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Abstract

The work aimed to prepare Nano clay (NC) from local Iragi natural Kaolin clay, which
was calcined at 700°C for 2 hours, then grinded for 40 hours using ultrafine grinding
(Ball milling). Several techniques were used to characterize NC comprising particle
size analyzers (PSA), specific surface areas (SSA), X-ray diffraction (XRD), X-ray
fluorescence (XRF), scanning electron microscopy (SEM), and Energy-Dispersive X-
Ray Spectroscopy (EDX).

The study was conducted by using three different ratios of NC (2%, 4%, and 6%) as
partial cement replacements along with the use of quicklime (QLP) with (50,75 and
100) kg, which was prepared in the laboratory by burning Limestone at a temperature
of 700 °C for two hours and combined QLP proportions with 4% NC. This depend on

the results of fresh Nano clay tests for the self-compacting concrete mixes.

Studying the effect of NC on the characteristics of SCC was performed based on three
parameters. Firstly, the workability properties included the slump flow, V-funnel flow
time, L-box, sieve segregation resistance, and fresh density. Secondly, the hardened
properties were investigated at ages 7, 28, 56, 90 and 120 days, which include
mechanical properties (compressive, splitting tensile and flexural strengths as well as
modulus of elasticity), and the physical properties (Ultra Pulse Velocity (UPV), the
harden density, the volume of permeable pores (Voids) and water absorption). Finally,
the durability characteristics were examined, which include the effect of high-
temperature treatment at (200, 400, 600, 800) °C at ages 56, 90 and 120 days, as well
as resistance to sulfate attack through successive cycles of drying and wetting of 5%,
10% and 20% MgSOs4 for a period of 30, 60 and 90 days and comparing the results
with those of specimens stored at the same ages in ordinary curing water at ages 56,
90, and 120 days.

The results revealed that the fresh properties decreased with increasing the content of
NC. The hardened and durability properties gradually increased with increasing the

content of NC and QLP in SCC mixtures. Furthermore, the addition of NC alone has



more significant effect on SCC specimens produced than reference SCC (SCCO0) and
QLP addition.

The best value was obtained at SCC 6%NC. The results showed that the compressive
strength of the SCC with 6% NC were higher than SCCO by 28.5%, 23.6%, 19.5%,
19% and 18.4% at 7, 28, 56, 90 and 120 days curing ages, respectively. The splitting
tensile strength values of SCC 6%NC was higher than reference SCC by about 16.8%,
17.1%, 16% and 12.4% at 28, 56, 90 and 120 days curing ages, respectively. The
flexural strength of 6%NC was higher than SCCO by about 22.6, 25.4, 27.4, 26.5% at
28, 56, 90 and 120 days, respectively. Furthermore, the modulus of elasticity of 6%NC
was higher than SCCO by about 26.1at 90 days curing ages.

The SCC6% NC mixture achieved the gain maximum in compressive strength from
the control mixture (SCCO0) under the influence of 200 °C by 6.23%, 6.49%, 6.34%,
while it achieved the loss minimum in compressive strength from the control mixture
(SCCO) under the influence of 800 °C by 64.39%, 61.02%, and 55.8% at ages 56, 90,
and 120 days, respectively.

The SCC6% NC mix achieved the minimum loss in compressive strengths than its
control mix (SCCO0) through immersion in 5%, 10%, and 20% MgSO4 solutions for
30, 60, and 90 days. The strength loss ratio for 6% of NC mixed in SCCs at 30 days of
sulfate immersion was lower than that of control mix (SCCO0) by 39.43%, 31.43% and
27.1% at 5%, 10% and 20% MgSO4 respectively. At 60 days of sulfate immersion, the
strength loss ratio was lower than SCCO by 34.6%, 30% and 29.5% at 5%, 10% and
20% MgSO4 respectively. Finally, the strength loss ratio at 90 days of sulfate
immersion was lower than SCCO by 56.7%, 44.5% and 40.4 % at 5%, 10% and 20%
MgSO4 respectively.

Also, the combined addition of NC and QLP has noticeable values for the hardened
and durability properties. Furthermore, it was found that using 4% NC with 100 kg
QLP could provide satisfactory improvement to workability, hardened and durability

properties.
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Chapter One

Introduction

1.1. Background

Nanoscience is the study of phenomena and manipulation of materials at atomic,
molecular and macromolecular scales, where properties differ significantly from those

at a larger scale [1].

The ability to investigate, calculate, manipulate, and produce materials at the
nanometer scale is known as nanotechnology. A nanometer (nm) is a Sl unit of length
10° or one billionth of a meter [2]. A nanomaterial is an item with at least one
nanometer-scale dimension (approximately 1 to 100 nm). To prevent single atoms or
very small groups of atoms from being known as a nanoparticle, the size range is
usually set to a minimum of 1 nm. As a result, nanoscience and nanotechnology deal

with 1nm atom clusters in at least one dimension|[3].

The important segment of widespread acceptance of nanotechnology provides
improvement for system reliability, extends functionality beyond conventional
applications, and reduces cost, size, and energy consumption. Incorporating
nanotechnology in the field of materials facilitates increasing materials durability and
provides materials with ultra-high performance. It also allows for more effective use
of natural resources and the attainment of necessary material properties with minimal
effort [4] . Nanotechnology is primarily characterised as manipulating materials at the
nanoscale of (10 m) to generate novel properties. In the field of nanotechnology, there
are two basic methods to produce Nanoparticles: the first is the "Top-down" method,
which deconstructs large structures into nanoscale components which it used in this
research. The second method is the "bottom-up™ method, also known as "molecular
nanotechnology,” which was pioneered by Drexler et al. [5] and in which materials are
constructed from their atom components. Using the two methods, several

breakthroughs in nanotechnology research could be made in the future [6].
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1.2. Research Problem

The current research problem focuses on three main aspects: CO2 emission from
cement production, the presence of large quantities of natural waste materials such as
kaolin and limestone rocks and absence of using locally made Nano clay from Iraqi
kaolin in concrete including self-compacting concrete mixtures (SCC). Globally,
cement is the third largest producer of carbon dioxide emissions to the atmosphere from
the decomposition of calcium carbonate oxidation after fossil fuels and
deforestation/other land-use changes. Total emissions of CO2 from the global cement

industry is estimated to be about 5-8% from the total amount of CO2 in the atmosphere
[7].

One of the main drawbacks of SCC is containing a large amount of binder. According
to ACI 237R Standards for SCC, the quantity of cement recommended is between (386-
475 kg/m3), while the quantity that recommended by EFNRAC recommendations is
(400-600 kg/m3) This means that SCC needs high cement quantity to achieve the
desired fresh properties. Therefore, the production of SCC with high quantities of
cement leads to the emission of carbon dioxide, which in turn leads to environmental

pollution [8].

The potential of applied science to boost the performance of concrete and to steer to
the event of novel, property, advanced cement based composites with distinctive
mechanical, thermal, and electrical properties is promising and many new opportunities
are expected to rise in the coming years. Nano alternative cement materials particles
can accelerate cement hydration due to their high activity. Similarly, the incorporation
of nano-particles can fill pores more effectively to enhance the overall strength and
durability. Thus, nanoparticles can lead to the production of a new generation of cement
composites with enhanced strength, and durability. The introduction of these novel
materials into the public sphere through civil infrastructure can necessitate associate
analysis and understanding of the impact that they will wear the surroundings and
human health [9].

As mentioned previous, where cement is one of the causes of the emission of carbon
dioxide. Therefore, it is considered that incorporating of mineral materials in concrete

2
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Is the most straightforward way to reduce the amount of cement. Thereby reducing the
emission of carbon dioxide and provides means of ecological and economic disposal

for millions of tons of waste of natural and industrial products [10].

1.3. Nano clay (NC)

Clay minerals generally have a one-dimensional layer structure with a thickness of
0.7nm for 1:1 (one - layer from silicate and aluminate) and 1nm for 2:1(two - layers
from silicate and one — layer from aluminate) and appear in many surface forms such
as planar and interlayer. They are easy to connect with on the external and internal
surfaces and can be changed by ion exchange, adsorption, and grafting processes. They
have also a plasticity behaviour and harden on drying and firing [11]. Nano clay
particles are widely produced by mechanical methods using high-energy ball milling,
with high pozzolanic reactivity and a flaky, elongated, small, and platy particle shape

that can provide a needle action mechanism (the influence of bridging ) [12, 13, 14].

1.4. Applications of Nanomaterial in Concrete

Increase on research endeavors of nanotechnology includes many disciplines,
including sustainable construction in civil and environmental engineering. Tremendous
achievements have been reported on adoption of nanotechnology in sustainable
building, but there are more to explore than achieved. Some of the advancements on
the adoption of nanotechnology in sustainable construction include enhancing
rheology, strength, and durability properties of concrete, which have been depends on

its constituent's nanoscopic characteristics.

Concrete is composed at least three phases: a binding phase (cement matrix paste), a
particulate phase (aggregates), and interfacial transition zone phase (ITZ). The
particulate phase of ordinary strength concrete is much stronger than the binding phase.
As a result, the cement matrix has a significant effect on mechanical properties of
concrete. The addition of nano fine particles can improve the properties of concrete due

to increased surface area and reactivity by filling the nanopores of cement paste [15].

B.Birgisson et al. [16] listed the following advances of technological concrete that are

most likely to result from the use of nanotechnology:
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» Development of high-performance cement and concrete products based on
mechanical and durability properties.

« Development of sustainable concrete materials and structures for various
adverse environments, reducing energy consumption during cement
processing, and improving protection.

« Development of novel concrete materials through nanotechnology-based
innovative processing of cement and cement paste.

» Advanced characterisation and simulation of concrete at the nano, micro, meso,

and macroscales to develop the fundamental multi-scale models for concrete.

1.5. Self - Compacting Concrete (SCC)

Due to the architectural development of the construction industry, there is a high

demand for large and complex structures, which often results in complicated casting
conditions. Self-compacting concrete (SCC) can describe as a concrete that can
compact itself mainly by its own weight without vibration. It is very fluid, so it can go
around obstructions and fill all the nooks without the possibility of mortar or other
concrete materials separating. There is no entrapped air or rock pockets. This form of
concrete doesn't need to be compacted, time and effort saving, labour, and energy

saving as will [17].

1.6. Nano clay and Self- Compacting Concrete

SCC with Nano clay has an improved compressive, splitting, flexural strength, and
durability properties like sulfate attack, fire, freeze-thaw, chloride penetration
resistance, shrinkage and a higher density microstructure. On the other side, Nano clay
can decrease the workability, porosity, permeability, and water absorption. This
improvement is due to Nano clay particles work as nano fillers, nucleation sites, and

reactive pozzolan in facilitating hydration and enhancing material properties [18].

1.7. Aim and Obijectives

The research aims to transform natural kaolin clay into Nano clay using a combination
of ball milling and drying processes to produce high purity of Nano clay particles at

scale less than 100 nm consistently. After that, investigate the effect of mixing the
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prepared NC on the fresh, mechanical, and durability properties of self —compacting
concrete with quicklime(QLP) using sulfate resistant cement (SRC).

To achieve this aim, the following objectives were formulated:

1. Prepares Nano clay particles from Iragi kaolin by a top-down approach using
ultrafine grinding (ball milling).

2. Characterisse the raw material (kaolin clay).

3. Characterisse the prepared Nano clay (NC).

4. Study the effect of using 2, 4, 6 % NC as a partial replacement by cement
weight on enhancing or reducing fresh, hardened and durability properties for
the SCC mixture.

5. Study the effect of using (50, 75, 100) kg of quicklime (QLP), which was
corresponded to (16, 23.4, and 29%) QLP as a partial replacement by cement

weight on fresh, hardened and durability properties for the SCC mixture.

1.8. Thesis Outline

The thesis is organised into five chapters as follows:

» Chapter One: an overview and general information on the subject of this study

and states the problem, aim and objectives.

» Chapter Two: explores the relevant previous studies and their outcomes

that laid the groundwork for the current study.

» Chapter Three: gives a detailed description of the used materials,

experimental methods and employed tools to achieve the aim of this study.

» Chapter Four: analyses and explains the findings of experimental
investigation, mainly including the effect of the prepared Nano clay on the

performance of SCC mixtures

» Chapter Five: presents the conclusions drawn from the experimental

analysis and recommendations for future work.

5



CHAPTER TWO

LITERATURE REVIEW



Chapter Two Literature Review

Chapter Two

Literature Review

2.1. Introduction

Nanotechnology is the term used to cover the design, construction and utilization of
functional structures with at least one characteristic dimension measured in
nanometers. Such materials and systems can be designed to exhibit novel and
significantly improved physical, chemical and biological properties, phenomena and
processes as a result of the limited size of their constituent particles or molecules. the
reason for such interesting and very useful behavior is that when characteristic
structural features are intermediate in extent between isolated atoms and bulk
macroscopic materials; i.e., in the range of about 10° m to 10"m (1 to 100 nm), the
objects may display physical attributes substantially different from those displayed by
either atoms or bulk materials. Ultimately this can lead to new technological
opportunities as well as new challenges [19]. The change in the surface/volume ratio

of materials is shown in Figure (2-1).

<

r=10 um

<
r=10 nm

Figure (2-1): Representation of change in the ratio surface/volume between a
bulk microsphere and the same microsphere composed
by nanoparticles(NPs) [20].
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2.2. Production Methods of Nanomaterial

Methods for manufacturing nanomaterials can usually be classified into top-down and

bottom-up methods, as shown in Figure (2-2). A top-down method is an easy method
to fabricate sculpture from large marble block. Whereas, the bottom-up techniques
function in the opposite direction: starting from the atomic or molecular precursors, the
nanomaterial, such as a nano-coating, is obtained and gradually assembled until the
desired structure is formed [3]. The classification of top-down methods is shown in

Table (2-1).

BOTTOM-UP

TOP-DOWN

NPs

i“" l!‘" .!l" 1’4"
LS A

iR

g g w .

- -
L R R

Atoms

Clusters

Figure( 2-2): lllustration of the ""top-down’ and **bottom-up** approaches [20].
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Table( 2-1): Organization of top-down methods [21].

Top-down fabrication

No methods Comments
. Mechanical methods employ a physical process
1 Mechanical Energy that does not involve chemical change (a reaction).
Thermal Eabrication The t_hermal method err_lp_lqys a phys_lcal process
2 (heating) that does not initiate chemical change
Methods .
(a reaction).
High-energy sources such as arcs, solar flux, and
plasmas are commonly used to produce
3 High Energy Fabrication | nanomaterials from the top-down. These are not
Methods labelled as thermal methods because the origin of
the heat is not conventional.
4 Chemical Fabrication | The methods that use chemical transformation
Methods during a production process.
Lithographic Fabrication I__|tho_graphy iIs the means of making printed
5 circuits and computer boards for several decades
Methods
now.
. Most of these natural processes are quite familiar,
Natural Fabrication . X
6 and there is no need to allocate any more time or

Methods

space.

2.2.1. Mechanical Energy Methods

Mechanical energy methods are utilizing for ease, less expensive and less time

consuming fabrication of functional structural in bulk quantity. For such category, ball

milling method is the simplest production method. Further, ball milling method uses

kinetic energy of medium grinding to produces nanomaterials.

The other mechanical energy methods are compaction and consolidation in which

nanomaterials are "put back together”, and improved their properties. It is possible to

make metallic alloys this way. Industry uses many top-down mechanical methods [22].

Table (2-2) shows the classification forms of producing top-down mechanical energy.
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Table(2-2): Top-down mechanical energy production methods [22].

No

Method

Comments

Ball Milling

Production of nanoparticles by mechanical attrition
to produce grain size <5nm. High-energy ball
milling uses steel balls to transfer kinetic energy by
the impact on the sample. High polydisperse
products and contamination are problems.

Rolling / Beating

Traditional mechanical methods minimise
material thickness and refine the structure. Gold
can be beaten into a 50nm thick film.

Extrusion.Drawing

High-pressure of forcing materials in a plastic
phase through a die to form high-aspect-ratio parts
like wires. Bi-metal forced through nanopore
alumina is an analogous process at the nanoscale
and can be considered a thermal-mechanical
process.

Mechanical
Machining,
Polishing, Grinding,
And Ultra Microtome

Also known as conventional machining; the
resolution limit;5um. Other techniques analogous
to mechanical machining perform the same
function with laser beams, focused ion beams, and
plasmas.

Compaction
Consolidation

Metal powder ball milled and compacted. Powders
are considered bulk materials; therefore, powders'
compaction to form bulk material is not considered
a bottom-up method.

Atomisation

Conversion of a liquid into aerosol particles by
forcing through a nozzle at high pressure.

2.2.2. Ball Milling

Ball milling is a method for grinding the fine powder and manufacturing submicron or

nano-structured powder materials and used for grinding all kinds of materials. Ball

milling was first accomplished by J. Benjamin in 1966.Throughout the years, it has

proved to be an effective and simple technique to produce nano-crystalline powders

and the possibility of obtaining the large quantity of materials [23]. Ball milling is one

of the most important mechanical top-down methods, a technique that can produce

nano-scale materials by mechanical attrition. In ball milling, the kinetic energy of a

grinding medium (e.g., stainless steel ball bearings, zirconia and porcelain) is

transferred to coarse-grained metal, ceramic, or polymeric sample materials with the

9
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a direct purpose of size reduction. During the ball milling process, severe plastic
deformation of the sample material initiates the formation of defects and dislocations
as shown in Figure (2-3) A.

Any type of mechanical deformation subjected to high shear and strain condition leads
to the formation of nano grained material. A ball mill consists of a hollow cylindrical
shell rotating about its axis. The axis of the shell may be either horizontal or at a small
angle to the horizontal. It is partially filled with balls as shown in Figure (2-3) B usually
under controlled atmospheric conditions to prevent unwanted reactions such as

oxidation [22].

Elastic deformations

A
Plastic deformations

Shear deformations

Fracture, amorphization
chemical reactions

Figure (2-3) A: Deformations in the material trapped between two colliding
balls during ball milling. B: Schematic representation
of the Ball milling process [22].
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2.3. Self-Compacting Concrete (SCC)

2.3.1. Definition and Development of Self-Compacting Concrete

Self-compacting concrete is a special type of concrete that can fill the reinforcement
gaps and the mould corners without any vibration and compaction desideratum [24].
SCC's development was a reaction to poor workmanship in the Japanese construction
industry and low-quality end products [25]. It was developed at the University of Tokyo
by Professor Okamura in 1988 [26]. It spread through Japan-Asia to Sweden in mid-
1990s via transportation civil work and shifted completely to Europe in 1993 [27, 28].
Whereas, for North America, it expanded to over 1 million m3in 2002, and it used first
time in the same year in South Africa. Further, SCC was used started in construction
activities in 2002 and expanded up to 400 000 m? in 2008 in the UK [29].

SCC utilizes for in-situ casting as well as precast concrete, and practical applications
were investigated to improve its physical and mechanical characteristics and its
development for utilizing in construction activities [28]. Figure (2-4) shows the major

developments and global spread of SCC.

Mid 1990's

o Successful elack of skilled  The first *Arrival of SCCin eNorth America *North America  ¢Publishing of the
development of  construction acceptable Europe and Britain still  uses more than 1 European
superplasticised, workers leadto  prototype of the have insignificant million cubic guidelines for SCC
anti-washout, structure SCC material is usage of SCC, but metres of SCC
underwater durability published it is available in o Britain uses more
concrete in West problems in the market than 400 000m?

Germany Japan *The first major
*Development of usage of SCCin
SCCis started in South Africa
Tokyo takes place
during the

construction of
the Nelson
Mandela Bridge
*EFNARC publishes
specifications and
guidelines for SCC

Figure (2-4): Basic timeline of SCC development [29]

As SCC has high fluidity and resistance to segregation, the shape and amount of
reinforcement steel bars or structures' arrangement have no affect; it can even be

pumped to a longer distance. Vibration removal leads to increased concrete efficiency,
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reduced skilled labor, and shortened building time. On the other hand, vibrating the
concrete creates noise that has a noxious physical effect on workers and affects the
surrounding neighborhood [30].

Self-compacting concrete is widely used in sections of post or pretension concrete. It
can mold into any shape and it is used in congested areas where it is not possible to use

compaction equipment.

2.3.2. Advantages and Disadvantages of Using SCC
As with any material, when used for the right application, SCC can provide an-

advantage. The following advantages and disadvantages have been reported in the

previous studies for SCC.
2.3.2.1. Advantages

e The main difference between conventional concrete and SCC is the addition
of mineral admixtures. Additionally, the viscosity modifies admixture
(VMA) or filler materials are used to sidestep the parting and separation of
bulk particles in SCC. Many mineral admixtures such as natural pozzolans,
limestone powder, fly ash, silica fume, glass filler, ground granulated blast-
furnace slag (GGBFS), and quartzite fillers are used to make SCC as cement
less and structural material. As cement production is not an environmentally
friendly, and most of these materials are industrial by- products, SCC could

reduce the carbon footprint [31].

e Increase construction speed, cost savings due to reduced labor requirements,
overall energy savings during concrete placement, and increase site

productivity [31].
e Itis easier to obtain aesthetically pleasing finishes [32].
e Due to better compaction, it improves structural durability [28].

e Overall, better design buildability and low on-site dust levels due to the

absence of concrete vibration activities [33].

