential nonomaterial with
wide applications due to its strong oxidizing capability under near UV-radiation,
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chemical stability (both acidic and basic environments), chemical inertness in absence
of UV light, absence of toxicity.

A few studies have shown that nano-TiO, can accelerate the early-age hydra-
tion of Portland cement [Jayapalan et al. 2009], improve compressive and flexural
strengths [Li H et al. 2007]. The abrasion resistance of concrete containing nano-
particles (both nano-TiO, and nano-SiO,) for pavement is experimentally studied
[Hui Li Zhang et al. 2006]. The abrasion resistance of concrete containing nano-
TiO, is better than that containing the same amount of nano-SiO,. The effective-
ness of nano-TiO, (NT) in enhancing abrasion resistance increases in the order:
5% NT < 3% NT < 1% NT (with the decrease on NT content).

Concrete containing nano-TiO, has proven to be very effective for the self-
cleaning of concrete as well as de-polluting the environments. Nano-TiO, triggers
a photocatalytic degradation of pollutants (e.g., NOx, carbon monoxide, VOCs,
chlorophenols, and aldehydes from vehicle and industrial emissions [Vallee et al.
2004, Murata et al. 1999, Chen 2009]. A clean TiO, surface in the presence of
sunlight enables the removal of harmful NOy gases from the atmosphere by oxida-
tion to nitrates. The photocatalytic concrete pavement blocks were found to be
very effective to remove NOy (source of serious air pollution) through photocata-
lytic reaction of TiO, [Kamitani et al. 1998, Murata et al. 2002]. The surface reac-
tions in detailed are explored using X-ray photoelectron and Raman spectroscopy
[Dalton et al. 2002]. In Europe and Japan, nano-TiO, based “self-cleaning” con-
crete products are commercially available for use in the building facades and in
concrete paving materials. The performance is confirmed under an UV intensity
similar to outdoor level, however, long term performance under outdoor exposure
condition is yet to be established.

The flexural fatigue performance of concretes containing nano-particles is sig-
nificantly improved and the sensitivity of their fatigue lives to the change of stress
is also increased. The concrete containing nano-TiO, (1 wt%) showed the best
flexural fatigue performance (better than concrete containing polypropylene fi-
bers), which has been extensively used in paving concrete [Li Hui et al. 2007].

2.3 Incorporation of Nano-Al;O3

Nano-AlO, was found to be very effective to increase the modulus of elasticity of
cement mortar. With 5% nano- ALO, (~ 150 nm particle size), the elastic modulus
increased by 143% at 28 days whereas the increase of compressive strength was
not very obvious [Zhenhua Li et al. 2006]. A proper mixing procedure was se-
lected in order to ensure adherence of nano- Al,O, particles on the sand surfaces. It
is believed that during cement hydration, these nano-alumina particles were avail-
able to fill the pores at the sand-paste interfaces and created a dense ITZ with less
porosity. Effective densification of ITZ by nano- AL O, particles was mainly re-
sponsible for significant increase of elastic modulus of mortars. With the increase
of nano-alumina contents, the elastic modulus of mortars increases when
nano-alumina content is less than 5%. At higher replacement level (e.g., > 5%),
agglomeration of nano-particles caused ineffective densification of ITZ and as a
result, the elastic modulus of mortars decreases.
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2.4 Incorporation of Nano-Zr0O2

The effect of synthetic nano-ZrO, powder addition in cement on the strength de-
velopment of portland cement paste was studied by Fan et al. 2004. Reduction in
porosity and permeability, enhancement in compressive strength, and improve-
ment in microstructure of cement paste were observed due to the addition of
Nano-ZrO, powder in cement. Both pore filling and bridging action were identi-
fied as possible mechanisms for improvement.

2.5 Calcium Carbonate Nano Particle Addition

Conduction calorimeter based test results [Sato and Diallo 2010] indicated that the
addition of nano-CaCOj significantly accelerated the rate of heat development and
shortened the induction period of C;S hydration. It was proposed that nano-CaCO;
either broke down the protective layer of the C;S hydration to shorten the induc-
tion period or accelerated the C-S-H nucleation (i.e., seeding effect) in the paste
solution of high ionic concentration. Calcium carbonate particles with surface
area > 10 m*/g were used in the production of interior and exterior construction
materials such as plaster, cement render, mortar and concrete [Cervellati et al.
2006]. The improvement in hardened properties such as good mechanical resis-
tance, improvement in impact resistance, improvement in flexural strength, high
permeability to water vapor but low permeability to liquid water, high porosity,
low specific weight, good sound absorption etc. were obtained.

2.6 Early Age Strength Increase of Belite Cement

Belite cement is a environment friendly (reduce CO, addition) and energy efficient
cement and offers superior durability property. Although, long tern strength gain
of belite cement is either comparable or even better than ordinary Portland ce-
ment, low early strength due to slow hydration rate is a limitation for its wide-
spread use. Addition of nano-particles to accelerate belite hydration at early ages
was studied by different researchers [Dolado et al. 2007, Campillo et al. 2007].
Different nano-particles (e.g., nanotechnol) were added to belite cement and both
the early age mechanical properties and microstructure modification were studied.
The results showed that the addition of nanoparticles can overcome the drawback
of this type of eco-friendly cements, which will enable them to be competitive
to OPC.

2.7 Reinforcements of Nanotubes/Nanofibers

Carbon nanotubes/nanofibers (CNTs/CNFs) are potential candidates for use as
nano-reinforcements in cement-based materials. CNTs/CNFs exhibit extraordinary
strength with moduli of elasticity in the order of TPa and tensile strength in the
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range of GPa, and they have unique electronic and chemical properties [Ajayan
1999, Salvetat et al. 1999, Srivastava et al. 2003]. Cementitious materials (e.g.,
concrete) are typically behave as brittle materials with low tensile strength and
prone to crack. Incorporation of fibers into cementitious materials is a common
practice to increase tensile strength, ductility and improve durability. The interfa-
cial interactions between carbon nanotubes and cement hydrates produce high
bond strength. Carbon nanotubes act as bridges across cracks and voids, which
ensures load-transfer in tension [ li Geng et al. 2005].

Research has shown that flexural strength and stiffness of cementitious materi-
als can be significantly increased by adding low concentration (e.g., 0.025% by
weight of cement) of homogeneously dispersed multiwall carbon nanotubes
(MWCNTs). It is reported that adding small amount of carbon nanotube (1%) by
weight could increase both compressive and flexural strength (Mann, 2006).The
addition of treated (treaded with a mixed solution of H,SO, and HNO;) or un-
treated CNTs to cement paste results considerable decrease in volume electrical
resistivity and a distinct enhancement in compressive sensitivity. The cement
paste with treated CNT reinforcement showed higher mechanical strength, higher
compressive sensitivity and lower electrical conductivity than those with untreated
CNT [Li Geng et al. 2007].

Research has revealed that incorporation of macrofibers and microfibers in ce-
mentitious system can control cracking through bridging and load transfer across
cracks and pores. Although, microfibers delay the propagation of microcracks,
they do not stop their initiation. CNFs are able to bridge nanocracks and pores
and achieve good bonding with the cement hydration products. Incorporation of an
optimal amount of CNFs (close to 0.048 wt%) was shown to improve flexural
strength of the cementitious matrix significantly [Metaxa et al. 2010]. To develop
high-performance nanofiber-cement nanocomposites, a homogeneous distribution
of the nanofibers in cementitious matrices must be achieved. Clogging of CNF in
cement paste due to improper distribution of CNF fibers is a common concern.

2.8 Nano Clay Composite

Nanoclay particles have shown promise in enhancing the mechanical performance,
the resistance to chloride penetration, and the self-compacting properties of con-
crete and in reducing permeability and shrinkage [Chang et al. 2007, Kuo et al.
2006, Morsy et al. 2009, He and Shi 2008]. Organo-modified montmorillonites
(OMMT) which have been widely used in polymer/clay nano-composites (PCN)
are employed as fillers and reinforcements in cement mortars [Kuo et al. 2006].
The hydrophilic montmorillonite (MMT) micro-particles cannot be directly used
as reinforcements in cement and concrete because (i) water absorbed in the inter-
layer regions between silicate sheets will cause detrimental expansion and (ii) the
interlayer alkali cations of MMT micro-particles are harmful to the durability of
cement mortar and concrete. The OMMT micro-particles modified by a cationic-
exchange reaction become hydrophobic and thus can be utilized to improve
the strength and permeability of cement mortar and concrete. The compressive
and flexural strengths of cement mortars can be increased up to 40% and 10%,
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respectively and the coefficients of permeability of cement mortars could be 100
times lower if an optimal dosage (less than 1%) of OMMT micro-particles is
added. The OMMT micro-particles around capillary pores can obstruct the diffu-
sion of pore solution and aggressive chemicals and thus reduce the permeability of
cement mortar and concrete. MIP results showed that the accessible pore volume
is significantly reduced due to the obstruction of OMMT micro-particles around
capillary pores. The optimal dosage of OMMT micro-particles approximately
increases with the water/cement ratio in a mix design. Clusters of OMMT micro-
particles were observed from SEM micrographs when the dosage of OMMT
micro-particles is larger than 1%. Addition of Nano-montmorillonite composite
(liquid form with planar diameter of about 100 nm) in cement paste (0.4 and 0.6
wt%) causes increase of compressive strength (~ 13.24%) and decrease of perme-
ability coefficient (~ 49.95%) with more dense solid materials and stable bonding
framework in the microstructure [ Chang et al. 2007]. Additionally, non-modified,
nano-sized smectite clays were observed to act as nucleation agents for C-S-H
and to modify the structure of C—S—H [Lindgreen et al. 2008, Kroyer et al. 2003].

Micro- and nano-clays are used to design slipform paving concrete to be both
flowable and shape stable at very small dosages (1.0%) [Tregger et al. 2010].
Nano-clay was found to be effective to increase shape stability with only a mini-
mal loss in flowability. One nanoclay (i.e. C1) showed the greatest increase in
green strength and compressive yield stress of the paving concrete as well as the
straightest edges during the minipaver test.

3 Self-healing Polymer to Control Microcracking

Healing polymers, which include a microencapsulated healing agent and a cata-
Iytic chemical trigger (Kuennen 2004) could be especially applicable to fix the
microcracking in bridge piers and columns. When the microcapsules are broken
by a crack, the healing agent is released into the crack and contact with the cata-
lyst. The polymerization happens and bond the crack faces. But it requires costly
epoxy injection.

4 Self-sensing of Concrete Stress

Concrete with nano-Fe203 can have self-diagnostic ability of stress as well as
improvement of compressive and flexural strengths [Li et al. 2004, Xiao and Ou
2004]. It was observed that the volume electric resistance of cement mortar
changes with the applied load in presence of nano-Fe,O, (30nm particle size). On
the other hand the plain cement mortar is poor in monitoring its stress. The resis-
tance linearly decreased with the increase of the compressive loading for mortars
with Nano-Fe,O, more sharply with 5% Nano-Fe,O,. Based on this observation, it
is logical to postulate that concrete with nano- Fe,O, should be capable to sense its
own compressive stress. This property can be used for structural health monitoring
in real time without the use of any embedded or attached sensors, which can be
considered as a potential application in constructing smart structures.
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Han et al. [2004] studied change of specific resistance under compression for
cement paste containing two types of nano-TiO, particles (i.e., anatase and rutile
based) and nano-carbon fiber. They observed that the cement paste containing
anatase (i.e., polymorph of TiO,) based nano-TiO, shows pressure-sensitivity
property whereas paste containing rutile based nano-TiO, doesn’t show that prop-
erty. Cement paste containing carbon fiber shows the best pressure-sensing prop-
erty with lowest specific resistance. The rate of reduction of specific resistance for
paste with nano-TiO, (anatase) was 7-10% whereas it was 17-35% for paste with
carbon fiber.

5 Self Consolidating Concrete (SCC)

The dispersion / slurry of amorphous nanosilica is used to improve segregation
resistance for self-compacting concrete [Bigley and Greenwood 2003]. Addition
of nanoparticles such as silica in concrete has been realized an effective way to
develop high-performance and self-compacting concrete with improved workabil-
ity and strength.

6 Reactive Powder Concrete (RPC)

A process for synthesis of cement with nano-scale particle sizes has recently been
developed. It is demonstrated that nanocements with nano-scale particle sizes and
varying phase compositions can be tailored. Addition of nano-cement in reactive
powder concrete (RPC) systems has the potential to further enhance the properties
of an already optimized system. The replacement of a small fraction of the con-
ventional cement with these nano-cements causes faster cement hydration reaction
and reduces the induction period [Dham et al. 2010]. The additional benefit of
addition of nanocement is creating denser microstructure which causes higher
compressive and tensile strength. Reduction in permeability through the improve-
ment of ITZ is expected to be a potential merit of nanocement addition in RPC.
The improvement in strength was not accompanied by an increase of elastic
modulus. Further research is needed to analyze the effect of nanocement addition
on the long term durability of the RPC systems.

7 Nanoporous Thin Film Technology to Improve Concrete
Performance

As discussed above, most nanotechnology research has focused on characterizing
concrete when nanosilica particles are dispersed in the cement paste. Nanoparti-
cles added during cement mixing affect only the microstructure of the paste with-
out making any significant improvement in the strength of the interfacial transition
zones (ITZ). The addition of nanoparticles as nanoporous thin films (NPTF) on
aggregate surface before concrete mixing was found to be an effective way to im-
prove the ITZ and thereby the performance of concrete (Munoz and Meininger
2010). Water suspension of nanoparticles (i.e., colloidal suspension) are used to
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coat aggregates through dip- or spray-coating methods. The technology necessary
to apply NPTF on aggregates is already available in the market. This is a cost ef-
fective method as small quantify of nanoparticulate additives is needed to obtain
significant results as opposed to conventional powder addition method. The im-
provements in compressive, tensile, and flexural strengths and reduction in drying
shrinkage was observed through the incorporation of NPTFs in mortar and con-
crete. The overall modulus of elasticity increased in mortars with nano-silica
coated aggregates is believed to be due to the improvements in the ITZ. The con-
trol image shows presence of high concentration of pores (~ 18-30% relative po-
rosity) at the interface which makes a clear demarcation between ITZ and bulk
paste. On the other hand, concentration of pores in the ITZs of the other three im-
ages with nano-particles shows a significant reduction (i.e., 8-22% relative poros-
ity) of porosity. This improvement in performance can ameliorate longitudinal and
transverse cracking, corner breaks, punchouts, and D-cracking in concrete pave-
ment. The research on NPTF addition in concrete is in an early stage. Further
work is needed to understand the mechanisms and the full scale impact of this
technology.

8 Nano-engineering of Concrete Pore Solution

While applications of nanotechnology to concrete have previously focused almost
exclusively on additions of solid nanoparticles (to the solid matrix), this study
indicates that nano-engineering of the pore solution can also offer substantial
benefits. Nano-sized molecules were highly successful at both increasing solution
viscosity and decreasing electrical conduction (Bentz et al. 2008). By adding
appropriate nano-sized viscosity modifiers to the pore solution, conductive and
diffusive transport can be reduced. It is envisioned that a doubling of the service
life of concrete can be achieved by increasing the pore solution viscosity by a fac-
tor of two as service life is directly proportional to the diffusion coefficient of an
ingressing ionic species such as chloride or sulfate ions.

9 Controlled Release of Admixtures

Controlling the time of the availability of an admixture in cement systems is
essential for its optimal performance. Adding admixtures during mixing may not
be optimum for the desrired chemical effects and may sometimes require to delay
release of compounds such as superplasticizers, and other additives. Development
of new materials for program delivery and control of admixtures in concrete and
other matrials presents a significant technilogical advance. Incorpopration of
nanoscale compositite materials in order to control the timing of the release of
chenical admixtures is reported [Raki et al. 2004, Raki and Beaudoin 2007]. A
sulphonated napthalene formaldehyde-based superplasticizer (Disal’") was used to
produce the controlled release formulation (CaDisal). Based on mini-slump
measurements [Kantro 1980], it is observed that CaDisal provided a longer time
for the superplasticizer to keep cement workability at a reasonable lebel after
mixing. Slow release of the superplasticizer through the addition of this new
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composite additive not only maintained the workability of the fresh mix but also
improved the strength development of mortar samples. Further studies on long-
term durability of concrete samples containing the controlled release composite
are ongoing.

10 Nanotechnology in Building

If nano-particles are integrated with traditional building materials, the new materi-
als might possess outstanding or smart properties for the construction of super
high-rise, long-span or intelligent civil infrastructure systems.

It is proposed that white cement containg TiO, nano-particles can have photo-
catalytic properties, which allow the maintenance of the aesthetic characteristics
of architectural and decorative concretes over time [Cassar et al. 2003] along with
removal of pollutants as an additional benefit. A white cement containing photo-
catalytic self-cleaning nanoparticles has been used in the construction of the mod-
ernistic “Dives in Misdericordia” church in Rome. TiO, coatings (15 nm thick)
have been applied to glass windows to photocatalytically decompose dirt and smut
particles that adhere to the glass [skarendahl et al. 2003]. Other applications
of nanotechnology in building sector include thin film solar cells, coatings with
embedded nanoparticles to provide infrared and ultraviolet screening on windows,
tailored molecules to improve cement, colloidal silica (10 nm particle size) for
improving polymer-based floor coatings, improved insulation materials with a
porosity of the order of 10-100 nm, nanofilters to purify water, improved paint
coatings, and asphalt blends with better oxidation resistance.

11 Nanotechnology Based Devices

Nano Electro Mechanical Systems (NEMS) can be used for better quality control
of concrete, which indirectly helps to improve its durability. NEMS are wireless
nanomachines designed to measure (i) density and viscosity of green concrete
during mixing and pumping, (ii) strength development, (iii) shrinkage stress, (iv)
parameters affecting concrete durability such as temperature, moisture, chloride,
pH and carbon dioxide [MaCoy et al. 2005].

Microelectromechanical systems (MEMS) has been used to measure tempera-
ture and internal relative humidity (RH) of concrete by utilizing microcantilever
beams and moisture-sensitive thin polymer. MEMS were found to be (i) effective
and sensitive in measuring concrete temperature and moisture and (ii) durable
under corrosive environment and internal / external stresses. Monitoring tempera-
ture and moisture is very important in order to (i) monitor setting and hardening
characteristics of concrete and (ii) predict the possibility of occurrence of concrete
chemical distresses such as corrosion of steel reinforcement, freeze—thaw distress,
carbonation and alkali-aggregate reaction. The areas that need further investiga-
tion are (i) long-term behavior and repeatability of MEMS embedded into con-
crete, (ii) wireless interrogation such as signal processing, powering, communica-
tion, location, orientation, data storage and computation capabilities.
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12 Future Challenges and Direction

Some of the potenial areas of applications of nano-based products as well as future
direction are listed below

1. Engineeried materials using nanotechnology, which will allow maximum
use of locally availlable materials and avoid unnecessary transport. Design
ductile, flexible, breathable, permeable or impermeable concrete properties
on demand

2. Design concrete mix which is resistance to freeze-thaw, corrsion, sulfate,
ASR and other environmental attacks

3. Develop speciality products such as products with blast resistent,
conductive properties as well as temperature-, moisture- and stress-sensing
abilities.

While nanotechlogy based construction products provide many advantages to the
design and construction process, the following can be considered as future
challenges

1. Nanotechnology becomes a double-edge sword to the construction industry.
Production of nano materials requires high energy. The engineered materials
should be sustainable as well as cost-and-energy effective. Use of
nanotechnology creates an environmental challenge to the construction
industry. For example, nanotube might cause a lung problem to construction
workers.

2. Developing a better procedure to ensure proper dispersion of nano-materials
in large scale field applications.

3. With more research and practice efforts, smart design and planning, construc-

tion projects can be made sustainable and avoid damages to environment.

Lack of adequate R&D funding

Slow adoption rates of new technologies

Low level of collaboration for multidisciplinary problems

Inadequacy of QC technologies

The image of cement based materials need further upliftment

XN s
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Optimization of Clay Addition for the
Enhancement of Pozzolanic Reaction in
Nano-modified Cement Paste

Bjorn Birgisson and Mahir Dham

Abstract. This chapter presents a process for obtaining nano-size silicate platelets
for use in cement paste from exfoliating Cloisite Na+ clay particles. The resulting
silicate platelets require all surface electrical charges to be neutralized. The results
showed that this is achievable through the use of organic ammonium chloride sur-
factant. The exfoliation process was evaluated through the use of X-ray diffraction
and the optimum stable concentration of organic ammonium chloride was deter-
mined with the help of electrokinetic studies and turbidity measurements which
determine the stability of the clay surfactant solution. The ultimate effects on hy-
drated cement paste are evaluated using compressive strength measurements for
the subsequent replicates of samples prepared.

1 Introduction

In terms of volume used, concrete is the most successful material in the world. It
is made up of aggregates bound together with hydrated cement. In general it con-
tains between 10 and 15 wt. % cement. Globally 2.6 billion ton of cement is pro-
duced annually, giving more than 3 m’ of concrete per person. Due to the size of
the cement production, it consumes large amount of energy and is one of the larg-
est contributor to carbon dioxide (CO,) release. Cement production accounts for
some about 4-5% of man-made CO, emissions. Thus the amount of cement used
in concrete production must be minimized. The challenge is to get more strength
out of the concrete with less cement.

One concept recently developed is to use nanoparticles made from exfoliated
clays, carbon tubes and/or precipitated silica particles (nano silica). Results from
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experiments show that by modifying the cement paste structure, it is possible to
modify both the hydration path and the structure of the binder. As an example, na-
no-Si0, additions with fly ash or with fly ash and silica fume combined have
shown more pozzolanic activity than traditional silica fume alone [Collapardi, et
al. 2004; Li 2004; Li et al. 2005]. This is due to the fact that their size allows them
to react more readily with the calcium hydroxide, thereby increasing C-S-H con-
version [Ji 2005].

In recent years, the addition of nano-particles into cement paste is gaining at-
tention due to their exceptional properties due to their high surface area and there-
fore high reactivity. Recent experiments have shown that nano silica do not only
change the structure of the C-S-H but it will also change the path of and mode of
hydration [e.g. Lagerblad and Fjillberg 2008], which in turn will influence the
structure of the paste. Nano-silica (nano-SiO2) is an industrial product that is more
fine-grained and thus reacts more readily with calcium hydroxide (CH) [Jo et al.
2007].