12
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e Better strength and workability, lower noise level and high quality of the
concrete are possible [34].

e Reduce the damage of molds due to the absence of vibration, freedom to
shape design sections, and ease of casting through high density of steel

reinforcement [27].

2.3.2.2. Disadvantages

= The moisture content should be supervised more diligently as SCC is more
sensitive to moisture deviations than traditional concrete [31].

= SCC is sensitive to changes in the volume aggregate particles [28].

= Due to hydrostatic pressures, additional formwork is required. This means
higher costs for formwork [35].

= Increased raw material costs due to the addition of super plasticizer addition
and higher binder content [31].

= Due to the higher content of fines, SCC has more sensitivity to shrink the

cracks in structural parts than traditional concrete (more brittleness) [27].

2.3.3. Fresh Properties of Self-Compacting Concrete (SCC)

Any concrete mixture could be classified as SCC if it fulfills the following workability

criteria:

1- Flowing Ability:
The concrete mixture (SCC) flows due to its own weight and can fill all the edges
of the framework. The flowing ability of fresh concrete is determined by tests such
as slump flow, V-funnel, etc.

2- Passing Ability:
SCC is an able to flow under its weight through tight openings, such as spaces
between steel reinforcement bars. The ability to pass can be measured by L-Box, U-

box, J-Ring and Fill-box testing methods.

13
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3- Resistance to Segregation:
The SCC must complete the filling capacity and the ability to pass with constant
and fixed composition in the transport and placement route without segregation
[36].

2.4. Types of Nano clays

Nano clay is nanoparticles, composed of layered mineral silicates, and according to
their chemical compositions and morphologies, they are categorized into numerous
categories such as bentonite, montmorillonite, kaolinite, halloysite, and hectorite.
Table (2-3) and Figure (2-5) show the classification types of Nano clays and a
schematic diagram of the structures. In this study, Nano clay is a kaolinite type. Kaolin

or china clay is the name given to kaolinite-rich rocks [37].

T P
. .

T sheet 4o T sheet 00
shee
T shee S
0 sheet/ H Bon 0 sheet/
ond E E E H,0
Kaolinite Montmorillonite Illite

Figure (2-5): A schematic diagram of the Nano clays structure’s [38].

It is a clay mineral that belongs to the industrial minerals group in which a layered
silicate mineral along with one tetrahedral sheet is connected to octahedral sheet
through oxygen atoms [39, 40].
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Table (2-3) : Classification types of Nano clays [41].

Family Group Formula
The reference plate is
formed from a
tetrahedral plate T and an
TO (1:1) Kaolinite octahedral plate O., The
thickness of the layer, is
about 0.7 nm. Kaolinite
Alz Sis O10.(OH)s
Two tetrahedral plates T
Smectite, Talc, on both sides of an
Mica, octahedral plate O form
Phyllosilicates TOT (2:1) Montmorillonite, | the reference plate. The
Sepiolite thickness of the layer is
about 1 nm. The group
includes many minerals
that are major
constituents of clays.
The reference plate is
formed of three plates
TOT: O Chlorite, TOT and another isolated
(2:1:1) Bentonite, O plate. The thickness of
Saponite the layer is about 1,4 nm.
Chlorite di-tri
Al2Mg3SiaO10(OH)s
Kenyaite,
Natural Magadiite, Magadiite
Polysilicate Kanemite, llerite, (Naz2Si14029.H20)
Silhydrite, Zeolite
Synthetic FluoroHectorite,
Zeolite
Double lamellar Synthetic Hydrotalcite Hydrotalcites: (MgsAl2
hydroxide (OH)16)(C0O3%)sH20

Where T: tetrahedral silicate sheet and O: octahedral aluminate sheet.
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The basic structure of kaolinite, as shown in Figure (2-6), is formed of a sheet of top
sharing SiOs tetrahedral forming six-membered silicate rings that are linked by
common oxygen atoms parallel to the c-axis to a sheet of edge sharing AlOs octahedral
forming four-membered aluminate rings. The silicate and aluminate layers are bound
together by strong ion-covalent bonds via apical oxygen’s, and these layers are bonded

by much weaker hydrogen bonds [42].

i Inter-layer
‘ Hydroxyl

«)‘i ¢
\‘ | — Inner-layer

Hydroxyl

Al octahedral layer

Si tetrahedral layer

A XA A A

Figure (2-6): Ideal layered structure of kaolinite showing the constructed
kaolinite unit cell. The location of the inter-and inner-layer hydroxyls is
shown for clarity [42] .

The white mineral kaolinite, also known as dioctahedral phyllosilicate clay, contains
dioctahedral phyllosilicate clay. It's made of clay formed by the chemical weathering
of aluminum silicate minerals like feldspar [39, 43]. In mineralogy, the chemical

formula for kaolinite is Al2Si2Os(OH)a.
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2.5. Properties of Nano clay

2.5.1. Physical Properties

Nano clay (NC) is derivative of kaolin (Al2Si2Os(OH)4), which changes from crystal

to amorphous after treatment or endothermic dehydration [44]. Subsequent to
dihydroxylation at temperatures between 600°C and 800°C, the large portion of
octahedral alumina is converted into penta and more active tetra coordinated units [45].
Additionally, the high amorphous metakaolin (MK) and disordered phase variation are
formed when the bonds between kaolinite layers are damaged, or the crystal structure
is fully and/or partially damaged [46, 47, 48, 49]. Finally, mechanical grinding is used
to obtain NC. The equation (2.1) can be used to represent the exothermic
dihydroxylation reaction at 500 °C~925 °C [50]:

Al203-2Si02:2H20(Kaolin) — Al203-2Si02(Metakaolin)+2H20...... Eq. (2.1)

Metakaolin is a highly reactive pozzolan that has a similar reaction to silica fume.
Compared to that silica fume, metakaolin has a refined microstructure which caused a
better substantial strength and durability, permitting better water penetration resistance,
and being cost-effective [51, 52, 53, 54].

Table (2-4) illustrates that the surface area increases from 2 to 8 times when there is a
change in clay size from micron to nanometer.

Table (2-4): Physical properties of Nano clay [55, 56, 57, 58, 59, 60].

Particle Size (nm)
Percentage of
Mean Surface
Specimen DR Size Area NETID
P Effective | D30 | D60 | o (m2lg) Particles
Size g (<500 nm)
Clay 1612 5585 | 13325 | 1202 18.231 -
Nano clay 176 395 | 767 1114 48~170 40%

2.5.2. Chemical Properties

The chemical compositions of NC are shown in Table (2-5). NC has the highest content
of SiO2 (45.5 %to 89.6%), followed by Al203 (18.9 % to 42.3 %), both of which are
important in improving cement hydration rate and setting time, while NC has a low

content of CaO.
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Table(2-5): Chemical compositions of Nano clay [55, 56, 60, 61, 62, 63, 64].
SiO2 Al203 CaO TiO2 Fe203 K20 LOI
45.5~89.6 | 18.9~42.3 | 0.17~3.59 | 0.82~1.82 | 0.1~10.9 | 0.03~4.55 | 13~13.47

2.5.3. Hydration

According to some studies, NC enhanced the cement hydration reaction [65]. In the
cement hydration process, Shoukry et al. [66] observed that as the NC replacement rate
increased, CH content and X-ray diffraction peak intensity decreased marginally, while
the C-S-H peak value increased. Moreover, about 6.7% reduction in CH content of NC
cement paste has been observed as compared to CH content of ordinary cement paste
[67]. However, beyond 10% replacement, there was no considerable variation in CH
content of NC cement paste [68]. The reduction of 30.23J/g to 14.17J/g for CH enthalpy
was observed when the NC replacement increased from 0% to 8%, and led the phase
transition from good crystal to non-crystal. Moreover, the enthalpies of C-S-H,
C3ASHs and C,ASHs were raised from 45.81 J/g, 0.85 J/g and 0.289 J/g to 46.91 J/g,
0.881 J/g, and 1.68 J/g respectively [57], as shown in Figure (2-7). It was also noted a

considerable enhancement in the crystalline structural forms [69].

10
0% NC — 4% NC - 8% NC
5
>
E 0
=
=
=
= -5
=¥
=
-10
-15
0 100 200 300 400 500 600 700 800

Temperature, °C

Figure(2-7): Differential scanning calorimetry (DSC) thermograms of NC
mortar at 28 days [57].
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The following points are the main aspects of the NC mechanism combination for
accelerated cement hydration [70]:

1- The fine particles of NC promote the formation of nucleation, and consume free
CH, and form needle-like secondary hydration products, which greatly shorten
the hydration during the induction period.

2- When NC is added to cement particles, H2SiO4 is formed and reacts with the
available Ca?* which generates an additional more C-S-H, spreading in the water
between the cement particles and are served as seeds for forming denser C-S-H
phase.

3- The formation of C-S-H phase is not limited on the particle surface alone, as in

the pure CsS, but also takes place in the pore space.

2.5.4. Workability

Aiswarya et al. [71], found that the percentage of water required for producing a cement

paste of standard consistency was increased with the increase in the amount of NC.
When the content of NC was increased from 2% to 20%, the initial setting time and the
final setting time of the cement paste were first increased and then decreased, and the
maximum value was reached when the content of NC was 6% and 4%, respectively.
A similar result was also obtained in the Ultra-High Performance Concrete (UHPC)
test [14]. As far as the liquidity was concerned, with the nonlinear increase of NC
content, cementitious materials showed a decreasing trend. When NC content was 9%,
concrete slump was reduced by about 15.7%, and the workability of UHPC was
reduced from 178mm to 150mm [56], which was consistent with the results of Senff et
al [72].

This is largely due to the fact that NC has a large specific surface area, easy to form a
flocculent network structure, show poor dispensability [73] and absorb more free water
during wetting [74]. This phenomenon is more significant with the increase of the NC
contents. However, the dispersion of NC in cement mortar was improved by ultrasonic
dispersion and the prolongation of dispersion time (no more than 15 min) [63]. Hence,
in order to obtain proper workability, the range of NC content should be controlled.
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2.5.5. Mechanical Properties

2.5.5.1. Compressive Strength

It has been observed through numerous studies that the inclusion of NC caused
an improvement in the compressive strength of the cementitious materials [75, 76, 77].
Table (2-6) displays the effects of the addition of NC on compressive strengths of
cementitious materials at 28 days.

Table (2-6): Compressive strengths of cementitious materials with NC at 28 days.

Cementitious wib Cont. of Compressive Best
Material Ratio NC Strength Content Ref.
% Increment %

0.27 4-5 8%—20%—-15% [46]

0.3 2-16 16%—54%—-10% 10 [78]

Cement ' 2-14 16%—48%—-10% [69]

paste 0.33~05| 2-14 | 8.6%—59.4%—46.6% [60]

0.44 3-10 16%—24.6%—22% 6 [79]

05~059 | 2-10 10%—63%—20% [80]

0.3 2-10 | 9.3%—22.6%—-1.3% 4 [81]

04 5-10 28%—20% 5 [82]

' 5 9.64% - [59]

0.485 3 54% - [83]

Cement 2.5-10 15%—34%—19% 7.5 [84]

mortar 05 6 18% - [85]

' 2-8 1.2%—7% 8 [57]

3 7.76% [63]

2-14 8.8%—42%—20% [62]

0.54 2-10 20%—57% 10 [66]

0.6 5-15 23%—8% 5 [86]

Normal 0.48 2-5 5.27%—15.45% 5 [87]

concrete 0.5 10 26.32% - [88]

0.53 3-10 42.2%— 63.1% 10 [13]

Ultra high 1-9 12%— -16.5 [14]

performance 0.2 1

concrete ' 1-10 8.5%—-8.5% [56]
(UHPC)

SCC 0.34 1-3 2.3% —10.8% 3 [89]

0.44 2-8 3.2% —15.8% 8 [90]
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It could be seen from the Table that the inclusion of NC in cementitious materials has
a significant effect on compressive strengths, and resulted in substantial increase in it
a certain percentage of NC addition [60].

However, a possible reduction in compressive strength can occur when the quantity of
NC exceeds the best value. This is primarily due to the excess quantity of NC has a
tendency to agglomeration and adsorbs around cement particles to cause the delay in
the hydration reaction of cement and the decrease in the C3S and C.,S phases in the
matrix [82, 12].
Additionally, the excess quantity of NC causes a weak interfacial transition zone (ITZ)
in the matrix [91], and its dispersion defect causes to produce fewer points of contact
with the matrix and produce a negative effect on bonding with cement particles [92,
93].
Although the other mixing information such as chemical and mineral admixtures,
curing conditions, and w/b ratio are almost similar, but the best contents of NC has a
significant effect on compressive strengths. As a result, more studies should be
conducted and discussed better to apprehend the various effects of NC on compressive
strengths [94].

2.5.5.2. Flexural Strength and Splitting Tensile Strength

Table (2-7) shows that the addition of NC can significantly increase the flexural and

splitting tensile strengths of cementitious materials.
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Table (2-7): Flexural strengths and splitting tensile strength of cementitious

materials with NC at 28 days

Splitting
Flexural
.. Cont. Tensile Best
Cel\r/lne{ltl'_u?us R\’N /tb of NC IStrength t Strength | Content | Ref.
ateria atio % ncrement | oot %
% %
03 | 2-14 | M0 ' [69]
Cement paste 25 10
0.33-05 | 2-14 3'9%5 83 ] [60]
6.4—29—1 -
05 2.5-10 9 7.5 [84]
Cement 2-8 - 10—49 8 [57]
mortar 12.6—52— -
0.54 2-4 21 10 [62]
2-10 20—59 - [66]
0.6 5-15 8—4 - 5 [86]
Normal 0.5 10 - 25.87 - [88]
concrete 0.53 3-10 - 0—46.8 10 [13]
sce 0.34 1-3 - 4.6 —18.5 3 [89]
0.44 2-8 7 —10.5 5—10 8 [90]

2.5.5.3 Mechanism of NC to Increase Strength

1-The influence of filling.

The smaller size (nanometers) of NC has a significant effect on the filling ability of

cement materials. Although the NC particles are 1000 times smaller than the size of

cement particles (micrometer), but still NC could fill the microstructure gaps, voids
and could diminish the ITZ defects [95, 96].
The SEM image as shown in Figure (2-8) shows that the incorporation of NC fills the

voids and pores and resulting a more compact structure, also opposed to the weak

microstructure of control mortar [66], which corresponds with the other studies [58,

63, 85].
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10 48 SEI

Figure (2-8): SEM images and EDX patterns of cement mortar
(@) 0% NC and (b) 10% NC [66].

2-The effect of nucleation.

Figure (2-9) depicts that the NC helps clinker hydration by the available surface area
to sedimentation hydrates from the interstitial solution [97].

The high surface energy of NC provides the thermodynamic drive for this process.
Rather than critical nucleation, NC behaves as a source to initiate precipitation [57],
and the hydrate phases start as the ionic concentration reaches saturation. Meanwhile,
NC enables continuous growth of the C-S-H phase, prefabricate nucleus for the
hydration process, aggregation of C-S-H in the network structure. It could also promote
hydration reaction of cement [92], and develop uniform and dense microstructure [98].
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The nucleus of a crystal is beneficial for increasing the early strength of cement, but
the nucleation effect is lost when the cement reaction completes [65].

First contact Early-age hydration Long-term hydration
(Time 0) (Hours to few weeks) (months to years)

a orcC . Pore . NC D CH B SCH |

Figure(2-9): Conceptual model for hydration of (a) Ordinary Portland cement
and (b) Concrete with NC [97].

3- The influence of bridging.
The inclusion of NC particles works as a fiber between cement products, creates
bridge between matrix and reinforcement, and provides resistance to cracks and crack

propagation as shown in SEM images Figure (2-10) [57, 69, 85, 86].
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Figure(2-10): SEM images of mortar at 28 days (a) 0% NC; (b) 8% NC [57].

2.5.6 Durability
2.5.6.1 Water Absorption

Table (2-8) summarises the effect of NC on the coefficient of capillary water absorption

of the cementitious materials. In general, as the NC content increases, the water
absorption coefficient decreases [99]. Also, the geometry and size of the pore system
should be directly linked to the mechanism of capillary water absorption [100]. The
improvement of pore structure is mainly attributed to the additional C-S-H gel
produced by the pozzolanic reaction of NC and its own micro aggregate effect, filling
the micro pores between cement particle [66, 67, 101], and reduced the water

absorption of cement paste [62].
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Table (2-8): Capillary absorption coefficients of cementitious materials with NC

at 28 days.
Capillary Absorption
Cementitious COI(IIE ol Coefficient Reduced by Ref
Material % Control Sample (%) '
Sample with NC
0.55 0.22,0.41
2-14 (kg/m?)/ | (kg/m?)/ 25.4 - 60 [60]
min_l/Z min_l/Z
Cement paste 0266 0.154
6 (kg/m?) [ | (kg/m?)/ 42 [80]
s_1/2 S_1/2
0.33 0.12,0.22
2-14 (kg/m?) [ | (kg/m?)/ 33-63.6 [62]
min_l/Z min_l/Z
Cement 5-10 - - 38.02-51.34 | [82]
mortar 0.056 0(.)0012,
2-10 (kg/m?) / 5 28.5-75 [66]
co 172 (kg/m=) /
min- min-12
Normal
concrete 3-10 - - 16.6-25.6 | [13]

2.5.6.2. Resistance to High Temperature

Morsy et al. [86] studied the effect of adding different NC by weight percentages
(5%-15%) on the compressive and flexural strength of cement mortar at various high
temperatures. The compressive and flexural strengths were gradually increased with
increasing temperature up to 250°C, and beyond this temperature, both strengths
decreased until the temperature reached 800°C. At 250°C, compressive and flexural
strength increased by 5.2%~36.6% and 3.4%~27%, respectively, while compressive
strength decreased by46.5%~61.5% at 800°C for mixes of (5,10 and 15) % NC.

Based on similar experiments, Wang et al. [102] investigated the compressive strength
and thermal conductivity coefficients of SCC at (25-1000) °C for one hour with NC
contents varying from 0.1 % to 0.5 %. The results showed that when the temperature
was below 300 °C, NC concrete increased strength; when the temperature was between
440 and 580 °C, strength was significantly reduced; and when the temperature
exceeded1000 °C, the strength was less than 10% of its original strength.
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The excess hydration of unhydrated cement particles results steam effect due to
internal autoclaving, and the pozzolanic reaction of NC resulted extra C-S-H gel with
smaller Ca/Si ratio. The additional hydration products help to bridge the pore system,
reduce the thermal stresses around the pores. Moreover, the calcium aluminates hydrate
(C-A-H) phases can increase the compressive strength of blended cement mortars up
to 200°C~250°C [103, 104].

Furthermore, the incorporation of NC in cementitious products would be made the
cement matrix had higher contents of gel-like hydration products which could make it
more fire resistant. However, the excess hydration can cause a loss in strength of the
cementitious products. It is mainly due to that CH decomposes into CaO and H-0O at
500°C, and CaCO3 decomposes with the effusion above 600°C,, and caused a reduction
in free water, and decreased strength and elasticity modulus [105]. Furthermore, the
temperature gradient causes high thermal tension, which leads to an increase in micro
cracks and a weakening of structure's compactness [106].

2.5.6.3. Resistance to Sulfate Attack

The porosity and pore size distribution of concrete significantly impacts its durability.
Moreover, such factors influenced the transport properties of the main harmful agents
such as gases, water, and ions. These transport properties can be deteriorated concrete
by physical and/or chemical attack [107, 108]. The presence of sulfate ions in seawater,
groundwater, and soil can decline reinforced concrete structures by means of spalling,
swelling, cracking, expansion, softening and surface scaling of concrete elements.
These characteristics can be caused by a variety of factors such as the type of cement,
type of sulfate cation, sulfate concentration, and exposure period. Many sulfate-
damaged structures need rehabilitation or, in the most violent cases, reconstruction
[109].

Sulfate ions can react with sources of alumina (hydration products such as mono sulfa

aluminate (AFm) and unhydrated tricalcium aluminate (C3A)) to produce ettringite.

Also, the produces gypsum with the help of calcium (calcium hydroxide (CH)) or C-

S-H gel). However, such production resulting in loss of substantial strength and crack

initiation and propagation. It is mainly because of the driving force of crystallisation
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pressure impacts on the pore walls, and such driving force results crystal growth of
gypsum and ettringite [110, 111, 112]. Tian et al. [113], obtained (3—4) MPa tensile
strength for cement-based materials, and concluded that the tensile stress caused by
gypsum formation had a significant part for the crack initiation and expansion.
Mullauer. [114] concluded that the formation of ettringite in tiny pores (10-50 nm)
resulted tensile stress of 8 MPa, and caused crack expansion which led to failure of the

cementitious structure.