Nano-modification of the cement inherently affects the hydration process,
which in turn affects the structure and the physical properties. The addition of the
nano-clay particles also simulates a process similar to the pozzolanic reaction
where silicates and water react with calcium hydroxide to form C-S-H. It has been
shown that the rate of this reaction is proportional to the amount of surface area
available for the reaction [Jo et al. 2007]. Basic pozzolanic reactions produced
from the composite cements have been known to effect the production of CH and
C-S-H, the two main hydration products that have been attributed to the strength
of the cement [Escalante-Garcia and Sharp 2004; Taylor 1997; Shayan and Xu
2006]. Generally speaking, the pozzolanic reaction works by reducing the amount
of CH produced during the hydration either by consumption of CH itself of its hy-
dration components [Saeki and Monteiro 2005, Taylor 1997].

More recently exfoliated nano-size exfoliated silica sheets are obtained from
montmorillonite smectite clays [Dham 2007]. Research by Dham (2007) has led to
a process where the researchers were able to exfoliate clays with weak platelet
bonds, resulting in exfoliated nano-sized montmorillonite clay (Cloisite Na+). Im-
portantly, the cost of the nanosilicates is pound for pound less than for silica
fumes, since the basic material is derived from natural (“as dug”) clays. The proc-
ess has also been used on phosphate waste clays in Florida with good results,
which are currently being land-filled [Boyd et al. 2007].

In this chapter, the exfoliation process is described, along with the methods
used to verify the exfoliation of Cloisite Na+ into nano-size silicate platelets that
are suitable for use in concrete. An important component of this system is the neu-
tralization of the surface charges of the resulting silicate platelets through the in-
troduction of a suitable surfactant.

2 The Exfoliation Process

Montmorillonite clay itself is a sheet-like structure (Fig. 1) composed of tetrahedra
SiO, and octrahedra AlQg at a 2:1 ratio. Each of these sheets sustains a charge on
their surface and edges. Clays are characterized by their ion exchange properties



Optimization of Clay Addition for the Enhancement of Pozzolanic Reaction 227

Silicate Platelet

Gallery

Silicate Platelet

Fig. 1 Idealized layered silicate structure

that result in a high affinity to water, which makes the naturally incompatible for
use in concrete in their unmodified form.

The advantage of the sheet-like configuration over other small particles is that the
multi-layer silicate structure can be penetrated between layers by small molecules
(see Fig. 2), forcing the silicate platelets apart. This process is called intercalation.

Silicate Platelet

Gallery Expanded by Reactive Species

Fig. 2 Partial separation of silicate platelets (intercalation)

If the penetrating molecules reactive enough, this process may result in complete
separation of the silicate layers (i.e. exfoliation), as shown schematically in Fig. 3.

Polymer Chain

/

Fig. 3 Total separation of silicate platelets (exfoliation)
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As a result of exfoliation, a small mass of montmorillonite clay can result in
numerous small, thin (e.g. 20-nm) platelets, with very large surface area, that are
fully separated. These nano-size silicate platelets may e.g. be used directly as
pozzolans in concrete or bonded with selected species of polymers which tend to
bond to all of these surfaces, creating a linkage effect among the silicate platelets.
This bonding can also be considered as a flocculated material since one polymer
chain can link several clay particles together. The resulting composite can exhibit
vastly improved properties.

3 Materials and Methods

In this study, Cloisite Na* clay, which is also known as sodium montmorillonite, is
added to the cement paste mixture along with a surfactant to ensure thorough dis-
persion of the clay. The surfactant used in this research was an organic ammonium
chloride called 2-(Dimethylamino) ethyl acrylate, methyl chloride [Sigma Aldrich
2006; BMT Inc. 2008; Cementec Inc. 2008; Southern Clay Inc. 2008].

For complete exfoliation of clay, it is advantageous if synthesized charged
organic/inorganic nanoparticles are used instead of conventional intercalating
agents. For this reason, organic ammonium chloride was perceived to be most
suited.

The first obstacle to overcome was determining the exact amount of surfactant
necessary to produce a stable clay/surfactant solution. Initially, specific propor-
tions of surfactant, with respect to clay, were investigated. Evaluation of the sta-
bility of the system became a necessity and thus electrokinetic phenomena (zeta
potential) and system turbidity techniques were used to ascertain the optimal
amount of surfactant required.

3.1 Electrokinetic Studies for Zeta Potential Measurements

The equipment used for evaluating the procedure included a Brookhaven Zeta
Plus zeta potential meter. Zeta potential is the potential of the surface at the plane
of shear between the particle and the surrounding media as the particle and media
move with respect to each other. In the presence of an applied electric field, the
charged surface (and the attached material) tends to move in the appropriate direc-
tion, while the counter ions in the mobile part of the double layer would have a net
migration in the opposite direction. On the other hand, an electric field would be
created if the charged surface and the diffuse part of the double layer were made
to move relative to each other. The zeta potential facilitates easy quantification of
the surface charge [Singh 2002].

For our replicates of various samples it was found that when the absolute value
of zeta potential is around 50 mV the dispersions are very stable due to mutual
electrostatic repulsion and when the zeta potential is below this value, coagulation
(formation of larger assemblies of particles) occurs very quickly, causing rapid
sedimentation. Even when the surface charge density is very high but the zeta po-
tential is low, the colloids are unstable. Also, the velocity of heterocoagulation



Optimization of Clay Addition for the Enhancement of Pozzolanic Reaction 229

(coagulation of different particles) depends on the zeta potentials of each type of
particle. Therefore, zeta potential is an important parameter characterizing colloi-
dal dispersion. The instrument used to measure the zeta potential is called a zeta
potential meter.

3.2 Turbidity Measurements

Turbidity in water can be caused by suspended and colloidal matter such as clay,
silt, finely divided organic and inorganic matter, and plankton and other micro-
scopic organisms. Turbidity is an expression of the optical property that causes
light to be scattered and absorbed rather than transmitted with no change in direc-
tion or flux level through the sample. The Turbidity Meter can measure this tur-
bidity, in units of nephelometric turbidity units or NTU. This term originated be-
cause turbidimeters with scattered-light detectors located at 90° to the incident
beam are called nephelometers and so the units ascribed to their Turbidity meas-
urements is NTU [EPA 1999].

The principle of this method is based on the intensity of light scattered by the
sample under defined conditions. The higher the intensity of scattered light, the
higher is the turbidity. For the replicate clay samples mixed with OAC, it was pos-
sible to determine the optimum amount of the surfactant required by the system to
ensure a stable turbidity measurement.

The turbidimeter used in this research was a Hach Model 2100AN Laboratory
turbidimeter capable of measuring Turbidity values from 0 to 10000 NTU. The opti-
cal system was comprised of a tungsten filament lamp, lenses and apertures to focus
the light, a 90° detector to monitor scattered light, a forward scatter light detector, a
transmitted light detector, and a back scatter light detector [Lab Manual 2006].

3.3 X-Ray Diffraction: Exfoliation of Clay Platelets

The X-Ray Diffraction (XRD) technique is used to measure atomic spacing be-
tween lattice layers in a crystal. This can be calculated from the X-Ray Diffraction
test results using the Braggs Law equation, is as follows: nA = 2d sinf, where, A =
wavelength of the incidental X-Ray beam; d = the atomic spacing between the
layers; 8 = angle of incidence; n is taken as unity.

Three samples were examined with the X-Ray diffraction technique, using a
Philips X'Pert system [MAIC 2009]. These samples were:

e Sample 1 consisted of Cloisite Na* alone.

e Sample 2 contained 9.5% by weight of Cloisite Na* and 9.5% by weight
OAC, mixed in water and then dried.

e Sample 3 contained 5.6% by weight of Cloisite Na*, 5.6 % by weight
OAC, and 5.6% by weight of poly-vinal alcohol (PVA) polymer, mixed in
water and then dried.
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4 Results

Initial laboratory observations indicated that very low dosages of OAC surfactant
were required to induce stability. An experimental matrix was formulated to evalu-
ate a range of surfactant contents to be used per sample. This matrix is tabulated
in Table 1.

Since the amount of surfactant to be used had a very low weight to be meas-
ured, a buffer solution of the surfactant was used where 1 g of surfactant was
added to 1000 g of water.

Table 1 Experimental matrix

Surfactant
Sample Clay Water (mg/ g of Buffer
Number (g (g clay) (g
1 1 98 1 1
2 1 97 2 2
3 1 96 3 3
4 1 95 4 4
5 1 94 5 5
6 1 93 6 6
7 1 92 7 7
8 1 91 8 8
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Fig. 4 The effect of OAC concentration on Zeta Potential
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4.1 Electrokinetic Study Results

As stated before, the dispersion is at maximum stability if the surface charge is
complete and the zeta potential of the solution is well above zero. This was how
the experimental matrix was terminated. Once the optimal zeta potential was
reached, it began to drop as the OAC concentration continued to increase. The re-
sults from the zeta potential analysis are depicted graphically in Fig. 4.

As inferred from the graph, OAC concentrations of 4 to 7 mg/g produced the
highest zeta potential, close to 50 mV. Above 7 mg/g the zeta potential dropped
off, indicating that the stable state had been exceeded. It can therefore be con-
cluded from this test that the optimal OAC addition rate is between 4 and 7 mg of
surfactant per g of Cloisite Na*.

4.2 Turbidity Analysis Results

The turbidity meter results support the Zeta Potential data, as the turbidity for the
replicates of samples between 4 and 7 mg of surfactant per g of Cloisite Na* ex-
hibited the lowest values in NTU. This shows that the sample is most stable in that
region. Fig. 5 shows the turbidity results.

Variation of turbidity over time can be a significant factor in the period imme-
diately after combination of the materials. To examine this effect, turbidity meas-
urements were regularly taken over an extended time frame. It was discovered that
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Fig. 5 The effect of OAC concentration on turbidity
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Fig. 6 Turbidity as a function of time for various samples

the turbidity levels stabilize at around 15 minutes. Fig. 6 represents plots of turbid-
ity as a function of time for different dosages.

As inferred from the graph, OAC concentrations of 4 to 7 mg/g produced the
highest zeta potential, close to 50 mV. Above 7 mg/g the zeta potential dropped
off, indicating that the stable state had been exceeded. It can therefore be con-
cluded from this test that the optimal OAC addition rate is between 4 and 7 mg of
surfactant per g of Cloisite Na".

4.3 X-Ray Diffraction Results

Fig. 7 depicts the x-ray diffraction results for the three samples discussed previously,
while the calculated d-spacings from various replicates are tabulated in Table 2. The
significantly higher high d-spacing for the second sample (clay + OAC) proves that
the surfactant is causing exfoliation of the clay, though addition of the polymer does
not. This can be inferred from the d-spacing, which has increased with the shifting
of the peaks of each curve. Exfoliation should lead to a large spreading of the clay
galleries, which is readily determined with the x-ray diffraction technique.

Table 2 D-spacing for x-ray diffraction samples

Clay Clay + OAC Clay + OAC + polymer
d-spacing 11.84 22.06 14.71
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4.4 Mechanical Study: Stress-Strain Analysis

To evaluate the effects of the introduction of nano-size silicate platelets obtained
from exfoliated Cloisite Na+ clay, various replicates of 7.5 cm x 15 cm (3in x 6in)
cement paste cylinders were cast using Type I cement with w/c of 0.6 and tested
under axial compression after 28 days of curing in lime solution. Importantly, cyl-
inder specimens were selected over cube testing in order to allow for on-specimen
strain measurements using 3 LVDT’s spaced at 120 degrees on the specimens.
From the results of the compression testing, stress verses strain graphs were plot-
ted. All replicates had three samples and were subjected to an axial displacement
rate of 6 in/min during testing.

The results of compressive strength testing of cement paste cylinders from var-
ious replicates containing varying proportions of exfoliated Cloisite Na* are de-
picted in Fig. 8 and summarized in Table 3. As seen in the figure, the addition of
2%, 5%, and 9% of exfoliated Cloisite Na* results in an increase in the compres-
sive strength of the replicates of samples when compared to the control mix.
Though the 2% and 5% replacement rates exhibit successively large increases in
ultimate load, the 9% replacement sample, though still stronger than the control,
actually begins to decrease in strength.
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Fig. 8 Compressive stress versus measured axial strain as a function of strain for 7.5 cm x
15 cm (3 in x 6 in) cement paste cylindrical specimens with varying amounts of silicate
platelets obtained from exfoliated Cloisite Na+ clay

The 13% replacement rate of the exfoliated Closite Na+ reduces the compres-
sive strength in comparison to the control mix, thus indicating the overdosing with
the exfoliated clay platelets can be detrimental to mechanical properties. This phe-
nomenon could be attributed to:

1) Poor dispersion caused by an excessive amount of exfoliated clay platelets
resulting in agglomeration of the platelets, producing weak points in the ma-

trix that contribute to premature failure.

2) Insufficient shear rates during mixing of the higher exfoliated clay content
pastes. This could lead to inefficient mixing and lack the ability to induce
full exfoliation of the exfoliated clay when the amount of clay is too large.

3) The optimal point may have passed, meaning there may be more exfoliated
clay present than that needed to react all of the calcium hydroxide within the
cement paste.

Table 3 Maximum stress and strain values with respect to clay addition

Clay %| Maximum Stress (MPa)| Post Peak Strain| Failure Strain
0 14.81 0.0057 0.0052
2 16.34 0.0060 0.0056
5 19.22 0.0070 0.0061
9 15.82 0.0100 0.0074
13 7.00 0.0080 0.0053
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S Summary and Conclusions

A procedure for exfoliating Closite Na+ clay particles was presented. The result-
ing nano-size silicate platelets were used in cement paste, resulting in increased
compressive strengths after 28 days of curing. The following conclusions could
be generalized for all clay and surfactant systems:

e The surfactant must be chosen to complement the application and the type of
material that it is to be mixed with in order to achieve optimal results.

e The optimal amount of surfactant required by the clay can be determined us-
ing zeta potential and turbidity measurements.

e Addition of surfactant modified clay to cement has the potential to increase
compressive strength of the cement paste.

e Excessive amount of surfactant may cause the clay to agglomerate as the at-
oms could gain a charge and become attracted to each other.
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Characterization of Asphalt Materials for
Moisture Damage Using Atomic Force
Microscopy and Nanoindentation

Rafiqul A. Tarefder and Arif Zaman

Abstract. Asphalt materials have traditionally been characterized for moisture
damage at component (microscale) and laboratory specimen (macro) scales.
Though characterizations at such scales are commendable and often necessary and
well understood by the pavement engineering community, there are problems
which cannot be solved using micro and macroscale characterizations. For exam-
ple, moisture damage in asphalt pavement is caused by moisture interaction with
asphalt-aggregate bonds, which occurs at the atomic or nanoscale level. Macro
and microscales scales are inadequate for developing an understanding of the bond
damage phenomena. As a result the moisture damage still remains as one of the
most common but complex problems of asphalt concrete. This chapter describes
the use of Atomic Force Microscopy (AFM) and nanoindentation techniques to
gain accurate insight into moisture damage performance of asphalt materials at
nanoscale. In particular, moisture damage is quantified in performance grade (PG)
asphalt binders using AFM measured adhesion values. It is shown that a PG 76-28
binder is more resistant to moisture damage than a PG 70-22 binder. Using na-
noindentation, it is shown that hardness increases due to wet conditioning of ag-
gregate, whereas hardness decreases due to wet conditioning of mastic, which is a
mixture of fines and asphalt binder. Modulus value measured by nanoindenter did
not show any tend due to wet and dry conditioning. It is hoped that pavement
materials engineers and researchers benefit from the nanoscale characterization
presented in this chapter.
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1 Introduction

Atomic force microscopy and nanoindentation are relatively new techniques for
materials characterization. An AFM measures the surface roughness and adhesion
force, whereas the nanoindentation measures the modulus and hardness of a
material. Although application of these two techniques are not much yet in civil
engineering, they are being widely used in sister disciplines such biomedical, aer-
ospace, manufacturing, materials, physics, chemistry, and electrical engineering.
In other disciplines, both techniques have been used mainly for characterization of
materials a nanoscale (10” m or nanometer). In civil engineering as well as in
pavement engineering, mostly macroscale techniques are used for characterization
of materials. However, there are problems in asphalt pavement area that have not
been understood and solved yet using macroscale techniques. For example, mois-
ture-induced damage in asphalt concrete has been studied for over 80 years, it still
remains an unsolved problem. Moisture damage in asphalt can occur through the
loss of adhesion and/or the loss of cohesion. Loss of adhesion is caused by break-
ing of the adhesive bonds between the aggregate surface and the asphalt binder
primarily due to the action of water. Loss of cohesion is caused by the softening or
breaking of cohesive bonds within the asphalt binder due to the action of water or
water diffusion. The breaking of bonds between two asphalt or aggregate mole-
cules occurs at a nanoscale. As such, macroscale characterization becomes inade-
quate for understanding moisture interaction with asphalt-aggregate bonds. This
chapter focuses on nanoscale characterization of asphalt materials for moisture
damage using atomic force microscopy (AFM) and nanoindentation techniques.

In an AFM test, a sample surface is probed with a sharp AFM tip and the attrac-
tive or repulsive force between the tip and the sample surface is measured. In elec-
trical engineering and applied physics disciplines, AFM is mainly used to measure
the surface roughness of laboratory grown nano devices fabricated for the micro-
electronic technology (Hill et al. 2001). Another application of AFM is to meas-
ure adhesion/cohesion force, which is widely used by the chemical engineering
and applied chemistry group. Recently, Lieber and coworkers from Harvard
University did the pioneer work to introduce the functionalized AFM and this ap-
plication of chemical functionalized AFM has been termed as Chemical Force Mi-
croscopy (CFM) (Frisbie et al., 1994, Noy et al. 1997). Beach et al. (2001) studies
pull off force between hexadecanethiol monolayers, self-assembled on gold-
coated silicon nitride cantilever tip and silicon wafer, using AFM. Okabe et al.
(2000) used hydrophobic -CH3 and —COOH functional modified AFM probes to
map the adhesion forces and image the samples. Masson et al. (2007) studied the
asphalt stiffness with AFM. This study was included to non-functionalized AFM
tips. Du et al. (2001) explored the elastic modulus and yield strength of polymer
thin films with AFM. In the asphalt area, Pauli et al. (2003) has done AFM testing
on Strategic Highway Research Program (SHRP) asphalt binder and calculated the
surface energy. Masson et al. (2006) conducted phase image testing of asphalt us-
ing AFM and correlate them with chemically analyzed contents of asphalt such as
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saturates, naphthene aromatics, polar aromatics, asphaltenes. Tarefder et al. (2010)
studied the effect of polymer modification of adhesion force using AFM.

In a nanoindentation test, an indenter indents a sample surface and the move-
ment of the indenter is measured with an increasing load. Load versus indentation
curve is analyzed for finding stiffness and hardness of materials. So far, nanoin-
dentation technique has been mostly used for characterization of nanostructured
materials. A nanostructured material is a material which has at least one constitu-
ent at a characteristic length-scale of the order of tens of nanometers or less. Engi-
neering applications of a nanostructure material often call for its stiffness and
hardness properties for performance evaluation. Yang and Zhang (2001) did study
of nanoindentation creep on polymeric materials. Gu et al. (2007) studied the
depth profiling behavior of polymeric coating with nanoindentation. Jdger and
Lackner (2009) studied the elastic, viscous and plastic material behaviour with na-
noindentation of the polymers. Mondal et al. (2007) conducted nanoindentation
study on cement hardened paste to determine the mechanical properties. To date,
nanoindentation tests on asphalt has been conducted by only a very few research-
ers in Europe (Ossa and Collop 2007, Ossa et al. 2005, Pichler et al. 2005). Jager
et al. (2007) identified the viscoelastic properties of asphalt with nanoindentation
and considering the real tip geometry. Recently, Tarefder and Zaman (2010) stu-
died the feasibility of Berkovich and spherical tips for indentation on asphalt bind-
er and asphalt concrete. They described that the main feature of this device is that
characterization of asphalt components such as mastic, and aggregate can be done
without separating them from asphalt concrete or composite. Results from this ex-
periment can be very useful to characterize, design and model asphalt perfor-
mances in new way complementing the traditional way.

In this chapter, both AFM and nanoindentation techniques will be used for na-
noscale characterization of asphalt binder and asphalt concrete samples for mois-
ture damage.

2 AFM for Moisture Damage Study

In an AFM test, a small and sharp tip placed at the free end of a cantilever is
brought to an asphalt film. As the tips approaches the film surface, the cantilever
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Fig. 1 Schematic of an AFM test
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deflects due to the interaction between the AFM (atoms) and the asphalt surface
(atoms). The magnitude of the deflection directly depends on the attraction or re-
pulsion force between the molecules of the tips and the molecules of sample sur-
face molecule. This deflection is measured by an optical lever consists of a laser
diode and position sensitive photo detector shown in Figure 1. The measured de-
flection is used to calculate the force, F acting on the AFM tips using, F = k §;
where 0 is the deflection and k is the stiffness of the cantilever. Adhesion is de-
fined as the force between atoms of an AFM tips and atoms of asphalt binder.

AFM testing of soft sample is complex. In soft materials, AFM tip can sticking
in the sample. To avoid this problem, noncontact mode AFM tests were con-
ducted on asphalt samples. However, the success of AFM testing on soft asphalt
sample depends on the testing parameter setup. The values of those parameters de-
termined through trials in this study and they are listed in Table 1. In the AFM, the
gain value controls the error signal to generate a feedback signal. The gain para-
meter depends on a number of factors including the scan rate, scan size, and test
sample topography. This study finds that a gain value of 0.1 is sensitive enough to
change in cantilever deflection for asphalt testing. Cantilever deflection is smaller
in asphalt/soft sample than that in metal/hard sample. The set point controls
the amount of cantilever bending, during sample scanning. The minus value of
set point, as shown in Table 1, ensures that the tip is not in contact with sample
surface.

Table 1 AFM Testing Parameters

Samole Gain Set Point Scan Area Scan Drive
p (P) (tm) Rate (Hz) (%)

PG 70-22 0.1 -0.120 49x49 3 25
(dry)

PG 70-22 0.1 20.051 0.5x0.5 2 25
(wet)

PG 76-28 0.1 -0.039 0.8x0.8 2.3 25
(dry)

PG 76-28 0.1 0.426 4.7x4.7 1 45
(wet)

Scan rate is the frequency of the back and forth movements of the sample be-
neath the AFM probe. A scan rate of 4 to 5 results in an image that appears
smeared. This is because the feedback loop may not have enough time to respond
to change in film roughness. Slow scan rate produces good resolution of the image
as the feedback system finds enough time to respond, while fast scan rate can be
time efficient. In this study, a scan rate between 1 and 3 Hz was shown to produce
high quality image. The drive amplitude is the amplitude of the AC signal of the
sine wave generator that drives the cantilever to vibrate. The drive amplitude
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was selected through trials in the range of 25 to 45 for asphalt imaging. When the
drive amplitude was too large, the cantilever made an intermittent contact with the
surface.