If the attack solution is magnesium sulfate (MgSO4), all cement minerals, including
C-S-H, are targeted. The stability of the C-S-H gel is reduced by the formation of the
relatively insoluble and poorly alkaline brucite (Mg(OH)2) due to reaction with
dissolved CH. Furthermore, MgSO4 targets calcium silicate hydrate directly,
converting it to gypsum and a weak magnesium silicate hydrate (M-S-H). Because of
a thick brucite layer on the surface, surface damage is imperceptible until late in the
attack, while strength reduction starts early [115, 116]. Equations (2.2) and (2.3) can

illustrate the mechanics of the magnesium sulfate attack

Ca(OH)2 + MgS04 + 10H20 — CaS04.2H20 + 2Mg(OH) + 8H20 .. Eq. (2.2)

C—S—H+ MgS04 + 10H20 — 3Ca0.AI203.CaS04.13H20 + Al(OH)3 +
Mg(OH)2 + H20....... Eq. (2.3).

Many researchers have shown in recent years that using nanomaterials can significantly
improve the properties of cement-based materials' resistance to sulfate attack, with this

effect becoming more pronounced at earlier ages [117, 118].

The high pozzolanic reactivity that caused the reduction of CH, as well as its effects on
the microstructure of hardened cement-based materials, were investigated [119]. Only
a few researchers have examined the effect of Nano clay on the properties of cement
mortar and concrete for sulfate attack. In cement mortar, Nano clay acts as a filler and
strengthens the microstructure. It also serves as a mortar activator, encouraging the

pozzolanic reaction.

Hakamy et al. [12] investigated the effects of Nano clay on cement composite

properties. They reported a decrease in porosity and water absorption in cement
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nanocomposites containing 1 w.t% Nano clay. They also discovered that cement
nanocomposites had higher in density, strength, fracture toughness, and hardness than

the control mix.

Hosseini et al. [120] studied the effects of adding 0.25, 0.50, 0.75, and 1% Nano clay
to SCC mix. It was founded that water penetration depth was reduced by 17, 27, 39,
and 43 percent, respectively. The overall durability of the SCC mix is improved by

reducing the depth of water penetration which can increase resistance to sulfate attack.
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Chapter Three

Reserch Methodology and Materials Characterization

3.1. Introduction

This chapter contains details of used materials in addition to the mixes design. Also,
tests conducted to assess the effect of incorporating prepared Nano clay (NC) and
quicklime (QLP) on the rheological, mechanical, and durability of self-compacting

concrete are presented.

3.2. Experimental Work

Experimental work consists of two parts:

1. The first part is preparing the Nano clay from kaolin clay by ultrafine
grinding (Ball milling) procedures.

2. The second part was divided into three stages. The first involved preparing

the reference SCC mixture (SCCO0), by producing SCC mixtures with
(2%,4%, and 6%) of NC cement replacement by weight. At the same time,
the second stage involved the preparation of mixtures with (50, 75, 100) kg
of quicklime(QLP), which was conducted by using (16, 23.4, and 29%)
QLP by weight of cement as partial replacement. Based on the fresh
properties tests performed at the first stage of the work, the influence of
4% of NC was evaluated with (50,75, and 100) kg of QLP as partial
replacement of cement in the third stage.
Figure (3-1) shows methodology and experimental work of this study. It is
worth mentioning that most tests of this research were implemented at the
materials laboratory of the Civil Engineering Department / College of the
Engineering / University of Anbar except SEM, EDX, XRD, PSA, SSA
and XRF tests.
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Figure (3-1) Schematic diagram representation of the methodology and

experimental program
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3.3 Equipment and Chemicals

Table (3-1) shows the equipment and chemicals that used in this study.

Table (3-1): Types of equipment and chemicals.

Preparation of Nanoclay (NC)

No. The Equipment Specification
Ball mill 250 rpm
. . UNIMAX 1010/ PROMAX
2 Mechanical Shaker, Heidolph, 1020, Germany
3 | Ultrasonic 750 Watt Ultrasonic _
Processors — VCX Series
4 | PH meter Hanna 211, Romania
5 | Electrical Furnace (20-500)°C
6 | Mixer for leaching process (20-100) rpm
Heidolph - Models,
7 | Magnetic Stirrer MR. Hei-Tec.40rpm
Chemicals
No. Name Purity Supplier
1 H,SO4 99% India- Thomas Baker
Samples Preparation and Testing
No. The Equipment Specification
1 Mixer for preparation SCC samples capacity 0.07m?
9 Mixer for making the suspended Nano clay 4 .
. ome mixer
solution
3 Electrical Furnace Local made
4 Compression and splitting testing machine BESMAK materials testing
5 Flexural testing machine machines
6 Electric balance for weighing materials Incco electronic scale
Chemicals
No. Name Purity Supplier
1 MgS0O4.7H20 99.5-100.5%

Belgium
Zedelgem
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3.4. Steps Preparation of Nano clay (NC)

The preparation process of NC included ten steps:

1-

The Iragi natural kaolin rocks were broken into medium pieces and then it
grinded to the powder by crushing machine and balls milling.

The kaolin clay was burned at 700 °C for two hours to obtain metakaolin.
Metakaolin(MK) was washed and cleaned with water to remove mud particles.
MK was upgraded by acid (leaching process) at room temperature to get a high-
purity metakaolin.

Then raw material was washed by the water until the PH becomes natural (7.6).
Filtrating the extracted solution.

Drying solid particles at 120 °C for 1 hour.

Characterisation of metakaolin. The clay was sieved using Sieve Shaker to a
size of 300 um.

Ultra milling by ball mill. The clean clay was then inserted into the grinding jar
together with the different diameters of grinding balls ranged (10-20) mm and

milled for 2 hours

10- Characterisation of Nano clay (NC). the ball-milled NC was analysed using

Malvern Instruments (Mastersizer2000) analyser for particle size and size

distribution.

These steps are described in the flow diagram in Figure (3-2).
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Figure (3-2): Schematic process of preparation of NC
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3.4.1. Upgrading of Kaolin clay

The Iragi natural kaolin clay used in this research was obtained from the Geological
Survey Company. Kaolin was taken away from the region and brought (Wadi Houran
quarries in Western Sahara / Anbar Province) as rock form. By crushing machine and
balls milling as shown in Figure (3-3), the rocks were broken into medium pieces and
then it grinded to the powder. The size of the powder has to pass sieve number equal

to or less than 63 microns.

Jaw crusher Machine
e — e

Kaolin as a Rock and Powder

Balls Milling

Figure (3-3): Crushing machine and balls milling

Kaolin or china clay (K) (Al2Si.Os(OH)4)) was transformed into an amorphous phase
which known metakaolin (MK). It was obtained from the calcination of kaolinite at
700°c for 2 hours at the University of Technology, Department of Materials
Engineering as shown in Figure (3-4). It was noted that there was a certain change in
kaolin colour to light orange during burring. This change might attribute to the shifts

that get to metaphase during the burning kaolin.
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Figure (3-4): Photographs of calcination of kaolinite process. (A) Kaolin clay.
(B) Burring oven. (C) Metakaolin(MK).

The clay was firstly washed with water to remove impurities. The upgrading of the clay
process was carried out by using an acid leaching process with H2SO4 to reduce metal
impurities of K20, Al203, Fe20s, CaO, and MgO contents, as shown in Figure (3-5),
especially the iron oxides and aluminium oxides content in the final product and
followed by water washing.

The leaching process was carried out with a reliable content of (20%) by a variety of
acid concentration (2.5%, 5%, and 7.5%). Leaching was performed at room
temperature for 4 hours. To remove residual iron content from the ore surface, the
leaching process was followed by water washing (Neutralization ). Thus (H2SO4) has
dual functions:

e The first one is to extract impurities from the material; this context (H2SO4)

is well known its efficiency.

e The second one is to reduce the grain size by erosion, and this process was
enhanced the filtration process [121].
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A

Figure (3-5): Photograph of the leaching process. (A) washing water.
(B) added acid process.

3.4.2. Washing (Neutralisation) and Filtration

Metakaolin was washed with distilled water after the leaching process until the PH of

water became neutral (PH 7.6), as shown in Figure (3-6).

Figure (3-6): Photograph of the neutralisation and filtration. (A) PH
measurement. (B), (C) Filtration process.
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3.4.3. Drying

After filtration, the samples were dried in the oven at 120°C for 1 hour, as shown in

Figure (3-7). The prepared MK was ready for milling, as shown in Figure (3-8).

Y ——

Figure (3-7): Drying of metakaolin (MK).

Figure (3-8): Prepared metakaolin (MK).
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3.4.4. Ultra Milling by Ball Mill
The high purity MK was grinded to achieved nanoparticles using a dry ball mill with

porcelain balls grinding media. This high energy milling is known as one of the “Top-
down” nanoparticle type approaches, which generally relies on physical methods for
their production. This work was used to reduce the macro and micro-scale of MK to a
nanoscale particle size. The high-energy milling processes involve the comminution of
bulk materials. The comminution principle is applying physical forces to bulk material
to affect breakage into smaller size particles [122].

The clean MK was then inserted into the grinding jar together with the different
diameters of grinding balls ranged (10-20) mm and milled for 2 hours. After 2 hours of
milling, the clay has sieved for the size below 300um. The purpose of the sieving step
is to remove hard agglomerates that may build up during milling. After the clay has
screened, it was again dried in the oven at 120°C for 1 hour, as shown in Figure (3-9)
A and B.

The sieving and drying process was reiterated 2 hours of milling until the total milling
time reached 40 hours. The screened sizes used were 600um, 300um, 140um, and
100um. After 10 hours of milling, the ball-milled NC was analysed using Malvern
Instruments (Mastersizer2000) analyser for particle size and size distribution [23].

Figure (3-9) C and D show ball-milled Metakaolin for 10 hours of milling.

Figure (3-9): (A) drying (B) meshing process of ball-milled NC.
(C) Jar mills (D) prepared ball-milled NC.
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3.4.5. Parts of Equipment for Milling
A. Jar Mills

These Jar mills are cylinders in shape with a capacity of about (0.5 to 2.0) liters. The

jars carry on the batch and the milling media, so the milling media does the grinding.
Jar mills are usually rotated on mill racks rather than with a single drive [123].Figure
(3-10) A shows jar mills and porcelain ball mills.

. Ball Mills (Milling Media)

In general, high-density and different diameters balls give better results because of the

high impact forces on the powders. The balls should be denser than the material to be
milled. The best media shape is spheres to obtain best grinding efficiency. It has been
predicted that the highest collision energy can be obtained if balls with different

diameters are used [124]. Figure (3-10) B shows porcelain ball mills.

Figure (3-10): (A)jar mills and (B) porcelain media

C. Mill Racks

Laboratory jar mills are usually rotated on a mill rack. The rack is a steel frame with two
rollers per tier with usually one to rotated three tiers. On each tier, there are two rollers: a
drive roller and an idler. the drive roller is usually driven with a chain and sprocket

connected to a gear reduction motor. Since mills come in different diameters, there is
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advantageous to have a variable speed drive and a tachometer for each tier. The drive
roller must have a force vector pulling down on the mill body, as shown in Figure (3-11).

Figure (3-11): Schematic of Jar mills and the rack.

The proper speed is 60-70% of the critical speed. As the mill rotates, the grinding media
is subjected into to two accelerations, gravitational force and centrifugal force. When
these are equal or centrifugal acceleration is the greater, the media will just ride around
and does not do any grinding. Jar mills are filled about half of full with grinding media.
While the jar is over filled, there is not enough space for the media to tumble. As well
as, if the jar is under filled, there is excessive media wear.

Media that cascades with too much energy can chip or break. These mills use (10-20)
mm diameter spheres of porcelain. When the media is too dense, the weight of the
media can prevent churning (the action that does the milling). To obtain the desired
particle size, the milling time is specified.

Any change in that time will produce a different particle size distribution with a coarser
size when the time is shorter and a finer size while the time is longer [123]. Figure
(3-12) shows the ball milling Equipment (GW, Korea).
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Figure (3-12): Ball milling equipment

3.5. Tests of Materials
3.5.1. X-Ray Diffraction(XRD)

X-ray diffraction (XRD) is a rapid analytical technique primarily used for phase
identification of a crystalline material and can provide information on unit cell
dimensions. The analyzed material is finely ground, homogenized, and average bulk
composition is determined.
Fundamental Principle of X-ray Diffraction (XRD) is depended on Bragg's Law [125]
that describes how an X-ray beam is reflected or diffracted in a crystal lattice at shown
in equation (3.1).

nA=2dsin 0. ............ Eq. (3.1).
where n: is any integer, A. is the wavelength of the incident-beam X-ray,
d: is the spacing between crystal planes (d spacing), and 0: is the angle between the
crystal plane and the diffracted beam (the Bragg angle).
This law relates the wavelength of electromagnetic radiation to the diffraction angle

and the lattice spacing in a crystalline powder sample.
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XRD patterns are produced by a goniometer, which is rotated at specific angles while
bombarding the sample material with X-rays. The diffraction pattern peak intensities
are determined by the distribution of atoms within the lattice. The XRD pattern is
specific to the periodic atomic arrangements in a given material, which is compared to
the ICDD standard database of XRD patterns for phase identification [126]. Figure
(3-13) shows principle of the X-Ray diffraction test.

Diffraction
-/ pattem
recorded

Diffracted beam

Incident beam

% Transmitted beam

Crystalline material

Figure (3-13): Principle of the X-Ray diffraction test [126].

In the current study, X-ray diffraction (type XRD-6000, Shimadzu), scan range is
(10.0 — 60.0) deg, scan mode (continuous scan), scan speed (5 deg. / min) was done in
the Ministry of Science and Technology/Advanced Materials /, Baghdad / Irag. The
photograph of the XRD machine is shown in Figure (3-14).
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Figure (3-14): XRD machine

3.5.2 Enerqy-Dispersive X-Ray Spectroscopy (EDS or EDX)

EDS is a technique in which characteristic X-rays generated from the electron beam-
sample interaction is resolving to supplied the elemental composition of the sample in
the form of spectra (histograms). Individual elements can be identified. Coinciding
with any images obtained by SEM, EDS can be used to obtain elemental information
about the area of interest. So it uses the same SEM device to get the results of this scan
(shown in Figure (3-16)).

3.5.3. Scanning Electron Microscope (SEM) Observations

The scanning electron microscope (SEM) analysis allows us to examine and
characterize particles and nanoparticles, fracture surfaces, surface morphologies,
composites and their constituents, and microstructures of prepared cross-sections.
SEMs use electrons rather than light waves to examine surfaces, permitting much
greater magnification, resolving power and depth of field. SEM analysis provides us
with high resolution imaging at magnifications up to 300,000X. With the addition of
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energy dispersive x-ray spectrometry (EDS), we can simultaneously determine the
elemental composition and morphology of different materials [127].

When the electron beam strikes the sample, a large number of signals (shown in
Figure (3-15)) are generated. We can divide the signals into two broad categories:

electron signals, and photon signals [128].

Incident Beam

X-rays Primary Backscattered Electrons
Through Thickness Atomic Number and Topographical Information

Composition Information " s
- Cathodoluminescence

Electrical Information
Auger Electrons
sfface Sensitive Secondary Electrons
Compositional Information Topographical Information

e =

Specimen Current
Electncal Information

Figure (3-15): The signals generated when electron beam
strikes the sample [128].
Scanning electron microscope (SEM) (Type TESCAN, Vega I1l/Czech Republic)
which is available at the Ministry of Science and Technology/Advanced Materials /Iraq
was used in this study. The photograph of the SEM apparatus is shown in Figure
(3-16).

Figure (3-16): SEM (Model number: TESCAN, Vega I11/Czech Republic)
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3.5.4. Laser Particle Size Analysers (LPSA)

Malvern Mastersizer 2000 is a versatile laser diffraction-based analyser capable of

measuring particle size distribution, emulsions, suspensions, and dry powders ranging
from 0.02 to 2000 microns. The measurements were conducted at the Ministry of
Science and Technology/Advanced Materials /lraq. The photograph of the (PSA)

apparatus is shown in Figure (3-17).

Figure (3-17): Malvern master size 2000

3.5.5. Measurement of The Specific Surface Area(SSA)

The special surface area (SSA) technique for natural particles is an important parameter

for the quantification of surface processes such as dissolution and adsorption. The SSA
of the prepared NC was determined by surface area analyser (Q Surf 1600, USA) using
Brunauer, Emmett, and Teller (BET) method. Figure (3-18) displays a picture of the
surface area measurement instrument. The measurements were conducted at the Ministry

of Science and Technology/Advanced Materials /Irag.
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Figure (3-18): Surface area measurement instrument

3.5.6. X-Ray Fluorescence (XRF)

The X-Ray Fluorescence (XRF) technique is used for qualitative and quantitative

analysis of the elemental composition. The chemical composition of NC is determined
using the X-ray fluorescence spectrometry model (LAB CENTER XRF — 1800,
Shimadzu). The measurements were conducted at the Ministry of Science and
Technology/Advanced Materials /Irag. The photograph of the XRF apparatus is shown
in Figure (3-19).

Figure (3-19): X-ray fluorescence (XRF)
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3.6. Materials to Prepare SSC Specimens

3.6.1. Portland Cement
Iragi Sulfate Resisting Cement (SRC) Type V with the marketable name (Al-Mass)

manufactured by Bazyan cement factory was used throughout this investigation. The
used cement conforms to the Iragi Specification N0.5/2019 [129]. Tables (3-2) and
(3-3) show the physical and chemical properties respectively, and Figures (3-20),
(3-21) and (3-22) show the cement and its EDS and XRD, that used in this research.

Figure (3-20): Iraqi Sulfate Resisting Cement

Table (3-2): Physical properties of the Sulfate Resisting Cement (SRC)

Physical Property Test Results Limitsl\(l);.;ggilg |:[)1e§g]ication
Specific gravity (g/cm?3) 3.16 -
Specific surface area (m?/kg) 314 > 230
Setting Time (Vicat’s Method)
Initial setting time (minutes) 153 > 45
Final setting time (hours) 3.3 <10
Compressive Strength of Mortar (N/mm?)
2 days 20 >10
28 days 43 >32.5
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Table (3-3): Chemical composition based on (EDS) teste and main compounds of
the Sulfate Resisting Cement (SRC)

. : Limits of Iraqi
Element | Oxide OX\';\j/gi(y;tby Oé(i'de e Nl;rlnber Specification
g gma | orions 1 v 4 512019 [129]
0O 3.00
Ca CaO 67.08 0.54 1.68 -
Si SiO2 16.25 0.41 0.38 -
Al Al203 3.42 0.25 0.09 <35
Fe FeO 5.84 0.34 0.11 -
Na Na20O 0.19 0.20 0.01 -
Mg MgO 2.38 0.22 0.08 <5.0
S SO3 3.75 0.29 0.07 -
K K20 1.09 0.12 0.03 -
2.46
Total: 100.00 (Cation
sum)
Main Compounds (Bogue’s Equation)
Element Oxide % by Weight
CsS 51.90
CoS 31.01
CsA 8.96
C4sAF 7.98

Hc‘j 1 Spectrum 1
|

cps/eV
wn
1

2 3 4 5 b 1 8 9 10 keV

Figure (3-21): Energy-Dispersive X-Ray Spectroscopy (EDS) of Cement Powder
(SRC)
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Figure (3-22): X-Ray Diffraction (XRD) of Cement Powder (SRC)

3.6.2 Fine Aggregate

Fine aggregate was used for the AL-Usaila sand factory in Anbar. The grading of sand
was compiled the ASTM C33/C33M — 13 [130], as shown in Table (3-4) and Figure
(3-23)]. The chemical and physical properties of natural sand are explained in Table
(3-5) according to ASTM C 128 — 01 [131] and ASTM C33/C33M — 13 [130].

Table (3-4): Grading of fine aggregate and specification.

% % Acpum. Pa}ssi.ng
Sieve Size (mm) Accumulative SEEEralg D LIS e
Passing ASTM C33/C33M -13
[130]
4.75 100 95 to 100
2.36 85.1 80 to 100
1.18 70.5 50 to 85
0.60 58.66 25 to 60
0.30 28.41 5t0 30
0.15 7.2 0to 10
0.075 1.9 0to3
Fineness
Modulus 2.5 2.31t03.1
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Table (3-5): Chemical and physical properties of natural sand.

Property Specification Result Limits
Specific Gravity (gm/cm?) ASTM C128-01 2.54 -
Absorption, % ASTM C 128 -01 0.82 -
Material finer than 75um
sieves, % ASTM C33/C33M-—13 | 115 =3
Sulfate content as SO3,% ) 0.18 -
Maximum particle size mm ) 236 -
120
100 . .
X
g
L 60 -
40 - —e—passing sand
20 —&—Min limits of ASTM C33
——Max limits of ASTM C33
0 1 T T T

0 1 2 3 4

[}

Sieve size (mm)

Figure (3-23): Grading curve for fine aggregate

3.6.3 Coarse Aggregate

The coarse aggregate used was with crushed to 12 mm maximum size. It was obtained
from the Nebai source. Table (3- 6) and Figure (3-24) show the grading of coarse
aggregate, which conforms to the ASTM C33/C33M — 13 [130]. Table (3-7) describes
chemical and physical properties of natural coarse aggregate according to ASTM
C33/C33M — 13 [130], ASTM C128 — 01 [131], ASTM C131/C131M—4 [132] and
ASTM C88-76 [133] .
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Table (3-6): Grading of coarse aggregate

% passing
Sieve Size (mm) Selected % passing ASTM C33/C33M -13
[130]
12.5 100 100
9.5 86.76 85 to 100
4,75 14.12 10 to 30
2.36 0.16 0to 10

Table (3-7): Chemical and physical properties of coarse aggregate.