2.1 Tip Functionalization and Calibration

Silicon nitride tips are purchased from VEECO Instruments, Inc (Veeco Instru-
ment Inc., 2007). This tip is a beam bounce cantilever (called RFESPA-CP
MPP211) with a length of 125 pum, natural frequency of 90 kHz, and spring con-
stant of 3 N/m. AFM tips were functionalized using carboxyl (-COOH), methyl
(-CH3), ammin (-NH3) and hydroxyl (-OH) groups from the help of Novascan
Technologies, Ames, IA. These functionals are known to be the major part of as-
phalt chemistry (Testa, 1995). The functionalized AFM test requires calibration of
tips. As discussed previously the force in AFM is calculated for a specific tip, the
tip constant is determined through calibration. Special module to calibrate the
AFM tips supplied by Veeco was used in this study. In calibration procedure, the
tip distances are measured on a sample on a sample of known force between the
tip and the sample molecules. Tip constant is calculated from known force and
displacement (k =F/3). This constant is used for converting displacement data of
other samples to force; thereby producing force distance (F-D) curve.

2.2 Asphalt Sample Surface Imaging

This paper describes the results of AFM testing on two types of PG grade asphalt
binders under wet and dry conditions. Noncontact mode AFM with Proscan soft-
ware was used to conduct the AFM testing and to analyze the images. In AFM
testing, sample image is produced as a first step. Figure 2 shows the 3D images of
dry and wet PG 70-22 binder samples. It can be seen that wet sample has more
spikes than the dry samples. These images were analyzed using WSXM software
(Horacos et al. 2007). In image analysis, asphalt film roughness is measured using
quantities such as average, maximum and root mean square (RMS) values of sur-
face roughness. These quantities are listed in Table 2. It can be seen that PG 76-28
(Dry) sample shows the lowest RMS value (0.56 nm) and the all other RMS val-
ues are fairly close. In general, the RMS roughness values of the wet samples are
higher than those of dry samples.

Table 2 Height and Roughness values of all samples

. RMS
Sample Maximum Average Roughness
P height (nm) height (nm) (fm)
PG 70-22 (dry) 27.96 9.40 2.97
PG 70-22 (wet) 4.59 2.51 0.56
PG 76-28 (dry) 17.73 13.47 0.94
PG 76-28 (wet) 23.21 8.51 2.43
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Figure 2 shows that wet samples have more spikes than dry samples. This is
due to the fact that wet sample was damaged by water action, which has probably
made the asphalt film surface more rough. The acceptable value of roughness for
AFM sample is about 25 nm. As shown in Table 2, as all of the 4 samples have
RMS roughness value less than the limiting 25 nm value.

a2y 4 9um
%4727 Tnm

(a) PG 70-22 (dry) (b) PG 70-22 (wet)

Fig. 2 Three dimensional (3D) images of asphalt surface using AFM

2.3 Characteristics of F-D Curve of Asphalt

F-D curve is defined by the force between tip and sample plotted as a function of
distance between the tip and sample surface. When the AFM tip approaches and
retracts from the sample, it is deflected by the interaction with the sample. A force
curve is such a plot of the force applied to the AFM tip as a function of the tip-
sample displacement of the cantilever holder relative to the surface. Figure 3
shows the force distance curves comparison of dry and wet PG 76-28 samples.
The black colored graph represents the dry sample and the orange colored graph
represents the wet sample. The cycle in the force measurement starts at a tip-
surface separation. At a large distance, no force acts between the tip and surface,
but as the tip approaches, the distance decreases and attractive forces pull the can-
tilever tip towards the sample. At a certain point, the tip jumps or bends towards
the sample surface. This jump or bending occurs when the gradient of attractive
forces exceeds the spring constant plus the gradient of repulsive forces. Moving
the tip further causes a deflection of the cantilever equal in amount to that pro-
duced if the sample were pushed. Next, the tip is withdrawn back to its starting
position. During retraction, at one point, tip finally snaps outward. The lowest
point of the retracting F-D curve shown in Figure 3 is the maximum force in the
retracting curve, at which point the adhesion is broken and the cantilever breaks
free from the surface. Adhesion between the tip and the sample is mainly due to
van der Waals interactions and electrostatic forces (acid-base). Asphalt surface is



Characterization of Asphalt Materials for Moisture Damage 243

100
Dry
50 Wet
Z o
3): 00 1000
£ -50 - Distance (nm)
-100 -
Adhesion Force
-150 +
-200 -

Fig. 3 Force distance graph of PG 76-28 sample with —-COOH tip

charge neutral; adhesion force is mainly due to van der Waals interaction. From
Figure 3, it can be seen that adhesion force in wet asphalt sample is higher than
that in dry sample.

2.4 Dry vs. Wet Adhesion Forces

Each asphalt sample was tested at nine different locations. Table 3 shows the test
results on dry and wet PG 70-22 samples adhesion with all the functionalized tips.
All the ten (10) point’s tests values as well as the average result are tabularized
here to show the wet and dry adhesion forces. Due to space limitation, adhesion
data of PG 76-28 samples are not shown. Form this table data, it is possible to
show that test data are quite consistent and repeatable, which is not discussed fur-
ther detail in this chapter.

The average adhesion values of dry and wet samples of PG 70-22 and PG 76-
28 are plotted in the Figures 4 and 5. For PG 70-22, the adhesion values of all the
wet samples are smaller than those of dry samples as shown in Figure 4. The ad-
hesion value obtained by —COOH functionalized tip is higher that the adhesion
value obtained by —CHj functionalized tips. Probably, tip type, -COOH being hy-
drophilic and —CHj; being hydrophobic, has affected the results. For PG 76-28
binder, the adhesion values of all the wet samples are higher than those of dry
samples as shown in Figure 5. Instead of —-COOH, the —OH functional which is
also a hydrophilic tip, has shown the highest adhesion values. The hydrophobic —
CH; has shown a slight increase in adhesion force due to sample wetting indicat-
ing PG 76-22 is less susceptible to moisture damage compared to the PG 70-22.
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Table 3 Dry and wet adhesion forces of PG 70-22 sample

Tip Cond Adhesion Forces (nN) (first 5 points)
Dry 147 | 181 | 239 | 231 291
COOH Wet 377 | 512 | 361 | 488 378
Dry 60 73 89 38 57

CH3 Wet 105 90 94 89 102
Dry 99 126 95 82 109
NH3 Wet 201 120 147 172 203
Dry 234 273 288 291 291
OH Wet 483 362 310 409 272
Average
Tip Condition Adhesion Forces (nN) (second 5 points)
Force (nN)
Dry 147 92 126 191 308 191
COOH
Wet 3717 367 422 499 457 435
Dry 60 65 34 43 56 57
CH3
Wet 105 129 119 89 92 102
NH3 Dry 99 158 95 110 139 114
Wet 201 183 205 227 204 181
OH Dry 234 282 184 209 212 260
Wet 483 414 376 477 419 386

500 -
Z 400 - ODry
§ B Wet
£ 300 -
(o
£ 200 -
)
5
= 100 - |:I
0 EI
COOH CH3 NH3 OH

Fig. 4 Average dry vs. wet adhesion forces in PG 70-22 binder
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Fig. 5 Average dry vs. wet adhesion forces in PG 76-28 binder

2.5 Remarks Based on AFM Results

Based on the AFM testing of wet and dry asphalt sample, the following remarks
can be made:

e The chemistry of the tip, functional groups in asphalt, affects its adhesion
behavior.

e  Wet sample shows higher adhesion force values compared to the dry
sample. This indicates that damage occurs in wet asphalt film due to wa-
ter action.

e The ratio of wet and dry adhesion force in PG 70-22 binder is higher than
that in PG 76-28. This indicates that the PG 76-28 binders are more resis-
tant to moisture damage than the PG 70-22 binders.

3 Nanoindentation for Moisture Damage Study

In a nanoindentation test, the movement of a diamond probe in contact with a
sample surface is measured by applying an increasing load. Time, load, and dis-
placement are recorded during the test. The elastic and plastic properties of the
sample are determined from the load-displacement data. Stiffness and hardness are
the most common mechanical properties measured from indentation data. Stiffness
is the ratio of stress to strain. Hardness is the resistance to permanent deformation.
It is defined as the maximum applied load divided by the projected plastic area of
contact. Nanoindentation tests were conducted using a nanoindenter supplied by
MicroMaterials Ltd. Wrexham, UK. Nanoindentation test was performed using
spherical tips and the direction of indentation was horizontal. This nanoindenter is
a pendulum-based electro-magnetical depth-sensing system, in which samples are
mounted vertically as shown in Figure 5. This kind of horizontal indenter has ad-
vantages over the vertical indenter as the horizontal indenter does not use self
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weight on the sample during indentation. As shown in the Figure 5, a pendulum
using a coil and magnet is rotated about its frictionless pivot so that the diamond
probe penetrates the sample surface placed in a sample holder. Indenter displace-
ment is measured with a parallel plate capacitor achieving sub-nanometer resolu-
tion. The balance weight is adjusted to balance the pendulum when different tip
geometries are used with the indenter. The damping plates are used to damp out
any oscillations that may occur during the indentation process.

In the horizontal indenter, a high resolution microscope and an AFM are avail-
able to take images of sample during indentation test. The nanoindentation system
is enclosed in a thermally controlled cabinet. This cabinet provided protection
from air disturbances, allowed the system to be thermally controlled and reduced
error due to noise disturbance by providing sound insulation. Though asphalt is a
temperature dependent material, all the indentation was conducted in this cabinet,
however only at one temperature of 23.7 °C. This indenter has load resolution of 1
nN and depth resolution of 0.004 nm. Routine calibrations are done to keep the
machine performing at its resolution level. Calibration includes: (a) load calibra-
tion which determines the forces that can be applied at the indenter tip during
measurements, and (b) depth calibration which relates a known distance moved by
the sample in contact with the indenter to a change in capacitance.

Tip

Sample
holder

Fig. 6 Horizontal Nanoindenter at the University of New Mexico

3.1 Nanoindentation Theory

To determine the mechanical properties of the tested asphalt sample, the depth
versus loading-unloading data was fitted using the following power law function
(Oliver and Pharr 1992):
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P=a(h—h )m ey

where £ is any depth, A, is the unrecoverable or plastic depth, a and m are con-
stants. At h=h,,,, P=P,,,. therefore above equation can be expressed as:
hc :hmax —-& (C Rnax ) (2)
where C is the contact compliance equal to the tangent at maximum load or the
slope of the initial portion of unloading curve. The value of &£ depends on the in-
denter geometry. The value of £ is 0.75 for a Berkovich indenter and 0.85 for
spherical indenter. Asphalt sample hardness (H) can be determined from the peak
load (P,,.) and the projected area of contact, A:

H=P,_/A 3)
The reduced modulus of the sample can be analyzed using the unloading portion
of the depth-load curve as follows:

TCOI 5

=" 4
" 2CA% @
where C is the contact compliance and E, is the reduced modulus. Reduced mod-
ulus is a measure of the elastic modulus of the sample. It can be thought of as an
intermediate parameter accounting for the non-rigid effect of diamond indenters in
contact with other materials. Finally, reduced modulus is converted to the Young's
modulus using the following equation also known as Oliver and Pharr Equation
(Oliver and Pharr 1992):

= ®)

where

E = Young’s modulus of sample

19, = Poisons ratio of sample
E; = Young’s modulus of indenter (1141 GPa)

19, = Poisons ratio of indenter (0.07)
E ; = Reduced modulus of sample obtained from Eq. (4)

Fortunately, a NanoTest software developed by the nanoindentation manufacturer
uses the above method of Oliver and Pharr for automatic curve fitting and analysis
of the raw indentation data. The hardness value is related to loading curve and the
elastic modulus value is related to unloading load-displacement curve of the
nanoindentation.
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3.2 Nanoindentation on Asphalt Samples

Nanoindentation tests were conducted on three asphalt concrete samples that were
designed using performance grade binder PG 76-28 and PG 70-22. Three mixes
that uses the aforementioned PG binders were collected from the local plant. Of
them, SP-III mix was made of PG 76-28 binder, and SP-B and SP-C mixes used
PG 70-22 binder. Each of the mixes is compacted into 6 in. diameter cylinders by
a Superpave gyratory compactor using a 600 kPa (87,02 psi) vertical pressure
(AASHTO T 312). Using a water-cooled laboratory saw, one-inch thick disc is
sliced from the center of each cylinder in an attempt to acquire samples with uni-
form air voids.

Smooth surface of the cube is very important for nanoindentation experiment.
Because the contact area is measured indirectly from the depth of penetration, a
rough surface may cause errors in the determination of the area of contact be-
tween the indenter and the specimen (Johnson 1985). Fine laboratory saws at Ge-
ology Department at the University of New Mexico were used to cut and prepare
thin AC cubes (12 mm x 12 mm x 6 mm). The cube surfaces were polished by a
grinding machine rotating at angular speed of 150 rpm with a sequence of SiC pa-
pers of decreasing abrasiveness (100, 200, 400, 800, 1000, 1200 and 1400-grit)
under continuous water cooling. Each step was carried out for 150 second. Only
one phase (surface) of the cube sample was polished. Finally, the specimens were
washed in a water bath to remove any remaining dusts. Figure 7 shows polished
asphalt concrete cube that was used for nanoindentation testing. The sample di-
mension was about 25 mm x 25 mm x 3 mm.

One set of samples were tested under dry, and the other set was tested under
wet condition (AASHTO T 283). Freeze and thaw cycles are the main elements of
this method to make the sample ready for moisture related damage testing evalua-
tion. The nanoindentation test samples are kept in a vacuum jar to vacuum for 10
minutes under 25 kPa pressure. Then the samples are kept in fridge at -20°C tem-
perature for 24 hours. After that they are placed in 60°C hot water bath for another
24 hours. From the hot water bath they are kept in room temperature bath for an-
other two hours. The samples are kept in zip lock bag so that it may not drop the
available moisture before final testing.

Mastic

Aggregate

Fig. 7 Asphalt concrete cube for nanoindentation tests
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3.3 Sample Image after Nanoindentation

The nanoindentation on both aggregate and mastic phases of asphalt concrete cube
sample were performed using a nanopositioner attached with our nanoindentation
equipment. The photographs of asphalt samples after nanoindentation are shown
in Figures 8(a) and 8(b). It can be seen that a significant impression on mastic
sample from Figure 8(a). Where as the impression on aggregate is recovered
quickly as shown in Figure 8(b). Aggregate sample is much stronger than the mas-
tic sample and hence a little deformation is observed here. The deformation was
permanent on the mastic as the picture was taken almost 1 hour after the test.

(a) Mastic (b) Aggregate

Fig. 8 Mastic and aggregate samples after nanoindentation

3.4 Nanoindentation Results and Discussions

In a standard indentation test, a range of load is set on a specified grid points, and
only successful indentation results are used for analysis. Whether an indentation
was successful, that means whether the good data obtained is good or bad, is
determined by whether Oliver and Pharr method can be applied to the load vs in-
dentation raw data. As a result, the amount of load may vary for successful inden-
tation. Using Oliver and Pharr equation, hardness and Young’s modulus of dry
and wet samples at several grid points are calculated. Since the contact area of the
nanoindenter is small, several grid points were selected on samples with a hetero-
geneous composition on later scale of about 40 pum. The indents are located at
least 40 um (micrometer) apart to avoid the influence of residual stresses from ad-
jacent impressions. The load and displacement resolution of the indenter are 1 nN
(NanoNewton) and 0.01 nm (nanometer) respectively. Both load and depth
controlled tests are conducted on asphalt. On the asphalt concrete sample, the
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locations of aggregate and mastic are determined using the nano-positioner
attached with our nanoindenter equipment.

The range of aggregate modulus and hardness values and their average are pre-
sented in Table 4. From the results, it can be concluded that no one level of
modulus or hardness can be selected as per representative value of mastic and ag-
gregate modulus and hardness. In addition, wet to dry ratio of hardness and
modulus are shown in Table 4. From the results, it can be seen that wet to dry ratio
is greater than one in all the samples except SP-III. This could not be explained
from this study. It is possible that surface roughness of the aggregate has affected
such results. Perhaps the surface became rougher after wet conditioning of the
samples and resulted in high hardness and young’s modulus values.

Table 4 Hardness and Young’s modulus of wet and dry aggregate

Sample | Condition Rag;g?;ii)a) Avgkﬂgl;gness Wg;iry
SP-B Dry 1249 to 1347 1271 175
Wet 3253 to 56732 22332
SP-C Dry 7t09 8 43
Wet 2 to 94 34
SP-III Dry 65 to 311 198 8.9
Wet 302 to 4050 1776
Sample | Condition Y%l;?lggsslzdﬁ%igus AVg('l\l/\I/II?ESuluS 'Wet/Dry Ratio
SP-B Dry 24243 to 51819 1271 10
Wet 49192 to 810478 394989
SP-C Dry 133 to 260 197
Wet 902 to 17439 6479 32.8
SP-IIT Dry 20341 to 25822 20481 0.3
Wet 6898 to 3711 5721

The range of mastic modulus and hardness values and their average are pre-
sented in Table 5. Overall, hardness and Young’s modulus values of wet samples
are smaller than those of the dry samples. It shows the weakness of asphalt con-
crete mastic against the moisture. Hardness of SP-B and SP-III mastics are much
higher than the hardness of SP-C sample. However, wet to dry hardness of SP-C
sample is smaller than that of other two mixes. This indicates that SP-C mastic is
less susceptible to moisture damage than the SP-B and SP-III mastics. Though SP-
C and SP-B mixes contains a PG 70-22 binder, the gradation of fine mastic parti-
cles (passing number 200 sieve materials) are not same. Probably, binder content
and percentage passing number 200 sieve materials have affected the mastic’s
moisture damage behaviour. Mastic has been studied separately, not being in
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asphaltic composite, using dynamic shear tests (Kim and Little 2004). The previ-
ous study by Liu (2005) showed the Young’s modulus of asphalt concrete is about
2800 MPa in tension. Whereas the Young’s modulus of mastic is within the range
of 200-1300, except for SP-B in dry condition. It can be noted that Liu (2005)’s
tests were at macroscale on asphalt concrete samples through conventional labora-
tory testing. It is not possible to separate the load on mastic from the load on ag-
gregate when applied load is on an overall asphalt concrete sample. As a result,
modulus and hardness values from previous study were not available to compare
with the values obtained in this study.

From Tables 4 and 5, no trend in the unloading stiffness or modulus value was
observed in the dry or wet conditioned samples. Probably stiffness is not a damage
related phenomenon.

Table 5 Hardness and Young’s modulus (MPa) of wet and dry mastic

Avg.
Sample Condition Hardrzi/s&)i{)anges Hardness Szﬁ/'lsz;/ '
(MPa)
SP.B Dry 24 to 162 80.5 72
Wet 0.61t03.3 1.6 1.5
Dry 1.2t02.6 2.1 0.77
SP-C Wet 0.4t03.5 1.6 1.62
Dry 0.5t07 3.9 2.47
SP-IT Wet 1.3 to 138 53.1 74.27
.. Young’s Avg. Modulus|  Std. dev.
Sample | Condition |\ 4 1< (MPa) (MPa) (MPa)
SP.B Dry 2550 to 8999 4851 3599
Wet 73.92 t01708 663 907
Sp.C Dry 185 to 377 281 96.1
i Wet 38 to 376 267 63.8
SP.III Dry 108 to 740 487 309.1
Wet 319 to 2307 1364 997.6

3.4.1 Dry vs. Wet SP-B Aggregate and Mastic

Nanoindentation results for wet and dry SP-B samples are presented in Figures
9(a) and 9(b). The nanoindentation on aggregate and mastic were conducted sepa-
rately using the nano-positioner of the nanoindenter. It can be noted here that the
behaviour of the mastic or aggregate minerals at different grid locations found to
vary. Ideally, one should report the range of wet and dry samples’ modulus and
hardness, which was done in Table 4 and 5 in this study. However, the authors
attempted to present their indentation results using graphs and plots. Thus the
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comparison made in Figure 9 is only a general trend that was observed in this
study. From Figure 9(a), it can be seen that the same amount of load (20 mN)
caused about 800 nm of deformation on wet aggregate and almost 3000 nm de-
formation on dry aggregate. There is a gain in hardness value in wet sample due to
moisture effect. Also a longer loading curve can be seen for dry sample compared
to that of the wet sample. The unloading curve of the wet sample is stiffer that the
unloading curve of dry aggregates. Figure 9(b) presents the behaviour of load ver-
sus depth curves for the mastic of dry and wet SP-B sample. The maximum load
on dry samples was about 0.53 mN and that caused a damage depth of less than
2000 nm whereas the maximum load of 0.27 mN on wet sample caused about
3000 nm of depth. This indicates a weakness of mastic part of asphalt concrete
against the negative consequences of moisture.

25 -==-Wet 0.6
——Dry 0.5 Dry
20 'l AU R § BEEILERLT Wet
Z !, % 0.4
Z15 |
= ! < 03 | ...
F% 10 " (] 8 . .
5
f 0.1 .,J
A 0
0 2000 4000 0 2000 4000
Depth (nm) Depth (nm)
(a) aggregate (b) mastic

Fig. 9 Nanoindentation tests on SP-B sample

3.4.2 Dry vs. Wet SP-C Aggregate and Mastic

The load and penetration depth curves of SP-C samples are shown in Figure 10(a)
and 10(b). For load value of 0.12 mN, Figure 10(a) shows that the SP-C wet ag-
gregate shows smaller indentation depth than the dry aggregate. A load of (0.12
mN) caused about 375 nm of depth in wet sample whereas it was about 1000 nm
in dry sample. The wet-dry behaviour of aggregate of SP-C is similar to wet-dry
behaviour of SP-B aggregate. The load-depth curves of SP-C mastic are shown in
Figure 10(b). Hardness value of SP-C mastic decreases due to sample wetting.
The 0.12 mN load caused 400 nm depth on dry sample mastic and almost 500 nm
depth on wet sample mastic. This is a clear indication of damage due to moisture
in mastics of sample SP-C.
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Fig. 10 Nanoindentation tests on SP-C sample

3.4.3 Dry and Wet SP-III Aggregate and Mastic

Figure 11(a) and 11(b) shows some successful indentation, however at two differ-
ent magnitudes of load being used on mastic samples. From Figure 11(a), it can be
seen that dry aggregate shows much smaller hardness value compared to the wet
aggregate. As shown in Figure 11(a), the penetration depths on SP-III dry aggre-
gates (due to 0.6 mN load) and wet aggregates (due to 0.26 mN load) are 40 mN

0.70 0.7
0.60 0.6
= 0.50 %\ 0.5
£ 040 204
2 0.30 203
Q e}
~ 0.20 — 0.2
0.10 0.1
0.00 0
0 50 100 0 200 400
Depth (nm) Depth (nm)
(a) Aggregate (b) Mastic

Fig. 11 Nanoindentation tests on SP-III sample
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and 60 mN, respectively. Figure 11(b) compares load-indentation behaviour of dry
and wet mastic samples of SP-III mix. It is observed that SP-III mastic is much
harder in wet condition than in dry condition. A load of 0.26 mN caused a about
50 nm deformation on wet conditioned sample. Whereas dry SP-III mastics show
250 nm indentation depth under 0.6 mN load. The behaviour of SP-III aggregate
is opposite to that of the behaviour of SP-B and SP-C aggregate. SP-III mastic
used PG 70-28 binder, and the mastics of SP-B and SP-C mixes use a relatively
softer binder PG 70-22.