Property Specification Result | Limits
- . ASTM
Specific gravity (gm/cm?3) C 128 - 01 2.62 -
Absorption % ASTM 04 -
C128-01 '
Sulfate content as SO3% ) 0.08 -
Hardness by Los Angeles ASTM 10-45
abrasion test (%) C131/C131M — 20.56
14
Soundness of aggregates by <18
magnesium sulfate (%) ASTM C 88 - 76 3 =
120 -
—e— passing aggregate %
100 1 _a Min limits of ASTM
C33
~® 80 4 ——Max limits of ASTM
e
i C33
= 60
@
z
& 40 -
20 A
0 T
0 2
Sieve size (mm)

Figure (3-24): Grading curve for coarse aggregate
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3.6.4 Water

In this research, drinking tap water was used to mixing and curing all concrete
specimens.

3.6.5 Superplasticizer (SP)

High range water-decreasing mixture HRWRA (polycarboxylate) commercially
known as (Sika Visco Crete-5930) [134] was used. It was satisfied to the ASTM- C494
Types F [135]. The properties of this SP was shown in Table (3-8).

Table 3-8: Properties of Superplasticizer (SP).

Properties of Superplasticizer Effectiveness
Appearance Turbid liquid
Density 1.095 kg/lt
Chloride content There is no
PH 7109

3.6.6 Addition of Raw Materials
A. Nano clay (NC)

NC was used at three percentages (2, 4, and 6) % as a partial replacement of cement by

weight. The kaolin and metakaolin were examined by XRD and EDS tests, as shown
in Figures (3-25), (3-26), (3-27) and (3-28), respectively.

Counts
1216
Quartz Si02
800 Kaolinite 1A H4 Al2 09 Si2
600 -
400 ~
200 -
0

Position [°2Theta] (Copper (Cu))

Figure (3-25): X-Ray Diffraction (XRD) of kaolin before burning
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Chapter Three
Counts
1218
Quartz Sio2
800 - Kaolinite 1A H4 Al2 09 Si2

10 20 30 <40
Position [°2Theta] (Copper (Cu))

Figure (3-26): X-Ray Diffraction (XRD) of metakaolin (kaolin after burning)

Element Wt%  Wt% Sigma

@ o 577 1.10
Na 029 0.26

Al 2135 0.84

25.59

1 b 3 B 5 6 1 & 9 10 keV

Figure (3-27): Energy-Dispersive X-Ray Spectroscopy (EDS) of Kaolin
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d Oxide Oxide Qxide% Number of
g % Sigma lons
i ? Na20 0.12 0.17 0.00
b Al203 41.06 0.59 0.78
] @ § Si02 54.26  0.76 0.87
3 5 | % s03 010 025 0.00
39 “ K20 062 013 0.01
S ‘ (\ Ca0 054  0.16 0.01
1| “ ‘ Tio2 172 0.27 0.02
0.02

2 3 4 5 6 ] 8 9 10 keV

Figure (3-28): Energy-Dispersive X-Ray Spectroscopy (EDS) of metakaolin

B. Limestone (LP)

The limestone particles used in this study were prepared from Al-Qusair located south-
west Karbala City, middle of Iraq by product of stone crushing operations. The specific
gravity of LP was 2.68 (gm/cm?®), and the particle size was less than 75 microns; thus,
it was used in SCC formulation as a partial substitute for cement and micro fillers.
Lime, also is known as calcium oxide, is one of the oldest and most vital chemicals in
humans. Since then, it has been discovered that heat has turned calcium into a new and
different material [136]. Therefore, limestone was burned at atemperature700 °C for 2
hours to be transformed to quicklime, as shown in Figure (3-29). The limestone was
verified by XRD, EDS and SEM tests, as shown in Figures (3-30), (3-31), (3-32),
(3-33), (3-34) and (3-35), respectively.

In this study, various LP ratios are used with Sulfate Resisting Cement (SRC)
containing 450 kg/m®. The limestone contents by weight are 0%,16%, 23.4% and 29%

for production of SCC samples.
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Quicklime Burn in 700°C at 2 hr.

Figure (3-29): Limestone burning process
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Figure (3-30): X-Ray Diffraction (XRD) of limestone before burning
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Figure (3-31): X-Ray Diffraction (XRD) of limestone after burning
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Figure (3-32): Energy-Dispersive X-Ray Spectroscopy (EDS) of limestone before
burning
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Figure (3-33): Energy-Dispersive X-Ray Spectroscopy (EDS) of limestone
after burning
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2 pym EHT = 10.00 kV Signal A = SE2 Date :19 Aug 2020 ZEISS
WD = 6.0 mm Mag +.00 KX User = DP

Figure (3-34): Scanning Electron Microscope (SEM) of limestone before
burning

2 um EHT = 10.00 kV Signal A = SE2 Date 119 Aug 2020 ZEISS
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Figure (3-35): Scanning Electron Microscope (SEM) of limestone after burning

3.7. Experimental Program to Prepare SCC Mixtures
3.7.1. Mix Design

Design methods of SCC can be divided into six groups based on different principles

and parameters, including empirical design method, statistical factorial design method,

strength-based design method, rheology of paste method, particle packing method, and
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SCC mixture design method. The development of SCC mixtures is not an easy process,
and none of these methods provides all the objectives or parameters for ensuring the
requirements. Any of the above models achieve robustness and durability while others
are better with regard to the technical characteristics of SCC. The SCC development
model or method should therefore be chosen in terms of requirements and application.
There are no standard codes for the mix design of self-compacting concrete except for
a few methods developed by researchers and many institutions [137].

The mix design should be satisfied the requirement of a standard containing
workability and strength SCCs.The strength of the SCC is given by the aggregate
binding of the SCC paste in hardened conditions. In contrast, the binding paste gives
the SCC's workability at a fresh state [138].

In this research, the European Self-Compacting Concrete Guidelines (EFNARC-2005)
[28] which represented a state-of-the-art document addressed to those specifications,
designers, manufacturers, and users who wish to develop their knowledge and usage of
conventional concrete to design control SSC mixture and all following mixes could
flow it. Two mixtures were tested with different values of sand, aggregate contents,
wi/c, and SP to achieve the desired workability using the standard slump test and
strength by comparison results obtained in compressive strength tests from these
mixtures at 7 days. The trials to produce a control mixture are presented in
Table (3-9).

The control mix would use which had a higher slump flow diameter (SFD) (800mm)
and a higher compressive strength (58.46 MPa), that would suit the requirement for
SCCs, with different types of pozzolan materials includ Nanoclay and limestone.
Table (3-9): Trials mixture of the control mix of SCC

No. |SRC|FA|cA| w [sP| sFD | Tsw | . COMP.
Trail | kg | kg | kg | kg | kg | mm | sec |Strengthat?
days(MPa)
T-1 | 450 | 930 | 870 | 165 | 8 700 34 56.65
T-2 | 450 | 915 | 885 | 170 | 10 800 | 2.19 58.46

Where : C: Iragi Sulfate Resisting Cement, F.A: Fine Aggregate, C.A: coarse
aggregate. W: drinking water, SP: Superplasticizer, SFD: slump flow diameter, Tsoo:
slump flow time,
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3.7.2. Accelerated Pozzolanic Strength Activity Index of Nano clay
(NC)with Portland Cement

The strength activity index with portland cement test is used to determine if natural
pozzolan results in an acceptable level of strength development when used in concrete
with hydraulic cement[139]. The accelerated pozzolanic index of NC has been
determined as per ASTM C 311 — 04 [139].

To determine the compressive strength, four mixes mortar were perpetrated,control
mix and three mixes morter at three percentages of NC ( 2 , 4, and 6) % as a partial
replacement by weight of Sulfate Resisting Cement (SRC) at ages of 7days as specified
in test method ASTM C109 [140].

They were cast in steel moulds cubes (50x50x50) mm and covered to prevent the loss
of water during the first 24 hours, then stored in water at room temperature. After 7days
of demolding control and test mixtures, the mortar cubes' compressive strength was
determined, and the average of the three control mixture samples and the three
specimens of each of the test mixtures is reported.

The Equation (3-1) was used to calculate the strength activity index with portland
cement [139] as follows:

Strength activity index with portland cement = (A /B) x 100 ....... Eq (3-1)

where: A : average compressive strength of test mixture cubes (MPa) , and

B : average compressive strength of control mix cubes (MPa).

The activity index was 7% and 3% higher than the control at 4% and 6% NC,
respectively. Table (3-10) gives the pozzolanic activity of the control and test
mixtures.Figure(3-36) shows the compressive strength test.
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Table (3-10) : Accelerated pozzolanic index (AP 1) for Nano clay .

. Comp. Limit
'\I"[')X St‘;';ggrd Water | S.R.C. | NC | Strength (?) ASTM C
(gm) (gm) (gm) | (gm) | at 7 days Cont 311-04
(MPa) | [139]
Control 660 83 220 0 42.71 100 -
Mix
Mix 660 83 215 | 4.4 | 4217 99 > 75
2% NC : '
Mix
19 NC 660 83 211.2 | 88 | 4554 | 107 > 75
Mix
6% NC 660 83 206 | 132 | 44.17 | 103 > 75

N P

Figure (3-36): Casting and Compressive strength test for NC.

3.7.3. Specimen Preparation and Curing

To achieve this research’s goals, three groups were prepared and investigated with a
total number of 10 concrete mixes. Table (3-11) illustrates the mixes design of all
mixes. The mixes were divided into three groups representing the key variables in the
experimental study. The first group was designed using different prepared Iragi Nano
clay ratios as a cement replacement with percentages of 2, 4, and 6%, respectively.
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The second group with different quantities from quicklime that would add to SCC
mixtures include (50, 75, 100) kg by weight of cement. The third group with a hybrid
mix between 4% Nanoclay (NC) and quicklime (QLP) quantities. The experimental
mold consists of 74 specimens for each mix distributed to cubs (100 x 100 x 100) mm,
prisms (100 x 100 x 400) mm and cylinders {(100 x 200), (150 x 300)} mm. After
preparing all ingredients needed, they were weighed using digital balance according to
the proportions designed for each mixture, while standard moulds were prepared and
oiled simultaneously. To prevent the adhesion of dry materials, the sides of the used

mixer were cleaned and moistened with a horizontal basin and its capacity 0.07 m?3.

Table (3-11): Self compacting concrete mixes design.

SR

. Sand | Gravel | Water | SP o NC | QLP
Mix ID Cement

(ko) | (ko) | (kg) | (ko) |~ | (ko) | (ko)

Control Mix 915 885 170 10 450 0 0

SCC 2%NC 915 885 170 10 441 9 0
SCC 4% NC | 915 885 170 10 432 18 0
SCC 6% NC | 915 885 170 10 423 27 0

SCC 50QLP | 915 885 170 10 391 0 50
SCC 75QLP | 915 885 170 10 361 0 75
SCC 100 QLP | 915 885 170 10 331 0 100
SCC 4%
NC+50 QLP 915 885 170 10 375.36 | 15.64 | 50
SCC 4%
NC+75 QLP 915 885 170 10 345 14.44 | 75
SCC 4%
NC+100 QLP 915 885 170 10 318 13.24 | 100

The mixing process was carried out in several stages:

1- Nano clay Group:
One of the most critical points is putting the nanomaterials in concrete mixes, keeping
their original composition and physical characteristics from any change. Nanoparticles
are very active and that they will be gathered, producing a larger particle size after

putting it in water, thus using a dispersion technique to keep the particles in nano size.
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In this research, a wet mixing technique was applied using a mixer motor where
nanoparticles were mixed for two minutes with part of the mixing water until the
mixture became homogeneous, then slowly added to the concrete mix. The coarse and
fine aggregate was put in the mixer firstly, then cement was added, and mixed for
30sec. The part of the mixing water would then be added to the mixture.
Simultaneously, the Nano clay water was added to the mix in the automatic mixer for
2 min. The superplasticizer was dissolved with the rest of the water quantity according
to the prescribed dosages. It then gradually adds to the mixture, and the mixture
continues for another three minutes to ensure the superplasticiser's complete
dissolution.

2- Quicklime(BPL) Group:

Mixing cement with quicklime at the required quantity and dry state using a trowel for
a suitable time, was done to obtain the best dispersion for QLP in the dry mix. The
coarse and fine aggregate were placed in the mixer, and added cementation materials
(cement + QLP), after that mixed for 1 minute, then applied 50 % of the mixing water
to the mixture gradually. The remaining water was used with superplasticizer to ensure
its dissolution, then applied to the mixture and mixed for another 3 minutes to ensure
that the superplasticizer was completely dissolved. Figure (3- 37) shows mixing

materials and concrete mixer.

Figure (3-37): Mixing materials and concrete mixer.
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After finishing the mixing process, the casting process was done. The moulds were
covered with polyethylene sheets to avoid cracking of plastic shrinkage, and they were
kept in the laboratory for 48 hours. Then the samples were demolded carefully and
immersed in water for curing until the time of the test. Figure (3-38) shows samples

inside and outside of the water basin for the curing process.

Figure (3-38): [A] Casting of samples, [B] Covered of samples with polyethylene
sheets, [C] Curing of samples.
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3. 8. Test Methods

3.8.1. Fresh Properties Tests

Characteristics of fresh Mixes tests have been classified according to the EFNARC

procedure [28].
3.8.1.1. Slump Flow Diameter Test

In the absence of obstructions, the slump-flow diameter and Tsoo time is a test for
determining the flow ability and flow rate of self-compacting concrete. It is based on
the slump flow diameter test defined in BS EN 12350-8-2010 [141]. The result is an
indicator of the self-compacting concrete ability to fill. The Tsoo time also represents a
measure of velocity of flow and hence the viscosity of the self-compacting concrete
[28]. It is the most commonly used test, and it doesn't indicate the ability of the concrete
to pass between reinforcement only, but may give some indication of resistance to
segregation by noticing the extent of the aggregate particles spread in the center and
edges of the spread concrete.

A flow table was used with a smooth surface at dimensions (1m x1m) that had circles
of 200 and 500 mm diameters coinciding with the center of the plate, slump test cone,
funnel, metric tape measure, stopwatch, spirit level tool and sample container. The flow
table was wetted, after installed, and insured the surface tropical. Then the cone was
placed in the flow table center, and filled without rodding. Allowed the filled cone to
stand for no more than 30 secs; then any spilt concrete was removed from the flow
table during this time. After that, in one movement, the cone was vertically lifted
without interfering with the concrete flow.

The time from lifting the slump cone to the moment the concrete reaches 500 mm in
diameter represents Tsoo. While this, the diameter of the slump flow can be determined
by using Equation (3-2) to measure the mean of two horizontal perpendicular diameters
d1 and d2. Figure (3-39) the shows steps of the slump flow test for SCC.

The upper and lower limits of slump flow classes (SF) shall be classified as 550 mm
to 650 mm (SF1), 660 to 750 mm (SF2), and 760 to 850 mm (SF3) based on the
EFNARC provisions.
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SFD="2 L Eq (3-2)

Where; d1: largest diameter of flow spread (mm), d2: flow spread at 90° to d1,

SFD: slump flow diameter (mm).

Figure (3-39): Slump flow test for SCC

3.8.1.2. V-Funnel Test

The V-funnel test is used to evaluate the plastic viscosity, risk of blocking and filling
ability of self-compacting concrete with a maximum coarse aggregate size of 25 mm
or less by determining the V-funnel flow time for it. It is based on the V-funnel test
defined in BS EN 12350-9-2010 [142].

In this test, the funnel and the bottom gate were cleaned and oiled the entire inside
surface, including the gate. The gate then was closed and poured about 12 liters of the
concrete sample into the funnel, without any rodding after that the container was put
under the funnel to retain the concrete to pass. After 10sec from filling the funnel, the
gate was opened and measured the t, time, from opening the gate to first seeing through
the funnel vertically into the container below. The time of the V-funnel flow is t..
Figure (3-40) shows the V-funnel test for SCC.
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Figure (3-40): V-funnel test for SCC.

3.8.1.3. L- Box Test

The L-Box test asserts SCC 's ability to fill and pass through which subjected to
reinforcement blocking, and serious lack of stability (segregation) can be observed
visually. Subsequently, sawing and inspecting sections of concrete in the horizontal
section may also detect segregation. The test is generally used which is suitable for
laboratory and perhaps site use. It is based on the L-Box test defined in BS EN 12350-
10-2010 [143].

The apparatus level was set to firm ground and ensure that the sliding gate would open
easily and then close it after inside surface was oiled of the apparatus. the vertical
section of the apparatus was filled with the concrete mix, then was left it to stand for 1
minute, about 14 liters of concrete needed to perform the test.

The sliding gate was then raised, and the concrete was allowed to flow into the
horizontal section. As the concrete starts moving, the distances "H1" and "H2" are
determined. The blocking ratio of H2 / H1 was calculated. If the concrete flows as
freely as the water, it will be horizontal at rest, so H2 / H1=1. Whenever, the blocking
ratio test value was nearly to one, the flow of concrete was better. Figure (3-41) shows
the steps of the L-Box test for SCC.
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Figure (3-41): L-Box test for SCC.

3.8.1.4. Sieve Seqreqgation Resistance Test

Resistance to segregation refers to the ability to retain the coarse components of the
mix and maintain homogeneous material. Stability depends primarily on the
cohesiveness and viscosity of the concrete mixture, which can be improved by
decreasing the amount of free water and increasing the fines [144]. It is based on Sieve
Segregation Resistance test defined in BS EN 12350-11-2010 [145] .

This test records the mass of the materials, passing through a sieve 5mm size after a
standard period. Sieve with 5mm square opening, flat balance platform (0.01 kg
accuracy), timer, and container for the sample are used as tools for this test. 10 L
(+/-0.5) of fresh concrete is poured into a sample container for 15 minutes. Then, about
5 kg of concrete is poured in the sieve from a height of 500 mm. After 120 secs later,
the sieve is lifted vertically without agitation, the weight of the concrete mortar that
passed through the sieve is recorded, and is divided by the poured quantity weight.
Figure (3-42) shows the sieve stability test. Therefore, in some situations, the mixtures
that suffer from segregation may be passed through the sieve by a high amount of
mortar. It indicates the high risk of separation into a poured concrete. The segregation
index (SI) was calculated by using Equation (3-3):
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M
— Mpass -
SI Mg X 100 L Eq (3-3)

Where Sl: segregated index, Mpass: mass of passed materials (gm), and Mtotal :initial

mass of placed on the sieve (gm).

S

.‘/
-

Figure (3-42): Sieve segregation resistance test for SCC.

3.8.1.5. Fresh Density Test

The engineer is interested in the density of both fresh and hardened concrete for many
reasons, including its effect on durability, strength, and permeability resistance. This
test method includes the determination of density of freshly mixed concrete. According
to ASTM-C138 / C138 M — 14[146], Figure (3-43) shows the fresh density test for
SCC. The fresh density can be determined by using Equations (3-4).

Dfresh = “/me' ............ Eq (3-4)

Where:
Woc: mass of fresh concrete (kg), Vm: volume of the casting mold (m® and

Drresh: fresh density (kg / m).
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Figure (3-43): Fresh density test for SCC

3.8.2. Physical Tests of Hardened Concrete

3.8.2.1. Ultra Pulse Velocity (UPV) Test

This test is non-destructive test and it is done by an ultrasonic pulse velocity method to
evaluate the quality of concrete [147]. The technique consists of measuring the travel
time of an ultrasonic pulse that passes through the tested concrete. Comparatively
higher velocity is achieved when the quality of the concrete is good in terms of density,
uniformity, homogeneity, etc. This test was performed using a device (CONTROLS)
based on the procedure described in ASTM C597-09 [148], as shown in Figure (3-44).
The test's principle depended on calculating the time of passage of pulse in concrete at
a distance L to evaluate the velocity of the pulse (UPV) value. The contact surface
should be dried, cleaned and grease-lubricated to ensure wave transmission from the
transmitter to the concrete at high accuracy. Average of two specimens measured at
ages of (7, 28, 56, 90 and120) days for each mixture. The Equation. (3-5) for calculating
the velocity of the pules:

V=LIT e Eq (3-5)

Where; V: ultrasonic pulse velocity UPV value (km/sec), T: transit time (us), and

L: path length of the sample (mm). This test gives the possibility of determining the
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concrete quality based on the longitudinal pulse velocity [149], as shown in Table
(3-12).