3.5 Remarks Based on Nanoindentation Results

Based on the results presented in this study, the following conclusions can be
made:

e In all three mixes, the hardness value of aggregate increases due to mois-
ture conditioning. Probably, wet condition modifies aggregate surface
mineral in a way that increases the hardness value in wet conditioned ag-
gregate.

o The mastics of SP-B and SP-C have shown similar behaviour, that is
hardness value decreases in mastic due to wet condition. Both of these
mastics contain a PG 70-22 binder. However, the mastic of SP-III has
show opposite trend. Its hardness increases due to moisture conditioning.
This mastic contains a higher performing grade (PG 76-28) binder.

e The modulus or stiffness values obtained from nanoindentation did not
show any relation with moisture damage.

4 Concluding Remarks

Asphalt is one of most complex materials in civil engineering. Asphalt’s behavior
varies with temperature, and moisture, and loading frequency and amplitude.
There are problems such as moisture damage, aging are poorly understood phe-
nomena in asphalt engineering. These complicated problems in a complex materi-
al such as asphalt have traditionally been studied using micro and macro scale la-
boratory testing and modeling techniques. With the advent of nanoscale testing
equipment and device such as atomic force microscope and nanoindenter, it is
now possible to characterize asphalt materials at a minute scale to better under-
stand moisture damage, which has been demonstrated in this chapter.
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Nanoclay-Modified Asphalt Binder Systems

Julian Mills-Beale and Zhanping You

Abstract. Nanomaterials use in asphalt and concrete pavement infrastructure is
gaining ground among researchers and scientists. In this chapter, an attempt is
made to provide insight on nanomodification of transportation infrastructure, with
the primary focus on asphalt binder systems. It further reveals ongoing work being
conducted on the use of nanoclay materials to enhance the mechanical properties
of the asphalt binder cement system. From the preparation of the nanoclay-
modified asphalt binder to the Superpave™ characterization process, it has been
proven that nanoclay materials holds great potential in the design and construction
of sustainable and durable asphalt pavement infrastructure.

1 Introduction

The advent of nanotechnology seeks to revolutionize different fields of
engineering disciplines with positive results in the not too distant future. The
science and technology of nanotechnology is receiving massive attention from
diverse disciplines. In the field of civil transportation infrastructure, nanomaterials
are becoming common in the development of new, enhanced and better
performing cement systems — Portland cement and asphalt binder cement.

The reason why transportation research scientists and engineers are getting
interested in nanomaterials to improve the mechanical and structural durability of
concrete and asphalt pavement road infrastructure is not far-fetched. Nanotechnology
allows for the creation of new cementitious concrete and asphalt pavement materials
at the molecular level which can influence greatly interactions at the macroscopic
level. Pavement scientists, researchers and engineers met in August 2006 to establish
a “Roadmap for Research” with a focus on the utilization of Portland cement concrete
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and asphalt concrete. This workshop was organized under the auspices of the
US National Science Foundation (NSF) with the theme “Nanomodification of
Cementitious Materials”.

This chapter deals with literature review on the nanomodification of civil
transportation infrastructure with particular focus on asphalt pavements, and current
projects involving the use of nanoclay particles for the preparation of a promising
nanomaterial — nanoclay - for enhancing the field performance of asphalt pavements.
It further highlights on some of the key challenges and considerations necessary as
the industry plans to move towards the implementation of nanomaterials in asphalt
pavements.

2 Nanomaterials in Transportation Infrastructure

The promising future that nanotechnology holds for the transportation
infrastructure industry lies in the fact that the design, modification and material
characterization at the nanolevel translates into better performance properties at
the macroscale level in fields like energy and electronics [MacInnes 1981; Nishide
2004; Furukawa 1993]. This interesting technology is being adopted by the asphalt
pavement infrastructure industry.

2.1 Nano-scale Enhancement of Concrete Pavement Systems

A number of research activities worth mentioning have been conducted in the last
decade to examine the appropriateness of using nanomaterials in concrete
pavement technology.

In modeling concrete pavements, some researchers have established that the
hydrated cement past (HCP) component of concrete mixtures is a nanomaterial
[Mehta 1986]. It is reported that the structure of calcium silicate hydrate also has
striking similarity with clay particles [Taylor 1997]. Taylor further stated that the
typical calcium silicate hydrate consists of ultra-thin layers of solids separated by
water-filled gel pores. This critical nano-sized material structure influences the
potential migration of water and its consequent effect on shrinkage and cracking
of the concrete pavement.

Nano-sized TiO2 and SiO, have been used in the design and construction of
concrete pavements [Li et al. 2006]. The research proved hinted that the addition
of nano-sized TiO2 and SiO: increases significantly the flexural fatigue
performance of concrete mixtures used in concrete pavements. Another interesting
finding was the fact that the double-parameter Weibull distribution is applicable to
characterize the fatigue lives behavior of concretes containing nano-particles.
Other researchers worldwide have pursued notable projects which seeks to answer
the pertinent questions of how and why nanomaterials should be used in concrete
[Balaguru 2005; Fu et al. 1996; Li et al. 2007; Li et al. 2006; Li et al. 2004].
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2.2 Nano-Scale Enhancement of Asphalt Pavement Systems

In order to better understand and interpret the physio-chemical interactions of
asphalt nanomaterials, some researchers are developing tools to model the
phenomenon [Pauli et al. 2006]. Significant among the work being conducted by
Pauli et al. are: 1) to develop standard practices to characterize the asphaltene and
maltene wax phases in the asphalt binder system using nano-thin-film
chromatography techniques; 2) to develop nanoindentation of thin-film asphalt
mastics and pavement cores; 3) to utilize nanoindentation for the analysis of
mineral fines in asphalt binder systems. Attempts have been made in many
respects to analyze the properties of nanoscale asphalt schemes using molecular
simulation technology [Greenfield 2007]. Greenfield studied two different
asphaltene model structures and evaluated asphalt binder system properties such
as the viscosity and compressibility (inverse of the bulk modulus). At the
nanoscale levels, a high-frequency glass transition state above a temperature
condition of 25 °C was observed. Greenfield further investigated that there existed
a more pronounced transition and a greater bulk modulus for asphalt binder
systems having a higher percentage of aromatic asphaltene than those with lower
aromatic asphaltene fractions.

2.3 What Is a Nanoclay Particle?

Nanoclays has been defined as ‘“clay that can be modified to make the clay
complexes compatible with organic monomers and polymers” [Jahromi and
Khodaii 2009]. In striking similarity with montmorillonite clay minerals, x-ray
and microscopic detailing have indicated the presence of Si, O, Mg, Al and Fe
elements in typical nanoclay materials, which are small in nature and have poor
crystalline shapes (Ghille 2006). Ghille further reported that nanoclays do not
normally have nitrogen elements in them. Based on plastic limit results between
the range of 85.4 and 87.5%, Ghille added that nanoclays can be classified as
among the family of expansive montmorrilonite.

2.4 Nanoclays in Asphalt Binders and Mixtures

Pavement researchers have suggested that nanoclays have interesting performance
enhancing characteristics that could improve the mechanical strength properties of
both asphalt binders and mixtures. In one of such notable studies, it has been
shown that polymeric nanoclay composites can improve the physical, chemical
and mechanical properties of asphalt binder systems when the nanoclays are
evenly dispersed at the nanoscopic level within the binder system [Jahromi and
Khodaii 2009]. Nanofil-15 and Cloiste-15A are two types of nanoclay materials
that were used in their research. In terms of binder system properties like the
stiffness, phase angle and aging resistance, nanofil-15 and cloisite-15A have the
potential to increase stiffness, decrease phase angle and reduce the aging
characteristics of the asphalt binder.
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Another research worth mentioning is work conducted by Ghille in the
Netherlands. Ghille’s work centered on the microscopic analysis on nanofil and
cloisite nanoclays. Among the findings from the microscopic study is the scientific
fact that nanoclays have very large aspect ratios [Ghille 2006]. Furthermore,
nanoclays are usually of non-uniform size and arrangement. Between the nano
cloisite and the nanofill particles, the former was found to be larger and less curly
than the latter. At the rate of 6% input as additive in an asphalt binder, improved
the permanent deformation or rutting behavior of the asphalt binder system and
enhanced the resistance to both short and long-term aging (oxidation) of the
asphalt binder system. For both the asphalt binder system and the designed asphalt
paving mixture, the nanofil and nano cloisite were found to have lower fatigue
resistance compared to unmodified asphalt binders and mixtures.

Nano-calcium carbonate material use in asphalt binder and mixtures has been
explored in China [Liu et al, 2007; Ma et al. 2007]. Their work indicated strongly
that using nano-CaCOj; can reduce the occurrence of inelastic deformations which
causes permanent deformation on an asphalt pavement. The basis for this
occurrence is the formation of a uniform and steady system which improves the
high temperature viscoelastic reaction of the system. Under Marshal Stability Test
Method for the laboratory performance evaluation of nanoclay-modified asphalt
mixtures, it has been determined that at 5% addition of the nanoclays, optimum
mixture performance can be attained.

In asphalt paving technology, the use of styrene- butadiene-styrene (SBS)
copolymer has been used as a modifier for producing high performing mixtures
[Hanyu et al. 2005; Chen et al. 2006, Fu et al. 2007; Yildirim, 2007]. Nanoclays
have been used as a secondary modifier to further enhance the performance
properties of styrene-butadiene-styrene (SBS) copolymer modified asphalt (Yu et
al. 2007b). In adding the sodium montmorillonite (Na-MMT) and organophilic
montmorillonite (OMMT) nanoclays, it was found that: 1) the viscosity of the
SBS-modified asphalt was increased; 2) the stiffness (complex modulus) was
increased while the phase angle decreased. The research results are an indication
that the Na-MMT and OMMT nanoclays have promising potential to reduce the
permanent deformation or rutting of asphalt pavements. The Na-MMT and
OMMT were detected to have form an intercalated and exfoliated structure within
the SBS copolymer modified asphalt binder system (Yu et al. 2007a; Yu et al.
2007c¢).