Figure (3-44): UPV test for SCCs

Table (3-12): Quality limits of concrete according to UPV test [149]

Quiality of Concrete Longitudinal Pulse Velocity (km.sec™)
Excellent >4.5
Good 3.6-45
Questionable 3-3.6
Poor 21-3
Very Poor <21

3.8.2.2. Dry Density

The test was conducted following the ASTM C138 [146], based on equation (3-6)
determines the density of solid concrete cubes (100 x 100 x 100) mm. The dry density test
for SCC is shown in Figure (3-45).

p=Mc/ Ve . Eq. (3-6)

Where:

p: dry density (kg/m3), Mc: mass of concrete (kg) Vc: volume of concrete (m?).
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Figure (3-45): Dry density test for SCCs

3.8.2.3. Volume of Permeable Pores (\Voids)

In this work, ASTM C642 [150] was adopted to recognize the voids in a hardened SCC.
The specimen was a cube with (100 x 100 x 100) mm. Form each SCC mixture, a total
of 8 cubs have been prepared. The testing of samples was carried out at the age of 28,
56, 90, and 120 days. The voids of each SCC mixture on two specimens was calculated
as an average of measurements. The test procedure for testing voids in hardened SCC
is summarized as follows:

1- At 110 °C for 24 hr., the specimens were dried in an oven until stable weight.
They were then weighted on oven-dry specimens to get their respective mass
(A).

2- The samples were subsequently submerged in water for 48 hr. Then after, the
specimens were wrapped with a dry towel when they were removed from the
water to avoid any moisture on the samples' surface. The mass of samples
saturated dry surface (SSD) after immersion was determined (B).

3- The specimens of the SSD were then put in a suitable receptacle, covered with
tap water, and boiled for 5 hr. The boiled samples were allowed to cool down
to a final temperature of 20-25°C by natural heat loss for a time of no less than
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14 hr. Any moisture on the surface of specimens was then removed, and the
SSD mass of samples was then calculated after boiling (C).
4- The specimens were then immersed and weighted the definition of their
apparent mass in water (D). Figure (3-46) shows the voids test process.
The Equation. (3-7) for calculating the voids of the hardened SCC:
Vo=((C-A) )/((C-D)) weererururururarurnrnrrnnnnes Eq. (3-7)
Where:
Vo : is a volume of permeable pore space (voids). A : mass of oven-dried sample in the air
(kg), C : mass of surface-dry sample in the air after immersion and boiling (kg),
D: apparent mass of sample in water after immersion and boiling (kg).
From eq. (3-7), the porosity for SCC could be found by using eq. ( 3-8) :
Po=(Vo/Vcube) X100  cieieiiiireiirnrnrnrnrmeeesnennnes Eq. (3-8)
Where:

Po: porosity %, Vcuse: Volume of the cube (m?), Vo: as similar as in Eq.( 3-7).

Dry mass Saturated mass Boiling mass Apparent mass

Figure (3-46): Voids test process
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3.8.2.4. Water Absorption

The absorption was measured by evaluating the oven-dried and saturated weights. It
is based on the absorption test defined in ASTM C642 [150]. The water absorption
was determined by using Equation (3-9) for the same samples and results of the voids
investigation.

W % = [(B-A)/A] X100 ...ceeeeeees Eq (3-9)

Where, W: Water absorption%, A: as similar as in Eq. (3-7) B: mass of surface-dry

sample in the air after immersion (full saturated) (kg).

3.8.3. Mechanical Tests of Hardened Concrete

3.8.3.1. Compressive Strength Test

The compressive strength was tested using cube of (100 x 100 x 100) mm, following
BS EN 12390-3 [151]. The cubes were tested under compression using a 3000 KN
capacity measuring machine, and the load rate was 3 kN / sec. Figure (3-47) indicates
the testing and the tested sample. The testing results are the mean values of two cubic
samples at 7, 28, 56, 90, and 120 days for each mixture. Equation (3-10) has been used
to determine the compressive strength.
fou=P/Acube  ceenrnnnnn. Eq. (3-10)

Where: fcu: compressive strength of concrete (MPa), P: maximum applied load (N),

and Acube: Cross-sectional area of the cube (mm?).

Figure (3-47): Compressive strength test for SCCs
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3.8.3.2. Splitting Tensile Strength Test

Cylindrical samples (100 mm x 200 mm) were used to calculate the splitting tensile

strength of mixtures, as shown in Figure (3-48). According to the test procedure defined
by ASTM C496-C [152] and BS EN 12390-6 [151], the test was done, and the testing
machine for compression is also used. The load was performed uniformly with a load
rate of 0.94 kN / sec. An average of two cylinders at ages of 28, 56, 90 and120 days
was reported for every mixture. Equation (3-11) was used to calculate the tensile
splitting strength:

fsp=2P/aDcyLey cieiieinenns Eq (3-11)

Where: fsp: splitting tensile strength (MPa), Lcy: length of the cylinder (mm),

P: maximum applied load (N), Dcy: diameter of the cylinder (mm).

Figure (3-48): Splitting tensile strength for SCCs.

3.8.3.3. Flexural Strength Test (The Modulus of Rupture)

The strength value of bending failure to concrete prism was measured according to

ASTM C78-15a [153]. The prism samples are 400 mm long with a cross-section
of (100 x 100) mm tested under a two-point load using a 200 kN flexural machine. This
machine and a tested sample are shown in Figure (3-49). The specimens were put on
the machine's support blocks, and the load is applied continuously until failure.
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The average of two prisms examined on 28, 56, 90 and 120 days for each mixture was
formed. The Equation (3-12) used was as follows:

fr=PLpr/bprdpr®>  ceeenannns Eq. (3-12)

Where: fr: flexural strength (MPa), Lpr: net length of a prism (mm), P: maximum
applied load (N), bpr: width of a prism, mm, dpr: depth of a prism (mm).

The formula above used when the failure occurs inside the middle third of the length
of the span in the tension surface. In contrast, when the failure seemed outside the
middle third of the sample span length but did not exceed 0.5 % of the sample span
length, the Equation (3-13) should be used:

fr=3Pa/bprdpr® = ceeennenne. Eq (3-13)

Where: a: measured distance from line failure to nearest support (mm).

Figure (3-49): Flexural strength for SCCs

3.8.3.4. Modules of Elasticity (Young’s Modulus) Test

The elasticity module was measured according to ASTM C469-02 [154] and is based
on the chord modulus method. This method involved drawing a relationship between
stress and strain curve for concrete after 90 days of water curing by drawing the line
slop between the point longitudinal strain of 50 x107 strains to the point equivalent to
40% of the ultimate stress, based on previously tested specimens in accordance to
ASTM C 39 [155]. The test is shown in Figure (3-50).
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A cylinder sample of (150 x 300) mm dimensions was used. Two cylinders were tested
for each mixture. To measure the strain, the gage length of 150 mm with dial gage has
been used with an accuracy of 0.001 mm/div. The (3-14) Equation was used for
calculating the elasticity modules:

E= (S2-S1) / (€2-0.000050) x1000 ..ceevnenens Eq. (3-14)

Where: E: chord modulus of elasticity (GPa), Sz2: stress corresponding to 40% of the
ultimate stress (MPa), Si: stress corresponding to a longitudinal strain of 50 x10®
(MPa). €2: longitudinal strain corresponding to the Sz stress, €1: strain 0.000050, and,

therefore, does not appear in the formula for E.

Figure (3-50): Modules of elasticity test for SCCs
3.8.4. Durability Tests of Hardened Concrete

3.8.4.1. Influence of High-Temperature Environment on SCC

Properties

After various ages (56, 90 and 120 days) for samples, the compressive strengths were

obtained and measured at room temperature (25°C), other samples of the same age were
also measured at elevated temperatures (200, 400, 600, 800) °C for 3 hours.
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At first, the samples were dried in the oven at 110 °C for 24 hours, and the mass was
recorded. After exposure to the specified degree of burning, the specimens were
naturally cooled in the room's air. The mass was also measured to calculate the mass
loss by using the Equation (3-15). After that, the burned specimens’ compressive
strengths were measured and compared with the strength of reference by using cubic
samples of (100 x 100 x 100) mm. Figure (3-51) shows the burning test process.

mO0—mb
mo

Mass Loss % = X100 ... Eq (3-15)

Where: mo: mass of the dry sample by degrees 110 °C.
mb : mass of the burning sample at degrees (200, 400, 600, 800) °C.

Dry mass

The samples drying at
110 ¢’ for 24 hr.

The compressive strength The mass after The samples burning at
of burnt out samples burning (200,400,600 and 800) ¢’
for 3 hr.

Figure (3-51): Burning test process
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3.8.4.2 Influence of a Magnesium Sulfate Attack Environment on
SCC Properties

In this study, the effect of external sulfate attack on SCC samples was investigated after

curing at age 28 days in ordinary water then completely immersed in three different
concentrations of magnesium sulfate (MgSOs) at 5%, 10%, 20% of water weight. The
ratio of loss mass, loss of ultrasonic pulse velocity and loss of compressive strength of
specimens was determined after immersion in cycles wet and dry magnesium sulfate
for 30, 60 and 90 days. The results were compared with those of specimens stored at
the same ages in freshwater at ages 56, 90, and 120 days. There is no typical test method
for measuring concrete durability under sulfate attack, but the most common method
to investigate is accelerated testing through continuous wetting and drying cycles. This
has been done to accelerate the ingress of sulfate ions into the concrete specimens, but
not occur that for submerged continuously [115]. In this study, the cycle period for all
samples was 72 hours dry in room air and 72 hours of immersion. Figure (3-52) shows

samples' treatment and tests process immersed in a magnesium sulfate solution.
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Figure (3-52): Treatment and test process for the samples immersed in
magnesium sulfate solution
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Chapter Four

Results and Discussion

4-1 Introduction

The experimental results are presented and discussed in this chapter. It includes the
results of characterizing the prepared Nano clay and its effect on the concrete mixture
at different replacement ratios (0, 2, 4, 6) % of the cement weight at ages of 7, 28, 56,
90 and 120 days. Results for a series of self-compacting concrete mixtures in both the
fresh and hardened states were presented. All SCC mixtures were extensively
examined in the fresh state using the slump flow, L-box, V-funnel, fresh density, and
sieve stability tests. The hardened state was tested in terms of compressive strength,
dry density, ultra-pulse velocity, splitting tensile strength, flexural strength, modulus
of elasticity, water absorption, and porosity tests at ages of 7, 28, 56, 90 and 120 days.
While the durability properties of concrete mixes were tested by resistance to high
temperatures of 200, 400, 600, and 800 degrees at ages of 56, 90 and 120 days, and
Magnesium sulfate resistance at concentrations of (5, 10, and 20) % of water by weight
of immersion period in 30, 60 and 90 days after curing with fresh water for 28 days and
with the aid of wetting -drying cycles for each 72 hours.

4.2 Nano clay Characterization

4.2.1 Laser Particle Size Analysers (LPSA)

The Nano clay obtained from the ball milling process was verified by a particle size
analyzer (PSA), as shown in Figure (4-1) (A, B). According to this technique, clay has
successfully been reduced to a particle size of less than 100 nm sized millings within
(40) hours.
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Figure (4-1): Laser Particle Size Analysers A (Clay). B (Nano clay)

4.2.2. Measurement of The Specific Surface Area m(SSA)

The total specific surface areas (SSA tta1) and pore structure parameters calculated from

the adsorption isotherms by using the BET and BJH plot methods, respectively for clay
and Nano clay. The results were presented in Table (4-1), which determined that
(SSA toral) increased from 24.875 to 27.248 m?g™ for Nano clay. From Figure (4-2), it
could be noticed that (SSA twtal) for Nano clay was type of IV. This means that pore
had a diameter between 2 nm and 50 nm [156]. The pore volume distributions in the

mesoporous of Nano clay using BJH analysis was shown in Figure (4-3).
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Table (4-1): SSA and pore volume of clay and Nano clay

BET Plot Clay Nano clay Units
Vi 5.7152 6.2604 [cm3 (STP)g]
8, BET( total 24.875 27.248 [m?g]
specific surface
Total pore volume 0.153 0.1423 [cm® g?]
Mean pore 24.601 20.896 (nm)
diameter
BJH Plot Clay Nano clay Units
Vi (specificpore | 45, 0.1361 [cm® g?]
volume)
ap (pore area) 30.971 32.031 [m?gt]
A B

NSTP) g

V.JemNSTP) g

v./em

Figure (4-2): SSA twtal Of A (clay). B (Nano clay) by BET
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Figure (4-3): Pore volume distributions in the mesoporous by BJH:
A (clay). B (Nano clay)

4.2.3. X-Ray Fluorescence (XRF)

The results obtained from the XRF technique are represented in Table (4-2), which

shows the chemical composition of Nano clay.

Table (4-2): The chemical composition of Nano clay (wt.%o).

SiO2 | Al2O3 | Fe203 | CaO | Na2O | K2O | MgO | TiO2 | MnO | P20s

53.994 | 11.098 | 5.193 | 7.846 | 0.696 | 0.581 | 3.384 | 0.879 | 0.031 | 0.478

4.2.4. Energy-Dispersive of The X-Ray Spectroscopy (EDS or EDX)

The individual chemical elements were determined through this technique in the form

of spectra (histograms), as shown in Figure (4-4).
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Figure (4-4): EDS analysis of Nano clay
4.2.5. Scanning Electron Microscope (SEM) Observations

4.2.5.1.SEM of Prepared Nano clay.

By scanning electron microscopy SEM, the structural, quality, and morphology
analysis of the prepared NC can be identified. The SEM image is shown in Figure
(4-5) which shows the calcined kaolin clay (metakaolin) before milling, while
figures (4-6) A and B illustrate the morphology, size, and distribution after 40 hours
of milling of ball-milled metakaolin (micro-clay). It can be seen that various
structures of the (NC) particles including spherical particles and irregular shape
particles as well as agglomerates were produced due to the squeezing action of the
ball-milling process. The Van-der-Vaal forces acting between the individual
particles induce this strong tendency for agglomeration that exists in the particles.
Thereafter ball-milled clay nanoparticles formed wide range of shapes from
irregular or spherical particles and agglomerates to rounded nanoparticles. As
shown from the results, several primary particles seem to cluster or fuse at their
faces and ranges (22.37, 35.66, 36.26) nm. The particle size of NC is not

homogeneous.
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Figure (4-5): Scanning Electron Microscope (SEM) of calcined kaolin clay
(metakaolin) before milling
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Figure (4-6): Scanning Electron Microscope (SEM) of Nano clay after milling
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4.2.5.2.SEM Observations and Microstructure Analysis of the Self-

Compacting Concrete Specimens with and without Nano clay.

The morphology observations through scanning electron microscopy (SEM) was
carried to understand the microstructure of the reference SCC and SCC specimens
mixed with NC. Figures (4-7), (4-8), (4-9), and (4-10) represent the morphological
features of the SCC microstructure with and without Nano clay particles at the age of
56 and 120 days, respectively. SEM micrographs of control mix hydrated for 56 days
are shown in Figure (4-7) (A). The morphology showed the proper distribution of
cement paste and other elements in the SCC structure. Furthermore, the visible cracks
can be seen in the SCC surface's morphology due to lower hydration and numerous
complex physio-chemical reactions.

In addition, the micrograph shows wet products such as C-S-H crystals and calcium
hydroxide Ca(OH) crystals attached to a large-pore C-S-H gel. By increasing the
duration of curing, it could be observed that the disappearance of Ca(OH). and a
moderate increase in matrix density as shown in Figure (4-7) (B), which represents the
SEM micrographs of the aqueous control mixture at 120 days. Moreover, at 120 days
of curing age, thin cracks can be seen, which means the upper curing age improved the
crack resistance. Furthermore, improving the crack resistance is evidenced for higher
mechanical strengths at the upper curing age (120-days).

Figures (4-8), (4-9), and (4-10) A and B show an SEM micrograph of a 2%, 4%, and
6% SCCs replacement for 56 and 120 days, respectively. From the NC micrographs, it
can be easily recognized that NC particles reduce the void ratio within the matrix and
results in a denser matrix. This belongs to two reasons. The first is the NC particles'

interaction with the residual CH from the cement hydration process, which results in a
greater amount of C-S-H gels, and the second is the filling effect in which the clay
nanoparticles fill all the nonporous. The mechanism by which nanoparticles can
improve the strength of cement slurry as follows: When a small amount of
nanoparticles is uniformly dispersed in the cement slurry, due to their large surface
energy during hydration, the cement hydrate products precipitate on the nanoparticles

and grow to form a mass containing the nanoparticles as nuclei.
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The cement slurry nanoparticles as the core improve and accelerate the cement's
hydration because of its high activity. A good microstructure with uniformly
distributed agglomeration may be formed when considering the case of uniformly
dispersed nanoparticles. By increasing the rate of nanoparticle replacement and
increasing the curing time of the concrete mixtures, as shown in figures, it can be
noticed that an increase in the microstructure's improvement is formed. At the age of

120 days, the best representation of the replacement percentage is 6 % NC.
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Figure (4-7): SEM images of the control mix: (A) at age of 56 days.
(B) at age of 120 days
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Figure (4-8): SEM images of the SCC 2% NC: (A) at age of 56 days.
(B) at age of 120 days
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Figure (4-9): SEM images of the SCC 4% NC: ((A) at age of 56 days.
(B) at age of 120 days
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Figure (4-10): SEM images of the SCC 6% NC: (A) at age of 56 days.
(B) at age of 120 days
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4.3. Fresh Properties Results

Fresh properties of SCC mixture containing NC and QLP were analyzed based on the
EFNARC criteria. The latest characterizations of all mixtures have been evaluated, and
the findings are outlined in Table (4-3) (see Appendix A) and Figures (4-11), (4-12),
(4-13), (4-14), (4-15), (4-16), (4-17) and (4-18).

4.3.1. Slump Flow Diameter(SED) Results

The slump flow diameter (SFD) of all the SCC specimens is illustrate in Figure
(4-11).The SFD results for all SCC mixes were classified between the SF2 and SF3
groups as per EFNARC (2005) standards [28]. Furthermore, the SFD results revealed
that the SCCO mix has the highest value of 800 mm and lied in the SF3 classification

only.
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Figure (4-11): Slump flow values of all mixes
However, the addition of NC and QLP caused a reduction in the SFD of the SCC mixes,
and the lowest value of 700 mm was obtained for SCC 4% NC- 50 QLP. Thus, the
obtained results revealed that the slump flow for NC addition at 2, 4, and 6% in mixture
reduced SFD by value 2.5%, 6.3%, and 8.8 %, respectively, compared to that of control
mix. For the addition of Q LP by value (50,75, and100) kg, the reduction was 11.9%,
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10%, and 8%, respectively, compared to SFD of control mix. Finally, addition of 4%
NC with QLP by value (50, 75, and100) kg, the decrease was 12.5%, 8.8%, and 6.3%,

respectively, compared to SFD of control mix.

The SFD results for adding NC alone in SCC mixtures reduced the SFD values from
780 mm to 720 mm which were lower than the reference specimen (SCCO0). It is mainly
because of the effect of NC paste nanoparticles on increase the surface area of
cementitious paste compared to the cement paste control, where the macron particles
causing increased water demand to absorb water, leaving less free water contributing

to the flow ability that makes the mixes drier than the control mix [157].

The other reason is the stiffening effect of NC also caused to reduces the SFD of SCC
mixes [158]. At the same time, QLP alone in SCC caused to increase in the SFD of
SCC mixes, but still lower than the reference SCC mix (SCCO0). In general, two reasons
for this phenomena can be hypothesized. The first is that the size of QLP is finer than
cement, and as a filler, it increases the overall surface area of the powder. The second
is that the pozzolanic reaction of QLP containing more CaO than cement, which can
induce a hydration reaction that causes a substantial decrease in water content. Ca(OH)>
is formed by the reaction where CaO particles react with water, which is very fresh and
more soluble than the factory-produced slacked lime and contributes to better
workability [159].

Higher QLP dosages lead to greater hydration reactions so that the slump flow steadily
rises but remain lower than the reference SCC mix. Moreover, the combined effect of
both NC (4% only) and different contents of QLP (50, 75 and 100) on SFD of SCC
mixes showed an increase in the results, but still lower than the SFD for the reference
SCC mix (SCCO0). It is mainly due to the existence of more voids in the paste, which
was created by the larger surface area of NC and quicklime particles compared to that
of SRC particles, and thus, there was a greater rise in demand for water to keep
consistency [160].

The increase in the CaO content produced from the NC and the production of calcium
hydroxide or slackened lime from the added dosage of QLP was the suggested reasons

to enhance the workability. Overall, reasons such as higher temperatures, higher initial
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slump, higher cement quality, high alkali, and low cement sulfate content as in the
Sulfate resistance cement (SRC) used in this study were suggested by several

experiments as the reasons behind the decrease in slump flow [161].

4.3.2. Tsoo Slump Flow and V-funnel Flow Times Results

Figure (4-12) shows the results of the Tsoo slump flow, and the obtained values were
ranged between (2.15-3.28) sec.
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Figure (4-12): Tsoo values of all mixes

Moreover, the V-funnel flow time results are shown in Figure (4-13), and the obtained
values were ranged from 10.2 sec to 21.1 sec. Both obtained results can therefore be
categorized into the VS2 / VF2 category as per EFNARC viscosity guidelines. The
lowest value of V-funnel flow time and T500 slump flow was achieved at 10.2 sec and
2.15 sec, respectively, for the control mix.

Furthermore, the highest values of V-funnel flow time and Tsoo slump flow were
achieved as 21.1sec and 3.8 sec, respectively, for the SCC 4% NC -50 QLP. The
interaction between V-funnel flow and Tsoo flow time is shown in Figure (4-14), and it

indicates the viscosity scale recommended by EFNARC 2005.
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Figure (4-14): Correlation between V-funnel time flow and Tsoo slump flow for

all mixes.
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The V-funnel flow time of mixes demonstrated nearly the same pattern with Tsoo flow
time by excellent relevant linear relationship (R? = 0.9411) of all mixtures between Tsoo
and V-funnel flow times. It can also be inferred that comparing to control mix, the
addition of (2, 4, and 6%) NC leads to a rise in the viscosity of mixed SCCs by
approximately (48.24, 63.7, and 78.43%).

The flocculation mechanism can be related to this pattern, leading to a thickened fresh
mix since NC particles increase the flocculation power of fresh cement mixtures.
Flocculation strength is identified as the resistance of the flow to breakdown under a
given shear condition. The actual effect of flocculation is to trap particles into the water,
raising the fraction of the solid volume and, therefore, stiffening the fresh mix
[161,162].

Compared with the reference mixture, V-funnel flow time was raised by 98.8% when
adding 50 kg of QLP. After that, by applying 75 and 100 kg of QLP, the V-funnel flow
time was continued to decline with rates of 88.2 and 84.4%, respectively.

These findings are probably due to the increase in the production of Ca(OH)., which
represents the result of the reaction of the quicklime with water in the cement paste.
When 4% NC with 50 kg QLP were added into the mixture, the highest viscosity was
obtained with a rise of 106.86% compared to that of the reference viscosity, which may
be due to the higher content of fines of QLP particles and ultra-fines as NC particles in
the mixtures which can lead to a local blocking effect.

Owing to the relatively high solid content and high packing density, the effective
diameters of the granular pore structure are very limited so that the fluid process can
hardly pass. The temporary vacuum will only be filled with fluid before the distance
between two larger grains is wide enough to be filled with medium-sized grains, which
significantly reduces the velocity of the larger grains. In general, this effect is one of
the causes of shear thickening behaviour [163], in addition to the active pozzolanic
reaction of both NC and QLP, which increases the demand for water absorption and
reduces workability.

The V-funnel flow time dropped rapidly and significant at the mix of 4% NC with 75
and 100 kg QLP, but it remains higher than the reference viscosity by 53.73% and
26.72%, respectively.
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That was due to the increase of CaO content from NC and the increase of QLP dosage;

an increase in Ca(OH). production was revealed and lead to improved viscosity.

4.3.3. Blocking Ratio (L-Box test) Results
Figure (4-15) shows the L-Box ratio results for all the SCC specimens. The Highest

value of L-Box's was obtained as 0.94 for control mix and SCC 2%NC, and the lowest
value of 0.86 was obtained for SCC 4% NC-50 QLP. The addition of NC gradually
reduced the L-Box ratio results, whereas QLP alone and together with NC caused
increasing the L-Box results of the SCC mixture. However, all the values were ranged
from 0.94 to 0.86 and were within a reasonable range for SCC on the EFNARC 2005
based passing ability. Thus, it can be remarked that the addition of NC and QLP
significantly affects the SCC mixture's passing ability. Furthermore, the relation
between V-funnel flow and L-Box ratio is shown in Figure (4-16). The interaction
between V-funnel flow time and L-Box ratio depicted that there is a strong meaningful
polynomial relationship (R% = 0.8616) between passing ability and viscosity which is

described by the results of the V-funnel flow time test.
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Figure (4-15): L-Box ratio values of all mixes
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Figure (4-16): Correlation between V-funnel and L-Box ratio for all mixes

4.3.4. Sieve Segregation Resistance Test Results

Figure (4-17) illustrates the segregation ratio (SR) of all the SCC mixes. The SR results
demonstrated that the addition of NC gradually reduced the SR by increasing the
content of NC. This is owing to NC's large specific surface area, ease of formation of
a flocculent network structure, and the ability to absorb more free water during wetting
[73]. Further, the addition of QLP and NC-QLP gradually reduced the SR of the SCC
mixtures. The control mixture and SCC 2% NC mixture have the highest SR value,
whereas the lowest value was achieved for SCC 50 QLP. However, all the obtained
values of SR for SCC mixtures are in SR2 classification as per ENFARC 2005.
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Figure (4-17): Sieve segregation resistance values of mixes

4.3.5. Fresh Density Test Results

Figure (4-18) shows the fresh density of the SCCs mixed with NC and QLP. The fresh
density of SCC mainly affected due to several parameters such as cement specific
gravity, aggregates and cementitious content additives. However, the specific gravity
is the main source to impact the flow ability and workability of SCC. In this study, the
water-to-binder ratio (w/b), coarse and fine aggregate content and superplasticizer
content were kept constant, with except for cement content, which was supplemented
by different proportions of NC as 2, 4 and 6%, QLP as 16, 23.4 and 29% or both (NC
and QLP) as 20, 27.4, and 33% by cement weight. The results showed a reduction in
the fresh density with NC and QLP. The addition of NC and QLP gradually reduced
the fresh density of SCC specimens. Moreover, the highest fresh density value of 2320
g/ cm® was obtained by the SCCO, while for SCC 4% NC-100 QLP recorded the lowest
value of 2110 g/ cm®. The decrease in density was due to the lower specific gravities
values of NC particles (2.6 g/cm®) and QLP (2.68 g/cm?®) as compound with specific
gravities values of cement (3.15 g/cm®) [164]. Therefore, increasing the quantity of
NC and QLP caused a reduction in the fresh density of the SCC mixtures.
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Figure (4-18): Fresh density values of all mixes

4.4. Hardened Concrete Results

Many parameters, such as the inclusion of reinforcement, weight percentages and kind
of reinforcement, can affect the hardened properties of SCC. Different weight
percentages of NC and QLP were mixed in SCC. The NC and QLP were refined and
replaced with different cement weight percentages to prepare SCC specimens.
Hypothetically, the refined size and the inclusion of NC and QLP significantly affect
the hardened properties of the SCC. The SCC specimens were cured for 7, 28, 56, 90,
and 120 days for conducting hardened properties. Mechanical tests (compressive
strength, splitting tensile strength, flexural strength, modulus of elasticity), Physical
tests (Ultra Pulse Velocity (UPV), the dry density of concrete, the volume of permeable
pores (Voids), water absorption), and Durability tests (the burning effects, and

resistance to sulfate attack by solutions MgSQO4) of SCC specimens were found.

4.4.1. Mechanical Tests Results
4.4.1.1. Compressive Strength Test Results

Table (4-4) (see Appendix A) and figure (4-19) show the compressive strength of
control and SCC mixtures incorporating various weight percentages of NC and QLP.

100



Chapter Four Results and Discussion

O7days E28 days m56 days @90 days B120 days

100
80

40

Compresive Strength (MPa)

Mixtures

Figure (4-19): Compressive strength for specimens mixed

The results revealed that the inclusion of Nano clay (NC) and quicklime (QLP)
increased the compressive strength of the SCC mixtures. Additionally, the compressive
strength increased by increasing the curing age at respective weight percentages of NC
and QLP. Moreover, the compressive strength values for NC and QLP (SCC 100 QLP)

were higher than the reference SCC specimen's compressive strength (SCCO).

Furthermore, the lower weight percentages of QLP caused to have compressive
strength lower than control mix, whereas all the contents of NC in SCC have higher
compressive strength.

The compressive strength for 2, 4 and 6% of NC mixed in SCC was higher than control
mix (SCCO) by 4.9%, 12.7% and 28.5% at 7 days curing age, 5.1%, 10.6% and 23.6%
at 28 days curing age, 5%, 8.7% and 19% at 56 days curing, 4.6%, 8.2% and 19% at
90 days curing, and 4.6%, 8% and 18.4% at 120 days curing age.

However, the overall maximum value of compressive strength was achieved for SCC
6% NC at 120 days curing age. This means that a higher percentage of NC and the most

upper curing age provided the maximum compressive strength value.

The growth in compressive strength of SCC mixed with NC is mainly due to NC
particles that exhibit pozzolanic behaviour in the cementitious matrix and react with

Ca(OH): crystals to create a dense Calcium Silicate-Hydrate (C-S-H) gel.
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In addition, NC particles can occupy the micro-pores and bind firmly with the bulk
volume of the matrix to build a more compact and incorporated microstructure [165].
The C-S - H gel is the main hydration component contributing to the stability, strength,

and improved cement-based materials' durability [162].

The compressive strength values of 50 QLP and 75 QLP mixes in SCC were less than
of reference SCC by about 8.9%, 8.6%, 8.7%, 9.4% and 8.2%, and 4.8%, 4.9%, 5.2%,
3.4% and 3.8% at 7, 28, 56, 90 and 120 days curing ages respectively.

While the 100 QLP mix in SCC provided higher compressive strength than SCCO by
about 4.3%, 4.5%, 3.9%, 4.1% and 4.6% 7, 28, 56, 90 and 120 days curing ages
respectively. It is well known that when pozzolans are used partially in concrete, its
strength is generally influenced by (i) cement hydration effect, (ii) chemical or
pozzolanic effect resulting from the reaction between amorphous silica and cement

hydration product Ca(OH)2, and (iii) finer pozzolan particle filler effect.

In this study, the water-cement ratio was kept constant to avoid the water-cement ratio's
influence on the SCC mixtures' strength. Therefore, the SCC QLP mixes' strength
should only depend on the available cement content and the QLP filler effect [166].

Finally, SCC specimens' compressive strength values mixed with 50, 75 and 100QLP
and 4% NC were higher than the reference SCC specimen (SCCOQ). The compressive
strength values were higher than SCCO by 3.4%, 6.3% and 9.6% at 7 days curing age,
5.2%, 5.9% and 8.6% at 28 days curing age, 1.4%, 3.8% and 5.4% at 56 days curing
age, 1.9%, 3.5% and 5% at 90 days curing age and 2.2%, 4.9% and 6.3% at 120 days
curing age for SCC specimens mixed with 4% NC-50 QLP, 4% NC-75 QLP and
4% NC-100 QLP mixes respectively.

Moreover, the main reason for obtaining the best value of compressive strength for this
mixture is NC and QLP inclusion's combined effect. Based on the obtained results in
this research, it can be concluded that NC and QLP have a significant effect on the
compressive strength of SCC. Furthermore, as comparing the NC to QLP, NC has a

more significant effect on the compressive strength of SCC. However, higher values of
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QLP replacement can provide significant compressive strength. Thus, the utilization of
both NC and QLP as replacing the cement positively impacts the manufacture of SCC.

4.4.1.2. Splitting Strength Test Results

The splitting strength was experimentally found for all SCC specimens cured at 28, 56,
90, and 120 -days. Table (4-5) (see Appendix A) and Figure (4-20) describe the
splitting strength of reference SCC (SCCO0) and SCC specimens mixed with Nano clay
(NC) and quicklime (QLP). The results revealed that the splitting strength gradually

increased with increasing the content of NC and QLP in SCC.
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Figure (4-20): Splitting tensile strength for specimens

Furthermore, the addition of NC alone has a more significant effect on SCC specimens'
splitting strength and produced higher values than reference SCC (SCCO0) and QLP
addition. The best value was obtained at SCC 6% NC as compared to QLP addition
and SCCO. This is due to the finer size and a specific gravity of NC, which improved

the specimens’ bonding and hydration [13, 57, 90].
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The splitting strength values of SCC 6% NC was higher than reference SCC by about
16.8%, 17.1%, 16% and 12.4% at 28, 56, 90 and 120 days curing ages, respectively.
Whereas the addition of QLP alone in SCC caused a gradual increase in splitting
strength of the SCC specimens. However, at lower weight percentages (50 and 75QLP),
the splitting strength values were lower than reference SCC (SCCO) specimens.

The splitting strength values of 50QLP and 75QLP mixes in SCC were less than of
reference SCC by about 14.9%, 14.1%, 9.8% and 15.7%, and 7.2%, 5.6%, 5.9% and
9.9% at 28, 56, 90 and 120 days curing ages respectively.

Also, the addition of NC and QLP together in SCC progressively increased the splitting
SCC specimens' strength. The highest value (4.9 MPa) of splitting strength was
obtained for SCC 4% NC-100 QLP. However, based on the obtained results, it can be
remarked that the addition of NC has a more significant effect on the splitting strength
of SCC as compared to QLP addition in SCC. Also, the combined addition of NC and
QLP has noticeable values for splitting the SCC specimens' strength.

4.4.1.3. Flexural Strength Test Results

Table (4-6) (see Appendix A) and figure (4-21) shows the flexural strength results for
reference SCC (SCCO0) and SCC specimens mixed with Nano clay (NC) and quicklime

(QLP).
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Figure (4-21): Flexural strength for SCCs mixtures
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The flexural strength was experimentally investigated for all the specimens cured at
28, 56, 90 and 120 days. The results revealed that flexural strength increased with
increasing the curing age at any respective weight percentage of NC and QLP.
Moreover, the addition of both NC and QLP caused a gradual increase in the flexural
strength of the specimens as is consistent with previous researches [62, 66].

The flexural strength values for SCC specimens mixed with NC only were higher than
other mixture. This is the reason that the best value of flexural strength was achieved
for SCC 6% NC specimens at any respective curing age. The flexural strength of 6%NC
was higher than SCCO by about 22.6, 25.4, 27.4, 26.5% at 28, 56, 90 and 120 days,
respectively. The main reason for such observation is the fine size of NC, which offered
better hydration in the mixture specimens.

Whereas the addition of QLP caused an increase in flexural strength of the specimens,
but at a lower weight percentage (50 and 75 QLP), the flexural strength was lower than
the reference SCC (SCCO) specimen at any respective curing age. The flexural strength
values of 50 QLP and 75 QLP mixes in SCC were less than of reference SCC by about
7.5%, 11.9%, 8.1% and 7.8%, and 1.9%, 3.4%, 3.2% and 3.1% at 28, 56, 90 and 120
days curing ages respectively. Furthermore, 100 QLP mix in SCC provided also higher
values than SCCO by about 8.6%, 6.4%, 4.6% and 11% at 28, 56, 90 and 120 days
curing ages, respectively.

While in combined addition effect, the NC and QLP produced a gradual increase in the
flexural strength, and the values were higher than the flexural strength of reference
SCC (SCCO0). Thus, it can be concluded that NC has a more significant effect on the

flexural strength of SCC specimens as compared to that of QLP.

4.4.1.4. Modules of Elasticity Test Results

Modulus of elasticity is mainly related to the compressive strength of concrete [167].
The modulus of elasticity was experimentally found for all the specimens cured at 90

days, as shown in Table (4-7) (see Appendix A) and figure (4-22).
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The results clearly showed that the modulus of elasticity of SCC specimens increased
with an increase in NC content than control mix by 6.83%, 19.77, and 26.1 of 2%, 4%,
and 6%NC, respectively. Moreover, the addition of 100 QLP and hybrid (4% Nano
clay+ (50, 75, and100) QLP) as a partial replacement of cement showed an increase of
modulus of elasticity than that of SCCO by about 3.25%, 4.9%, 12.1% and17%,
respectively.

Some critical parameters affect the modulus of elasticity of concrete such as, the coarse
aggregate properties, mix design, curing age, the aggregate-paste bond(transition
zone), density and porosity of cement paste matrix [168, 169].

In the concrete mixture, the Nano clay content also exhibits higher density, which
reduces the mixture's void content, which increases the elasticity module of the
hardened concrete [170].

While in combined addition effect, the NC and QLP produced a gradual increase in the
modulus of elasticity, and the values were higher than the modulus of elasticity of
reference SCC (SCCO0). Thus, it can be concluded that NC has a more significant effect

on SCC specimens' modulus' elasticity compared to that of QLP.
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Figure (4-22): Modulus of elasticity for specimens mixed
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4.4.2. Physical Tests Results

4.4.2.1. Dry Density Test Results

The dry density results of reference SCC (SCCQ0) and SCC mixed with NC and QLP at
7, 28, 56, 90 and 120 days curing ages are shown in Table (4-8) (see Appendix A) and
Figure (4-23).

B7 days 28 days H S6days m90 days H 120 days

2500
2400
2300

2200

2100

Dry Density (g /cm3)

Mixtures

Figure (4-23): Dry density of SCC samples
The values are varied from 2280 to 2410 g/cm?, 2335 g/cm®to 2418 g/cm?, 2365 g/cm?®
to 2435 g/cm?, 2370 g/cm® to 2465 g/cm?® and 2409 g/cm? to 2484 g/cm? for 7, 28, 56,
90 and 120 days curing ages respectively.

The results depicted that increasing the content of NC and QLP, the hardened concrete
density increased. Also, the hardened concrete density increased by increasing the
curing age at respective weight percentages of NC and QLP. Further, in comparison of
NC with QLP, the inclusion of NC provided higher values of the hardened concrete
density than SCC-QLP mixtures and reference SCC (SCCO) at respective curing age.

The main reason for it is because ettringite and calcium hydroxide filling the empty
space between the structure produced by the big ettringite and calcium hydroxide
crystals. This tends to increase the density and hence the transition zone's strength
between aggregate and cement paste [166].
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For QLP inclusion in SCC, the lower weight percentages of QLP (50 and 75) mixed in
SCC provided lower the hardened concrete density values as compared to that of
reference SCC (SCCO0). The main reason for it is due to the specific gravity value of
QLP as compared to the specific gravity value of cement.

For the combined effect of NC and QLP in SCC, the weight percentages of QLP
(50, 75 and 100) with 4% NC mixed in SCC provided the gradual increase in the
hardened concrete density of the specimens. Further, the hardened concrete density
values of such mixture specimens were higher than the hardened concrete density value
of SCCO. However, at SCC 100 QLP with 4% NC has best values of the hardened
concrete density at respective age and were higher than the hardened concrete density
values for reference SCC (SCCO0).

Moreover, the same pattern of results was also observed for compressive strength of
SCC 50 QLP and SCC 75 QLP with SCCO. It may be important to highlight that the
compressive strength and density of SCC are proportioned with each other irrespective
of any parameters.

The correlation between compressive strengths and density can be seen in Figure
(4-24).The results indicate that the mixing density showed almost the same
compressive strength pattern by an outstanding significant polynomial relationship
with a coefficient correlation of R? = 0.9857, 0.9496, 0.9077, 0.8405 and 0.8142 at 7,
28, 56, 90 and 120 days of age, respectively.

95 1 Comp.(7 days) = 2E-05D? - 0.1335D2 + 309.2D - 238727 Comp.(28days) = 4E-05D? - 0.257D2 + 602.12D - 470180

R? = 0.9857 R>=0.9496 | .

90 -
Comp.(56days) = 9E-05x* - 0.6776x> + 1620.4x - 1E+06
85 4 R?=0.9077

g0 - Comp.(90days) = TE-05x* - 0.4775x? + 1149.2x - 921902
R? = 0.8405
75 7 Comp.(120days) = -0.0001x" + 0.7965x - 1954 + 2E-+06

2=
7 | R?=0.8142

o5 Poly. (comp.strength 7 days )
i —Poly. (comp.strength 28 days )
60 - —Poly. (comp.strength 56 days)

—Poly. (comp.strength 90 days )

Compresive Strength (MPa)
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Figure (4-24) Relationship between compressive strength
and dry density for all mixes
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4.4.2.2. Ultra Pulse Velocity (UPV) Test Results

Table (4-9) (see Appendix A) and figure (4-25) shows the UPV results for reference
SCC specimen and SCC specimens mixed with NC and QLP. The UPV of all
specimens was calculated at 7, 28, 56, 90, and 120 days curing ages.

@7 day H 28 days B 56 days 90 days B 120 days

th

&
tn

UPV(km/sec)

Mixtures

Figure (4-25): Ultra Pulse Velocity for SCC specimens

The UPV values were obtained in the range of 4.255 to 4.673 km/s, 4.43 to 4.81 km/s,
4.512 to 4.89 km/s, 4.536 to 4.902 km/s and 4.553 to 4.925 km/s for 7, 28, 56, 90 and
120 days curing ages respectively. The results pattern defined that the UPV increased
by increasing the curing age.

It must be supposed that UPV is mainly dependent on concrete density, moisture
content, and curing duration. This is the reason that higher values of UPV were
obtained at the upper curing age period at any respective weight percentages of both
NC and QLP inclusion. In the comparison of NC to QLP, NC addition produced higher
UPV results than reference SCC (SCCO0) and QLP mixed in SCC specimens. It is
mainly because of the improvement in NC density as compared to cement (for SCCO0)
and QLP.

The highest value of UPV was obtained at higher content of NC (SCC 6% NC) with
respect to curing age. Furthermore, the smaller content of QLP (50 and 75 QLP)
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provided less and or the same values of UPV as compared to that of reference SCC
(SCCO0). However, these obtained results depicted a very high quality of concrete
according to IS: 13311 quality criteria [171].