The effect of nano-sized materials for asphalt mixtures under water or deicing
solutions was studied recently (Goh, et al 2010). A total of 27 asphalt mixtures
were prepared with various amount of nanoclay and/or carbon microfiber. The
moisture susceptibility and deicer impacts were assessed by exposing the samples
to water or deicing chemicals (NaCl, MgCl, and CaCl,), and seven freeze-thaw
cycles. It was found the addition of nanoclay and carbon microfiber would
improve a mixture’s moisture susceptibility in most cases (Goh, et al 2010).
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3 Experimental Program

3.1 Preparation of the Nanoclay Compound

Surfactant-modified nanoclay A and B was first dispersed in isopropanol, a known
organic solvent. The Nanoclay A and B were Nanomer and Nanocloiste nanoclay
materials, respectively. Silane coupling agent was added to the surfactant-
modified nanoclay and the mixture was continuously stirred in a water bath until
all of the solvent evaporates. The use of a silane coupling agent has been known to
contribute significantly towards the production of a homogenous uniformly
dispersed nanoclay compound (Qian et al. 2007). At a temperature of about 80°C,
the prepared products were dried in a vacuum, wetted and later filtered with a 280
mesh. Both the surfactant-modified nanoclay with the silane coupling agent was
then dispersed in the control PG 64-28 asphalt binder using a high-shear mixer set
at 2500 rpm for 3 hours. The PG 64-28 had been initially heated to 160°C and
mixed with the surfactant-modified nanoclay which had the silane coupling agent.
The control asphalt binder used for the research investigation was a designated
Superpave™ Performance Grade (PG) 64-28. This asphalt binder was used by the
Michigan Department of Transportation (MDOT) for its US-127 Highway Project.
From this PG 64-28 asphalt binder, four types of nano-modified samples were
prepared:

a) 2% Nanoclay A by weight of PG 64-28.
b) 4% Nanoclay A by weight of PG 64-28.
¢) 2% Nanoclay B by weight of PG 64-28.
d) 4% Nanoclay B by weight of PG 64-28.

3.2 Dispersion and Morphological Characterization of the
Nanoclay-modified Asphalt

3.2.1 Dispersion Characterization (Separation Tube and X-Ray Dispersion)

After the preparation of the Nanomer and Cloisite-modified PG 64-28 asphalt
binders, two techniques are employed to evaluate the extent of dispersion of the
Nanomer and Nanocloisite particles within the PG 64-28 asphalt binder system.
The two techniques are the separation tube method and the X-ray dispersion
method (XRD). The separation tube method involves the application of a thin-
walled metal tube used to ascertain the level of uneven dispersion within an
asphalt binder system. Fig. 1 shows the separation tube used during the test.

In using the separation tube, the hypothesis is that if the Nanomers and
Nanocloisite particles are not sufficiently and uniformly dispersed within the
asphalt binder matrix, vertical segregation will occur with higher nanoclay
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Fig. 1 The separation tube used in the dispersion analysis

concentrations at the bottom of tube than at the top. The Nanomers and
Nanocloisite-modified PG 64-28 was heated to about 130 °C until fluid and this
was poured into the separation tube. It was left to stand undisturbed and solidify at
room temperature. The tube was later cut into three equal parts with the aid of a
heated scraper. The three sections — top, middle and bottom — were tested
individually using the dynamic shear rheometer (DSR) equipment. This stage of
the procedure will confirm segregation or otherwise if there exists macroscopic
changes in the rheological behavior or not.

In studying the morphology of the final nanoclay-modified PG 64-28 asphalt
binder system, the X-ray diffraction (XRD) characterization technique was
employed. The XRD technique has gained prominence in several scientific
research fields for its ability to investigate the morphological and chemical
features of complicated compounds including asphalt binders [Shirkoff et al.
1997; Siddiqui et al. 2002; Hesp et al. 2006]. Specifically, the XRD was used in
this project specifically to give a quantitative analysis of the interlayer gallery
spacing and the extent of dispersion of the nanoclays in the PG 64-28 asphalt
binder system.

The XRD was conducted on the original or unmodified PG 64-28, Nanoclay A
compound and finally the Nanoclay A modified PG 64-28 binder. From the XRD
peaks, the research investigation sought to give an in-depth analysis of the extent
of uniform mixing of the nanoclays within the asphalt. Therefore, the technique
allowed for the evaluation of how the nanoclays with their electrostatic charges
are attracting each neighbouring nanoclay particle in the blend.
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3.3 Characterization of the Nanoclay-Modified Asphalt Binder

Based on the Superpave™ Standard Specifications for testing asphalt binders, the
under-listed test procedures were conducted on both the control and the four nano-
clay modified asphalt binders:

a) Rotational viscosity test (RV) - Standard Method for Viscosity
Determinations of Unfilled Asphalts Using the Thermosel Apparatus,
ASTM 4402).

b) Dynamic shear rheometer test (DSR) - Rheological Properties of Asphalt
Binder Using Dynamic Shear Rheometer AASHTO TP5

¢) Rolling thin film test (RTFO) - Standard Method of Test for Effect of
Heat and Air on a Moving Film of Asphalt, AASHTO T240

d) Direct tensile test (DTT) - Method for Determining the Fracture
Properties of Asphalt Binder in Direct Tension, AASHTO TP3

At temperatures of 80, 100, 130, 135, 150 and 175°C, the Brookfield Rotational
Viscosity equipment was used to determine the viscous behavior of the control
binder and the four types of prepared nanoclay-modified PG 64-28 binders. The
speed for running the RV test was 100 rpm. In terms of the low and mid-
temperature rheological properties, the DSR equipment was used at temperatures
13°C to 70°C and loading frequencies ranging from 0.01Hz to 25 Hz. The critical
parameters sought here were the complex shear modulus (G*) and phase angle (3)
which are used to determine the rutting and fatigue cracking resistance behavior of
the asphalt binder systems (Asphalt Institute 2003, Asphalt Institute). To
determine the low temperature cracking resistance performance of the neat and
nanoclay-modified asphalt binder system, the modified Superpave™ direct tensile
test (DTT) procedure was employed. The DTT evaluated the low temperature
ultimate tensile strain/stress at -18°C on both the neat and modified asphalt
binders.

4 Discussion of Results

4.1 Seperation Tube

The separation tube tests were conducted on the nanomaterial at 2000 rpm at
temperatures of 13 and 42 °C. The results for the 13 and 42 °C test conditions are
provided in Fig 2 and Fig 3, respectively. The results reveal the DSR complex
modulus (G*) trend for the nanoclay-modified binder from different segments of
the separation tube. The different segments are the top, middle and bottom levels.
As expected, the G* increases with increasing frequency for all the segments
tested. This was in consonance with the fact that at lower frequencies, the shearing
action had more pronounced impact on the asphalt binder and thus it resulted in
less G* or stiffness condition. At higher or faster frequencies, the G* values are
stiffer since the shearing action is less in time effect.
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Separation Tube DSR Results
2% Cloisite® 30B, 2000rpm, 13°C
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Fig. 2 DSR Results at 13 deg-C on Separation Tube Samples for 2% Nanomaterials

Separation Tube DSR Results
2% Cloisite® 30B, 2000 rpm, 42°C
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Fig. 3 DSR Results at 42 deg-C on Separation Tube Samples for 2% Nanomaterials

From Fig. 2, it is evident that between 0 and 10 Hz, the G* for the top, middle
and bottom segments of the separation tube are close for the DSR tests at 13 °C.
This qualitative assessment indicates that there is appreciable homogeneity within
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different segments of the nanoclay modified asphalt binder system. The trend
seems similar to that observed in Fig. 3 which is the DSR results at 42 °C. From
the two tests at both 13 and 42 °C, it was deducted that elevating the shear mixing
speed from 2000 to 6000 rpm will improve the mixing condition and thus the
uniform homogeinity of the asphalt binder and nanoclay medium. After this was
the more accurate x-ray diffraction system used to confirm the analysis.

4.2 XRD Results

The nanoclays were shown to have been well distributed within the modified
asphalt binder matrix. This condition is necessary for enhanced characterization
testing of the mechanical and rheological properties. With the aid of the relative
prominence of the nanoclays in the matrix compared to the unmodified asphalt
binder system, the homogeneity of the system was determined. A comprehensive
XRD results and data analysis is available in the paper by You et al. (2010).

4.3 Rotational Viscosity

The viscosity tests on the four different types of asphalt binder systems are shown
in Fig. 4. From Fig. 4, it is evident that for temperatures ranging from 80, 100,
130, 135, 150 to 175°C, the increasing viscosity trend is:

Original < Nanoclay A-modified < RTFO < Nanoclay B-modified

In Table 1, the average viscosity changes are shown for all binder systems. The
chemical reaction needs to be studied to understand how the chain-to-chain (bond-
to-bond) formations between nanoclays and asphalt binders impact the viscosity;
and if at all the increase in viscosity is as a result of new asphalt hybrid compound
formations.

4.4 Dynamic Shear Rheometer (DSR)

In Fig. 5 and 6, two bar charts showing the DSR trends are presented here to
establish the rheological characteristic of the original and nano-modified PG 64-28
asphalt binder systems. With 2% and 4% nanoclay addition to the PG 64-28
asphalt binder, the G* value increased by an average of 66% and 125%,
respectively, from that of the original heat mixed PG 64-28 asphalt binder. When
2% of Nanoclay B was added, the trend showed an average G* increase of 184%
while increasing the Nanoclay B additive to 4% generally increased the G*
modulus by 196%.

The general increase can be due to the attraction of the polar ends of the
nanoclays to the corresponding opposite polar ends of the asphalt molecules.
Because of their relatively higher surface areas compared to other conventional
asphalt modifiers, the nanoclays create a better interaction and reaction with the
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Fig. 4 Rotational viscosity plots for original binder, RTFO binder, Nanoclay A and
Nanoclay B modified asphalt binder (after You at. el. 2010)

Table 1 Average viscosity changes between control, RTFO-aged and modified binders
(after You at. el. 2010)

Average Viscosity Changes

Log Original binder
2% Nanoclay A-modified | RTFO-aged |2% Nanoclay B-modified
viscosity (Pa.s)

17.00 76% 194% 253%
4.00 38% 125% 138%
0.45 33% 122% 122%
0.35 43% 129% 129%
0.10 50% 70% 90%

Average Change 48 % 128% 146 %

asphalt binder. This interaction is believed to lead to the formation of new bonds
which gives the asphalt binders system the reinforcing effect.
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Fig. 5 DSR shear complex moduli (G*) plot on original asphalt, 2% Nanoclay A modified
asphalt, and 4% Nanoclay A modified asphalt, after You at. el. 2010
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Fig. 6 DSR shear complex moduli (G*) plot on original, 2% Nanoclay B modified and 4%
Nanoclay B modified asphalt binder, after You at. el. 2010

5 Conclusions

The research project initially involved the combination of a silane coupling agent
and montmorillinite (MMT) surfactant-modified nanoclay to form an exfoliated
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nanoclay compound. The exfoliated MMT compound was then blended in a
typical Michigan asphalt binder, PG 64-28, using a mechanical shear blending
device operated at 2500 rpm. X-ray diffraction results prove that the shear
mechanical blender at 2500 rpm was sufficient in creating a uniformly dispersed
nanoclay particles within the PG 64-24 asphalt binder matrix. At 2 and 4% of
Nanoclay A and B added to the PG 64-28 asphalt binder system, the viscosities
and shear complex moduli all increased. From the Direct Tensile Test (DTT)
results, it was observed that 2 and 4% additions of the nanoclays caused a
reduction in the failure strain percent. The secant moduli from the DTT tests tend
to increase with increasing nanoclay content.