Moreover, the UPV results showed the same pattern of compressive strengths as
obtained in the mechanical compressive strength. The main reason for it is because of
the polynomial relationship between both. Due to it the correlation illustrated in Figure
(4-26) showed that the UPV of mixes displayed the same compressive intensity pattern
with an outstanding positive exponential correlation coefficient relationship
R? = 0.9855, 0.9402, 0.9217, 0.8838 and 0.909at ages 7, 28, 56, 90 and 120 days,

respectively.
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Comp.(7 days) = 0.324V3:5289 Comp.(28 days) = 0.3334V35%1
i R*=0.9855 2 .o

90 R*=0.9402
_ Comp.(56 days) = 0.7309V3031 ~
ﬂc: 85 - R?*=10.9217
= Comp.(90days) = 0.9613 V28543
= 801 R? = 0.8838
Nt
=P Comp.(120) days = 1.135V27432
8 757 R* = 0,909
Z Power (comp.strength 7 days )
o 70
E Power (comp.strength 28 days )
S 65
g-' —Power (comp.strength 56 days)
= 60 -
@) —Power (comp.strength 90 days )
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—Power (comp.strength120 days )
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Figure (4-26): Relationship between compressive strength and
ultra-pulse velocity for all mixes

4.4.2.3. VVolume of Permeable Pores (\Voids) Test Results

Table (4-10) (see Appendix A) and Figure (4-27) show the voids results of reference
SCC (SCCO0) and SCC mixed with NC and QLP at 28, 56, 90 and 120 days curing ages.
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@28 days B56 days ®90 days B120 days

Voids %

O
Mixtures & & X9
Figure (4-27): Volume of permeable pores (Voids) for specimens mixed

The results describe that the increase of content NC and QLP leads to a decrease the
permeable voids. Also, it decreased by increasing the curing age at respective weight
percentages of NC and QLP. Furthermore, the addition of both NC and QLP caused a
gradual decrease in the voids of the specimens.

The volume of permeable pores values of SCC specimens mixed with NC only was
lower than that of reference SCC (SCCO0) and SCC specimens mixed with QLP. The
reason is that the best value of reduction in voids was achieved for SCC 6% NC
specimens at ay respective curing age. The voids of 6% NC were lower than SCCO by
about 32.38, 38.3, 47.12, 52.7% at 28, 56, 90 and 120 days.

The addition of nanomaterials has been reported to refine the pore structure of cement
paste or concrete, decrease the amount of mixed cement, and improve the mechanical
properties and durability of concrete [172,173]. Decreased voids are coherent with the

corresponding trend of bulk density, where density increased with time.

The reduction of voids leads to a denser hardened SCC with time associated with the
continuous hydration and pozzolanic reaction of NC, which takes place at a later age.

These two reactions give a similar product, i.e. calcium silicate hydrates, which refine
the pores of hardened SCC. For QLP inclusion in SCC, the lower weight percentages

111



Chapter Four Results and Discussion

of QLP (50 and 75) mixed in SCC provided higher voids values as compared to that of
reference SCC (SCCO) by about (7.9 and 2.8) %, (8.7 and 4.1) %, (7.4 and 2.2) %, (8.6
and 5.13) % at 28, 56, 90 and 120 days, respectively.

In combining the addition effect, both NC and QLP produced a gradual decrease in the
volume of permeable pores, and the values were lower than the volume of permeable
pores of reference SCC (SCCO0). Thus, it can be concluded that NC has a more

significant effect on the voids of SCC specimens as compared to that of QLP.

4.4.2.4. Water Absorption Test Results
Table (4-11) (see Appendix A) and Figure (4-28) indicates the water absorption of

control and SCC mixtures incorporating various weight percentages of NC and QLP.
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Figure (4-28): Water absorption of specimens.
The results revealed that the inclusion of NC and QLP decreased the water absorption
of the SCC mixtures. Additionally, the water absorption decreased by increasing the
curing age at respective weight percentages of NC and QLP.

Moreover, the water absorption values for NC and QLP (SCC 100 QLP) were lower
than that of the reference SCC. Further, the lower weight percentages of QLP caused
to have water absorption higher than SCCO, whereas all the contents of NC in SCC

have lower water absorption.
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Porosity in concrete is affected by the size of the interface zone between aggregates
and paste, which has control over the number of pore openings. Compared to bulk
paste, the porosity of this zone is higher [174]. The pores can appear as macro-pores,
capillary pores and gel pores in the concrete. Together with the macro-pores, pores of
(0.01-1) um in size have a real effect on ionic transport properties. For ionic transport
by capillary suction, as measured by water absorption, only pores about 0.5um in size

can be accessed by water [175].

In SCC, the proportion in which finer components tend to be higher while the coarser

components are lower than conventional concrete which is critical in achieving
moderate viscosity. A higher surface area of the solid particles with a higher finer
proportion will hold free water in the mixture. Also, in the absence of a compacting
process, free water is not disrupted. Therefore, there is a lower tendency to bleed and
accumulate water around aggregates, leading to lower pores in the ITZ [174, 175].

A higher addition of fillers or pozzolanic materials such as NC and QLP to the SCC
mix results in lower absorption of water [174], which may be associated with the
enhanced distribution of particles, reduction of inter-particle friction, and higher

packing density.

From what was mentioned previously, the water absorption of 6% NC was lower than
that of SCCO by about 25.5, 32.5, 47.4, 43.75% at 28, 56, 90 and 120 days, respectively.
Moreover, as comparing the NC to QLP, NC has a more significant effect on the water
absorption of SCC. However, higher values of QLP replacement can provide lower
water absorption. Thus, the utilization of both NC and QLP to replace the cement

positively impacts On SCC.

4.4.3. Durability Tests of Self-Compacting Concrete

4.4.3.1. Influence of High-Temperature Environment on SCC
Properties

| — Compressive Strength Results

The test results of the compressive strength values at (200, 400, 600, 800) °C under 3
hours heating time for all mixes at 56, 90 and 120 days curing ages are shown in Tables
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(4-12), (4-13) and (4-14), respectively (see Appendix A). The results revealed that the
loss of compressive strength ratio decreased by the inclusion of NC and QLP and
increasing the curing age. For all mixtures, compressive strength increases at 200 °C
and then decreases as the temperature rises above 200 °C. The SCC 6% NC mix
achieved the maximum gain in compressive strengths than its control mix (SCCO0). The
gain in compressive strength at 200 °C is 6.23%, 6.49%, and 6.34%, while the
corresponding minimum loss in compressive strength at 800 °C is 64.39%, 61.02%,

and 55.8% at ages 56, 90, and 120 days, respectively.

Figures (4-29), (4-30), and (4-31) showed that the heating conditions can be divided
into two stages (at room temperature to 200) °C, and (200 to 800) °C from the

perspective of SCC specimens' compressive strength at curing ages 56, 90 and 120

days.
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Figure (4-29): Residual compressive strength of SCCs containing NC and QLP
after exposure to a temperature at age 56 days
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Figure (4-30): Residual compressive strength of SCCs containing NC and QLP
after exposure to a temperature at age 90 days
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Figure (4-31): Residual compressive strength of SCCs containing NC and QLP
after exposure to a temperature at age 120 days

The results stated that the Nano clay improved the compressive strength under heating
temperatures because the specimens of Nano clay are denser as is consistent with
previous researches [86,102]. There is a decrease in the amount and extent of micro

cracking in the transition zone.
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Furthermore, the lower weight percentages of the mixtures containing QLP (50 and 75)
kg achieved a minimum gain at 200 °C and a maximum loss at 800 °C in compressive
strength. While higher values of QLP replacement can reduce the compressive strength
loss ratio. Finally, SCC specimens' compressive strength values hybrid (4% Nano
clay+ (50, 75 and 100QLP)) as a partial replacement of cement were higher than
reference SCC specimen(SCCO) under burning temperatures. Thus, the utilization of

both NC and QLP to replace the cement, has a clear effect on the production of SCC.

From above Figures can see that there is little increase in strength from (at room
temperature to 200) °C for the control mix, followed by a sharp decrease in the higher
heating degrees. As a result of the steam effect, the increase in strength up to 250 C
may well be due to the continuous hydration of un hydrated cement grains under the
so-called internal autoclaving effect condition. On the other hand, the specimens with
Nano Clay and QLP showed an increase in compressive strength higher than that of

control specimens at (at room temperature to 200) °C stage.

The increase in strength of blended cement mortars may be due to the pozzolanic the
reaction of amorphous aluminosilicate (Al.O3 2SiO5) present in NC and QLP with CH
freed during SRC hydration. That could be form an additional amount of C-S-H that
has low Ca/Si ratio with high resistance as well as calcium aluminates hydrate
(C-A-H) phases that deposit in the pore system [176, 177].

The thermal effect might cause water migration at high temperatures, whereas
dehydration of moisture supply from outside is insufficient. Due to the heterogeneous
volume dilatations of ingredients and the buildup of vapor in the pores, internal stress
micro, and macro cracks are generated. Therefore, the observed decrease in
compressive strength of mixtures concrete containing nanomaterials and QLP at higher
temperatures, especially above 200 °C, may be due to internal thermal stress generated

around pores, which generate micro-cracks [177].

The decrease in SCC mixtures' compressive strength at (200 to 800) °C is attributed to
the break-down of interfacial bond due to incompatible volume change between cement
paste and aggregate during heating and dehydration of the calcium-silica hydrate in

cement paste [57].
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Results showed remarkable enhancement for mixes that have Nano additives in their
composition with different ratios.

I1-Mass Loss Results

The mass loss results of reference mix (SCCO0) and SCC mixed with NC and QLP at
56, 90 and 120 days curing ages at (200, 400, 600, 800) °C under 3 hours heating time
are shown in Tables (4-15), (4-16) and (4-17) (see Appendix A) and Figures (4-32),
(4-33) and (4-34) respectively.

The results revealed that the mass loss ratio decreased by increasing the replacement
ratio of NC and QLP and increasing the curing age. Moreover, the mass loss values of
NC and QLP (SCC 100 QLP) were lower than the mass loss of reference SCC specimen
(SCCO). Furthermore, the lower weight percentages of QLP caused mass loss higher
than that of SCCO, whereas all the contents of NC in SCC have a lower mass loss.
However, the overall minimum value of mass loss ratio was achieved for SCC 6% NC
at 120 days curing age at (200, 400, 600, 800) °C under 3 hours heating time. This
means that at the higher percentage of NC associated with the most upper curing age

provided the minimum value of mass loss ratio.
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Figure (4-32): Mass loss of mixtures after exposure to a burning temperature at

age 56 days
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Figure (4-33): Mass loss of mixtures after exposure to a burning
temperature at age 90 days
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Figure (4-34): Mass loss of mixtures after exposure to a burning
temperature at age 120 days
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The temperature ranges of (200 to 400) °C is the most favorable for the dehydration of
general cement paste components (tobermorite gel, ettringite, and C-S-H gel); this
could explain the mass loss in this temperature region. Portlandite decomposes to CaO
above 400 °C and escaping water vapor causes another loss of mass.

Temperatures above 600 °C lead to calcite decomposition, and the CO- originates from
the cement paste escapes, thus reducing its mass. Anhydrite decomposition may be one
of the causes of higher mass loss at temperatures of 800 °C [178].

Figure (4-35) showed the shape of the cement paste after subjecting it to a 600 °C

burning through the compressive strength test.

Figure (4-35): The specimen failure at age 90-day under temperature 600°C
at 3 hours heating duration.

4.4.3.2. Influence of a Magnesium Sulfate Attack Environment on
SCC Properties.

I- Visual Observation.

There was no change in the dimensions of the SCC specimens. Still, efflorescence

was observed on the surface of the specimens immersed in both 5%,10%, and 20%
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MgSOs solutions for 30, 60 and 90 days’ immersion, and it increased with an increase
in the concentration and days of immersion. The photograph of the specimens was

shown in Figure (4-36).

Figure (4-36): Specimens exposed to magnesium sulfate attack

I1-Mass Loss Results

After immersion in cycles wet and dry 5%, 10% and 20% MgSOQs solution for 30, 60
and 90 days, the ratio of loss mass was determined. The results were compared with
those of specimens stored at the same ages in ordinary curing water at ages 56, 90, and
120 days.

The resulting specimen’s deterioration is presented in Tables (4-18), (4-19), and
(4-20) (see Appendix A) and Figures (4-37), (4-38), and (4-39), respectively.

The results showed the mass loss values for NC, QLP (SCC 100 QLP) and inclusion
of NC and QLP were lower than the mass loss of reference SCC specimen (SCCO).
Furthermore, the lower weight percentages of QLP caused to have mass loss higher
than SCCO, whereas, all the contents of NC in SCCs have a lower mass loss. However,
the overall minimum values of the loss of mass were achieved for SCC 6% NC.
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Figure (4-37): Percentage loss of mass after immersion in cycles wet and dry

magnesium sulfate for 30 days.
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Figure (4-38): Percentage loss of mass after immersion in cycles wet and dry

magnesium sulfate for 60 days.
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Figure (4-39): Percentage loss of mass after immersion in cycles wet and dry
magnesium sulfate for 90 days.

Finally, SCC specimens' mass loss values mixed with 50, 75 and 100 QLP, and 4% NC
were lower than reference SCC specimen (SCCQ0). Moreover, for most mixtures, the
rate of mass loss was low due to low porosity, the low content of CsS as a result of the
use of sulfate resistant cement and the pozzolanic reaction of nanomaterials that
consume this compound. Generally, exposure to sulphate causes an increase in the
volume of cement paste in concrete or motor. It can be explained that sulfate ions in
the soil, groundwater and seawater diffuse into the hydrated cement paste and react
with C3A in the presence of Ca(OH). to form ettringite and gypsum, causing concrete

expansion and deterioration [179].

The degradation mechanism can be explained due to magnesium sulfate attack, brucite
(Mg(OH)) is also formed and brucite retards the adverse effects of sulfate attack at a
preliminary stage. In the following stages, however, the decomposition of C-S-H gel
to M-S-H gel occurs; thus, the binder is softened, and mechanical strength is reduced
[180].
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I11- Variation in UPV After Exposure to Magnesium Sulfate Results

The experimental results from the cube specimens (100 x 100 x 100) mm with wi/c of
0.38 achieved a lower loss of UPV for period 30,60, and 90 days after immersion in
cycles wet and dry 5%, 10% and 20% MgSOs solution. The results were compared
with those of specimens stored at the same ages in ordinary curing water at ages 56,
90, and 120 days. The ultrasonic test methodology is based on the fact that the time of
propagation expresses the material density that could be correlated with the mechanical

properties, such as the compressive strength and the elasticity module [181] .

Tables (4-21), (4-22), and (4-23) (see Appendix A) and Figures (4-40), (4-41) and
(4-42), respectively, present results of UPV losses.
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Figure (4-40): Change in UPV after immersion in cycles wet and dry
magnesium sulfate for 30 days.
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Figure (4-41): Change in UPV after immersion in cycles wet and dry

magnesium sulfate for 60 days.
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Figure (4-42): Change in UPV after immersion in cycles wet and dry
magnesium sulfate for 90 days.
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The results showed that UPV loss values for NC, QLP (SCC 100 QLP), NC and QLP
inclusion were lower than that of the reference SCC specimen UPV loss (SCCO).
Besides, UPV loss greater than that of control mix which was caused by the lower
weight percentages of QLP, whereas all NC contents in SCCs have a lower loss of
UPV.

For SCC 6 % NC, however, the overall minimum values of UPV loss were achieved.
Finally, the UPV loss values of SCC specimens mixed with 50, 75 and 100 QLP, and
4 % NC were lower than that of the reference SCC specimen values (SCCO).

The low loss of UPV of the samples can be explained for several reasons, including (1)
using self-compaction concrete known for its high durability. (2) using sulfate-resistant
cement increases the loss resistance of the mass. (3) using Nano clay increases the
density of concrete to the severity of its pozzolanic reaction, thus reduces the voids
inside the concrete, which in turn reduces the permeability of the sulfate ion inside the

concrete.

IV- Compressive Strength Loss Results

Tables (4-24), (4-25), and (4-26) (see Appendix A) and Figures (4-43), (4-44), and
(4-45) indicates the compressive strength of control and SCC mixtures incorporating
various weight percentages of NC and QLP which was studied after 30, 60, and 90 day

of immersion in 5%, 10%, and 20% magnesium sulfate solution.

The results were compared with those of specimens stored in fresh water at the same
ages. Additionally, the percentage loss of compressive strength was observed to be
increased with increasing time at 5,10 and 20 respective weight percentages of sulfate
solutions. Moreover, the compressive strength loss values for NC, QLP (SCC 100
QLP) and inclusion of NC and QLP were lower than the compressive strength loss of
reference SCC. Furthermore, the lower weight percentages of QLP caused to have
compressive strength loss higher than SCCO, whereas, all the contents of NC in SCC

have lower compressive strength loss.
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Figure (4-43): Loss of compressive strength for mixtures after immersion in
cycles wet and dry in magnesium sulfate for 30 days
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Figure (4-44): Loss of compressive strength for mixtures after immersion in

cycles wet and dry in magnesium sulfate for 60 days
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Figure (4-45): Loss of compressive strength for mixtures after immersion in
cycles wet and dry in magnesium sulfate for 90 days

The strength loss at 30 days of sulfate immersion was lower than that of control mix
(SCCO0) by 20%, 31.43% and 39.43% at 5% MgSOs4, 17.14%, 25.71% and 31.43% at
10% MgSOs4, 14.6%, 22.9% and 27.1% at 20% MgSO4 for 2, 4 and 6% of NC mixed
in SCCs respectively.

At 60 days of sulfate immersion, the strength loss was lower than SCCO by 18.92%,
27% and 34.6% at 5% MgSOs, and 13.9%, 24.4% and 30% at 10% MgSO4, and
10.7%,21.3% and 29.5% at 20% MgSOs for 2, 4 and 6% of NC mixed in SCCs

respectively.

Finally, the strength loss at 90 days of sulfate immersion was lower than SCCO by
23.34%, 46.7% and 56.7% at 5% MgSOa, 19%, 34.9% and 44.5% at 10% MgSQOsa,
9.6%, 22.9% and 40.4 % at 20% MgSOQO4 for 2, 4 and 6% of NC mixed in SCCs

respectively.

However, the overall minimum values of the compressive strength loss were achieved
for SCC 6%NC. The lower loss of concrete strength with Nano clay shows that it serves
as a filler to increase the micro's density and acts as an activator in the hydration
reaction. Nano clay freely mixes with free calcium oxide resulting in further reactions

that form new cement paste and chemically stable. This affects the relationship between
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the mortars, and the inter-surface zone which becomes stronger and increases the bonds

between coarse aggregate and mortar.

The impermeability of concrete is enhanced, leading to a smaller amount of water-
soluble SO42 content in concrete under the sulfate attack. The nanomaterial can also
reduce calcium aluminate (C3A) content in cementitious material, leading to increase

sulfate resistance of concrete [182] .

The compressive strength loss values of QLP 50 and QLP 75 mixes in SCC were higher
than that of reference SCC, While the 100 QLP mix in SCC provided lower the strength
loss than SCCO due to the gypsum and ettringite content which were reduced under
sulfate attack by using the large amount replacement of cement by pozzolans materials.
Finally, SCC specimens' compressive strength loss values mixed with 50, 75 and 100
QLP and 4% NC were lower than reference SCC specimen (SCCO0).

The strength loss values were lower than the SCCO at 30 days of sulfate immersion by
8.6%, 17.14% and 26.86% at 5% MgSOQs4, 2.9%, 5.1% and 20% at 10% MgSQs4, 1.5%,
5% and 14.6% at 20% MgSO4 for SCC specimens mixed with 4% NC-50 QLP,
4% NC-75 QLP and 4% NC-100 QLP mixes respectively.

At 60 days of sulfate immersion, the strength loss was lower than SCCO by 8.1%,
12.43% and 24.32% at 5% MgSO., and 6.97%, 11.63% and 18.84% at 10% MgSOs,
and 6.23%,7.37%, and 15.6% at 20% MgSOa, for SCC specimens mixed with 4% NC
and (50 QLP, 75 QLP, 100 QLP) mixes respectively.

Finally, the strength loss at 90 days of sulfate immersion was lower than SCCO by 10%,
36.7% and 40% at 5% MgSOa, 12.7%, 23.8% and 28.6% at 10% MgSQs, 7.23%, 12%
and 18.1 % at 20% MgSO4 for SCC specimens mixed with 50, 75 and 100 QLP and
4% NC respectively.

Furthermore, at a higher weight percentage of QLP (100 QLP) and 4% NC has the
best value of compressive strength loss compared to reference SCCs. The main reason
for obtaining the best value of this mixture's strength loss is NC and QLP inclusion's
combined effect. Although the samples did not significantly degrade compared to the
high concentration of magnesium sulfate of 20% in the most extended curing period at
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90 days due to the use of sulfate-resistant cement containing a low amount of C3A the
primary source of attack sulfate.

However, the highest resistance loss was 9.6% for the mixture SCC 50 QLP, but NC
roughly halved the loss for the same concentration and same duration and was 4.95%.
Based on the obtained results in this research, it can be concluded that the NC and QLP
have a significant effect on the resistance of sulfate of the SCC. Moreover, as

comparing the NC to QLP, NC has a more significant effect on the resistance.

However, higher values of QLP replacement can provide significant resistance of
sulfate. Thus, the utilization of both NC and QLP to replace the cement positively
impacts fabrication SCC. Figure (4-46) shows the sample of SCCO after exposed to
10% MgSO4 solution at age 120 days.

Figure (4-46): Sample of control mix (SCCO0) after immersion cycles wet and dry
in 10% MgSOasolution at 120 days.
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Chapter Five

Conclusions and Recommendations

5.1. Conclusions:

[EEN
1

Based on the obtained results in this experimental research, the following
conclusions have been drawn as presented below:

After upgrading the clay (enrichment) by sulfuric acid leaching at room
temperature and intensive mechanical treatment, Nanoclay was successfully
obtained by ultrafine grinding (Ball milling) method after (40) hours with a
particle size of less than 100 nm.

The Nano clay characterization reveals spherical particles with odd forms and
fusible agglomerates.

The results confirmed that the NC served as cement replacement and an
activator to improve the hydration process and absorb Ca (OH): calcium
hydroxide crystals to create more C-S-H that filling the pores to intensify the
strength.

The wet mixing technique is a better method for appropriately dispersing NC
which used a mixer motor of NC with water.

Fresh properties outcomes were within the limitations of EFNARC 2005 for
SCC.

By increasing the viscosity of SCCs, the injection of NC into SRC mixtures
reduced the fresh properties and thus avoided the isolation and bleeding of
fresh mixtures. Correspondingly, more viscous properties obtained when
utilized NC and QLP together in SCC mixtures.

Hardened characteristics of SCC mixtures were developed by NC
incorporation increased up to 6%.

Using of the higher amount of QLP can improved the hardened properties of
SCC but utilization of the small quantity obtained lower hardened results than

that of the reference mix.
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9- Similarly, the combined use of NC and QLP led to improve hardened

properties.

10- Exposure to 800 °C temperature degree for 3 hours causes SCCO (control mix)
to lose about 75.44 %, 72.92 %, and 70.43 % of its strength at ages 56, 90, and
120 days, respectively, those ratios are very dangerous and can cause building
structure failure, this must be a strong motive for researchers to continue their
research in this field.

11- The 6 % of Nano clay, and hybrid (4% Nano clay+100 QLP)) as a partial
replacement of cement found to be the best ratios to improve concrete
resistance to fire at 800 °C under 3 hours for ages 56, 90, 120 days. The
improvement percent were 14.6 %, 16.32 % and 20.74 % for SCC specimens
mixed with 6% NC, and 6.83%, 11.6%, and13.62% for SCC specimens mixed
with 4% NC-100 QLP. Moreover, it was found to be the best percent to
improve concrete resistance for 20% MgSOg solution at 30, 60, and 90 days,
the improvement percent were 27%, 29.5, and 40.36% for SCC specimens
mixed with 6% NC and 14.6%,15.6%, and 18% for SCC specimens mixed with
4% NC-100 QLP.

12- The reduction compressive strength for the SCCO due to immersion in 20%
solution of MgSO4 was about 4.8%, 6.1%, and 8.3% at 30, 60 and 90 days,
respectively. Increase percent with time of exposure to periodic immersion and
drying, which decrease in the structure's service lifetime and early maintenance
of parts exposed to sulfate attacks, that resulting in great economic losses.

13- Incorporating of NC and QLP in SCC positively effect on improved UPV
results.

14- The utilization of NC alone provided better results as compared to QLP.
Therefore, to obtain environmentally sustainable concrete, it seems fitting to
use a limited volume of NC to make significant improvements in the properties
of SCC mixtures.

15- Since NC particles are finer and have a larger surface area, the specimens with

them were denser, reducing porosity in concrete. Therefore, the use of Nano
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clay should be widespread to extend the lifespan of the structures under severe
chemical environments.

5.2. Recommendations for Future Work.

5.2.1. Recommendations for (NC) Manufacture

1- To avoid environmental pollution such as dust collectors, provide a
controlled system for manufacturing NC.

2- Nano clay obtained by ball milling Kaolinite clay which can be produced
in large quantities, at low costs, and in a sustainable manner, allowing for
widespread use in concrete. It can replace cement in concrete mixes, which

Is the most expensive and environmentally unfriendly component.

5.2.2. Recommendations for Future Research Work

1- Using the same or different types of NC (kaolinite) but different mineral
admixtures and fillers, more research could be done to produce SCC using the
same or different methods. To increase the strength target for the produced
SCC, silica fume, fly ash and rice husk ash can be used.

2- Using higher percentages of NC such as 8%, 10% and studying its properties
on fresh and hardened SCC mixture.

3- Conducting chemical durability tests, especially for the sulfuric acid and rapid
chloride permeability.

4- Examining the structural behaviour of SCC constructed with various structural

elements (beams, slabs and columns).
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Appendix A

Table (4-3): Fresh properties results.

Slump Flow | V-
fu_nnel L -Box Seg r_egation Fres_h
Mix 1D D | Tsoo | time Resistance | Density
(mm) | (sec) | (t) (%) (k /cm?)
(sec)
Control Mix 800 | 215 | 10.2 | 0.94 14.2 2320
SCC 2% NC 780 | 2.75 | 15.12 | 0.94 14 2300
SCC 4% NC 750 | 2.81| 16.7 | 0.92 12.4 2280
SCC6% NC 730 | 29 | 182 | 0.89 10.8 2260
SCC 50 QLP 705 | 3.1 | 20.28 | 0.88 10 2250
SCC 75 QLP 720 | 298 | 19.2 0.9 11.8 2230
SCC 100 QLP 735 | 295 | 18.81 | 0.92 12.2 2210
SCC4%NC+50 QLP | 700 | 3.28 | 21.1 | 0.86 11.1 2200
SCC4%NC+75 QLP | 730 | 2.88 | 15.68 | 0.92 11.6 2160
SCC4%NC+100 QLP | 750 | 2.5 | 12.88 | 0.93 12.3 2110
Table (4-4): Compressive strength results
_ Compressive Strength (MPa)
Mix 1D 7 day 28day |56day |90day |120day
Control Mix 58.46 69.32 74.1 76.44 77.1
SCC 2% NC 61.3 72.85 77.8 79.97 80.63
SCC 4% NC 65.89 76.7 80.52 82.69 83.25
SCC6% NC 75.1 85.7 88.16 90.9 91.31
SCC 50 QLP 53.25 63.36 67.68 69.26 70.79
SCC 75 QLP 55.66 65.98 70.24 73.51 74.94
SCC 100 QLP 61.1 72.6 77.13 79.7 80.83
SCC4%NC+50 QLP 60.47 72.91 75.17 77.88 78.8
SCC4%NC+75 QLP 62.13 73.39 76.91 79.13 80.9
SCC4%NC+100 QLP 64.05 75.27 78.1 80.2 81.97




Table (4-5): Splitting tensile strength of SCC specimens.

T T Splitting Tensile Strength(MPa)
28 day 56 day | 90 day 120 day

Control Mix 3.88 4.1 4.57 5.16
SCC 2% NC 4 4.5 4.97 5.3
SCC 4% NC 4.17 4.61 5.2 9.5
SCC6% NC 4.53 4.8 5.3 5.8
SCC 50 QLP 33 3.52 4.12 4.35
SCC 75 QLP 3.6 3.86 4.3 4.65
SCC 100 QLP 3.75 4.35 4.8 5.1
SCC4%NC+50 QLP 3.9 4.1 4.45 491
SCC4%NC+75 QLP 41 4.6 5 5.3
SCC4%NC+100 QLP 4.3 4.86 54 5.65

Table (4-6): Flexural strength results.

Flexural Strength (MPa)
Mix 1D 28day | 56day |90 days | 120 day

Control Mix 53 5.9 6.2 6.4
SCC 2% NC 55 6.5 6.9 7.2
SCC 4% NC 6.1 6.7 7.1 7.5
SCC6% NC 6.5 7.4 7.9 8.1
SCC 50 QLP 4.9 5.2 5.7 5.9
SCC 75 QLP 5.2 5.7 6 6.2
SCC 100 QLP 5.8 6.3 6.5 7.2
SCC4%NC+50 QLP 5.7 6.1 6.6 7.1
SCC4%NC+75 QLP 5.9 6.4 6.8 7.3
SCC4%NC+100 QLP 6 6.6 7 7.4




Table (4-7): Modulus of elasticity results.

Mix Ec (GPa)

Control Mix 36.32
SCC 2% NC 38.8
SCC 4% NC 435
SCC6% NC 45.8
SCC 50 QLP 32.6
SCC 75 QLP 34.1
SCC 100 QLP 375
SCC4%NC+50 QLP 38.1
SCC4%NC+75 QLP 40.7
SCC4%NC+100 QLP 425

Table (4-9): Results of dry density for SCCs

Dry Density (g /cm?)

Mix 1D 7 day 28day |56day |90day |120day
Control Mix 2361 2390 2396 2442 2449
SCC 2% NC 2378 2398 2406 2446 2452
SCC 4% NC 2390 2410 2425 2450 2460
SCC6% NC 2410 2418 2435 2465 2484

SCC 50 QLP 2280 2335 2365 2370 2409
SCC 75 QLP 2330 2370 2393 2415 2443
SCC 100 QLP 2370 2392 2400 2441 2460
SCC4%NC+50 QLP 2367 2395 2409 2445 2462
SCC4%NC+75 QLP 2373 2395 2415 2448 2470
SCC4%NC+100 QLP 2388 2398 2420 2456 2478




Table (4-8): Ultrasonic pulse velocity results.

UPV km/sec
Mix 1D

7 day 28 day | 56 day 90 day 120 day
Control Mix 4.348 4510 | 4.580 4.615 4.639
SCC 2% NC 4.405 4,532 4.667 4.709 4.726
SCC 4% NC 4,505 4.662 4.709 4.813 4.845
SCC6% NC 4,673 4.810 4.890 4.902 4.925
SCC 50QLP 4.255 4430 | 4512 4.536 4553
SCC 75 QLP 4.292 4498 | 4525 4.562 4593
SCC 100 QLP 4.430 4,558 4,595 4.620 4.680
SCC4%NC+50 QLP 4.390 4572 4.618 4.682 4.728
SCC4%NC+75 QLP 4.465 4578 4.622 4.692 4.733
SCC4%NC+100 QLP | 4.470 4.630 4.659 4.699 4.740

Table (4-10): Permeable pores voids results.

_ Permeable Pores Voids (%)
Mix ID 28 | 56 | 90 | 120
Control Mix 105 | 94 | 87 | 74
SCC 2% NC 98 | 83 | 71 | 58
SCC 4% NC 85 | 69 | 53 | 4.1
SCC6% NC 71 | 58 | 46 | 35
SCC 50 QLP 114 | 103 | 94 | 81
SCC 75 QLP 108 | 98 | 89 | 7.8
SCC 100 QLP 10 | 88 | 75 | 6.1
SCC4%NC+50 QLP 103 | 9.1 | 85 7
SCCA%NC+75QLP | 95 | 81 | 69 | 55
SCC4%NC+100QLP | 88 | 73 | 57 | 45




Table (4-11): Water absorption results

Water Absorption %

Mix 1D 28day |56day |90day | 120 day
Control Mix 4.7 4 3.8 3.2
SCC 2% NC 4.2 3.8 3.2 2.7
SCC 4% NC 3.8 3 2.6 2.1
SCC6% NC 35 2.7 2 1.8
SCC 50QLP 5 4.6 4.3 3.7
SCC 75 QLP 4.8 4.3 4 3.5

SCC 100 QLP 45 3.7 3.3 2.8
SCC4%NC+50 QLP 4.3 3.9 3.6 3
SCC4%NC+75 QLP 3.9 35 3 2.7
SCC4%NC+100 QLP 3.6 2.9 2.5 2
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Table (4-18): Mass (gm) of mixtures after immersion in cycles wet

and dry magnesium sulfate for 30 days.

Mass
0% Mass Mass Mass
Mix 1D MgSO: | 5% ";:S 10% "ogjs 20% "&:’S
at56 | MgSOq MgSQO, MgSQO,
days
Control Mix | 2396 | 2392 | 015 | 2378 | 0.75 | 2362 | 142
SCC 2% NC | 2406 | 2404 | 01 | 2392 | 06 | 2378 | 116
SCC4%NC | 2425 | 2423 | 008 | 2413 | 05 | 2402 |0.958
SCCB% NC 2435 | 2434 | 0.04 | 2424 | 045 | 2414 | 0.88
SCC 500QLP | 2365 | 2362 | 014 | 2346 | 082 | 2328 | 1561
SCC750LP | 2393 | 2390 | 012 | 2374 | 079 | 2357 | 1.495
SCC100QLP | 2400 | 2398 | 0.09 | 2384 | 0.66 | 2370 | 1.249
0,
SCC4Q/;’_NPC+50 2409 | 2406 | 0.12 | 2394 | 062 | 2380 | 1.22
0,
SCC“Q/;’_NPCJ% 2415 | 2413 | 01 | 2401 | 058 | 2388 |1.105
0,
SCC“SE:DC”OO 2420 | 2418 | 0.08 | 2407 | 054 | 2395 |1.034

Table (4-19): Mass (gm) of mixtures after immersion in cycles wet

and dry magnesium sulfate for 60 days.

Mass
0% Mass Mass Mass
Mix ID MgSO: | 5% "(;:S 10% "03(')35 20% "(;:S
at90 | MgSO, MgSO, MgSO,
days
Control Mix 2442 | 2432 | 0.42 | 2422 | 081 | 2405 | 15
SCC 2% NC | 2446 | 2438 | 033 | 2430 | 067 | 2416 | 1.22
SCC4%NC | 2450 | 2443 | 0.29 | 2437 | 054 | 2425 | 1.03
SCC6% NC 2465 | 2459 | 024 | 2452 | 051 | 2442 | 0.97
SCC 500LP | 2370 | 2359 | 047 | 2349 | 088 | 2331 | 1.65
SCC750QLP | 2415 | 2404 | 044 | 2395 | 083 | 2377 | 1.58
SCC100QLP | 2441 | 2431 | 039 | 2423 | 073 | 2409 | 1.32
0,
SCC“Q/;’_NPCJ’SO 2445 | 2436 | 037 | 2428 | 069 | 2414 | 1.25
0,
SCC“Q/:’_NPC”E’ 2448 | 2440 | 034 | 2432 | 065 | 2419 | 1.18
0,
SCC“SFF?”OO 2456 | 2449 | 027 | 2441 | 06 | 2429 | 1.11
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Table (4-20): Mass (gm) of mixtures after immersion in cycles wet

and dry magnesium sulfate for 90 days.

Mass
0% Mass Mass Mass
Mix ID MgSO: | 5% "(;fs 10% "03:5 20% "(333
at120 | MgSO, MgSO4 MgSO4
days
Control Mix 2449 | 2436 | 053 | 2428 | 0.86 | 2409 | 1.63
SCC2% NC | 2452 | 2442 | 042 | 2433 | 076 | 2419 | 1.33
SCC4%NC | 2460 | 2451 | 038 | 2444 | 065 | 2431 | 1.21
SCCB% NC 2484 | 2476 | 032 | 24690 | 06 | 2457 | 1.15
SCC 50QLP | 2409 | 2395 | 058 | 2386 | 0.97 | 2362 | 1.95
SCC750LP | 2443 | 2430 | 055 | 2421 | 0.91 | 2401 | 1.7
SCC100QLP | 2460 | 2448 | 048 | 2440 | 081 | 2424 | 1.48
0,
SCC“Q/"LNPC+5O 2462 | 2451 | 045 | 2443 | 078 | 2426 | 1.45
0,
SCC“Q/"LNPC+75 2470 | 2460 | 042 | 2452 | 074 | 2438 | 1.3
0,
SCC4£’|'_\'F?+1OO 2478 | 2469 | 038 | 2461 | 0.69 | 2447 | 1.25

Table (4-21): UPV results for the mixtures after immersion in cycles
wet and dry magnesium sulfate for 30 days.

UPV( km/sec)
0%

Mix ID MgSQO, 5% Loss | 10% | Loss 20% Loss
at 56 MgSOs | % MgSOs | % MgSO4 %
days

Control Mix 458 | 4557 | 05 | 4552 | 062 | 4547 | 0.71
SCC2% NC | 4667 | 4647 | 043 | 4643 | 052 | 4638 | 0.62
SCCA%NC | 4709 | 4693 | 035 | 4691 | 039 | 4686 | 048
SCC6% NC 480 | 4875 | 03 | 4873 | 034 | 4869 | 043
SCC 500LP | 4512 | 4476 | 0.8 | 4473 | 087 | 4468 | 0.98
SCC750LP | 4525 | 4496 | 0.65 | 4492 | 074 | 4487 | 084
SCC1000QLP | 4595 | 4573 | 048 | 4568 | 059 | 4562 | 0.71
SCC“(g/;’_NPC*SO 4618 | 4597 | 046 | 4593 | 055 | 4588 | 0.64
SCC4(S/;’_'\F',C+75 4622 | 4604 | 04 | 46 |047| 4595 | 059
scc4gﬂ§:+100 4659 | 4642 | 037 | 4639 | 043 | 4635 | 051
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Table (4-22): UPV results for the mixtures after immersion in cycles
wet and dry magnesium sulfate for 60 days

UPV/( km/sec)
0%

Mix ID MgSO4 5% Loss | 10% | Loss| 20% | Loss
at 90 MgSO4 % MgSO4 % MgSOs | %
days

Control Mix | 4615 | 458 | 075 | 4569 | 098 | 4519 | 1.1
SCC20NC | 4709 | 468 |062| 4671 | 08 | 4627 | 0.95
SCCA%NC | 4813 | 4787 | 053 | 4.782 | 065 | 4.748 | 0.71
SCC6% NC | 4902 | 488 |045| 4875 | 055 | 4.844 | 0.64
SCC 50QLP | 4536 | 4484 | 115 | 4475 | 135 | 4.408 | 1.48
SCC75QLP | 4562 | 4517 | 098 | 451 | 1.15 | 4453 | 1.24
SCC100QLP | 462 | 4587 |071| 4578 | 09 | 453 | 104
SCC4(S/"LNPC+5O 4682 | 465 |069| 4642 |085| 4595 | 1.01
SCC4(;/"LNPC+75 4692 | 4663 | 061 | 4657 |074| 4616 | 0.89
SCC4°QA’EF?+1OO 4699 | 4673 | 056 | 4666 | 07 | 4.629 | 0.78

Table (4-23): UPV results for the mixtures after immersion in cycles
wet and dry magnesium sulfate for 90 days

UPV( km/sec)

0%
Mix ID MgSO4 5% Loss | 10% | Loss| 20% | Loss
at120 | MgSO. | % MgSOs | % MgSOs | %

days
Control Mix | 4639 | 4592 | 1.02 | 4569 | 15 | 4548 | 1.95
SCC20hNC | 4.726 | 4688 | 0.8 | 4666 | 1.26 | 4643 | 1.75
SCCA%NC | 4845 | 481 |072| 479 | 101 | 478 | 1.35
SCC6% NC | 4925 | 4896 | 058 | 4.883 | 0.85 | 4.860 | 1.14
SCC 500LP | 4553 | 4492 | 1.35 | 4471 | 18 | 4456 | 2.13
SCC750LP | 4593 | 4543 | 1.08 | 4517 | 1.66 | 4.497 | 2.08
SCC100QLP | 468 | 4643 | 078 | 4625 | 118 | 46 | 171
SCC‘SA’LNPC%O 4728 | 4686 | 089 | 4662 | 1.4 | 4638 | 1.9
SCC“(;A’LNPC”‘LS 4733 | 4697 | 076 | 468 |111| 466 | 155
SCC4°QA’LNF?+1OO 474 | 4708 | 067 | 4695 | 094 | 4682 | 1.22
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Table (4-24): Compressive strength of mixtures after immersion in
cycles wet and dry magnesium sulfate for 30 days.

Compressive Strength (MPa)

0%
Mix ID MgSO. 5% Loss 10% Loss 20% Loss
at 60 MgSO4 % MgSO, % MgSO, %
days
Control Mix | 741 | 728 | 175]| 7151 | 35 | 7054 | 48
SCC2%NC | 778 | 7671 | 1.4 | 7554 | 29 | 7461 | 41
SCC4%NC | 8052 | 7955 | 12 | 7843 | 26 | 7754 | 37
SCC6% NC | 8816 | 87.23 | 1.06 | 86.04 | 2.4 | 8507 | 35
SCC 50QLP | 67.68 | 66.16 | 2.25 | 6491 | 41 | 6396 | 55
SCC750LP | 7024 | 6884 | 2 | 6757 | 38 | 6652 | 53
SCC100QLP | 7713 | 7643 | 1.3 | 7482 | 3 | 7381 | 43
SCCAWNCHS | 2597 | 7307 | 16 | 7261 | 34 | 7161 | 473
0QLP
SCCAWNCHT | 2691 | 7579 | 145 | 7436 | 332 | 734 | 456
5 QLP
SCCA%NC+1
00 OLP 781 | 771 |128| 7591 | 28 | 749 | 41

Table (4-25): Compressive strength of mixtures after immersion in
cycles wet and dry magnesium sulfate for 60 days.

Compressive Strength (MPa)

0%

Mix ID MgSO, 5% Loss 10% Loss 20% Loss
at 90 MgSOs | % MgSO4 % MgSO4 %
days

Control Mix 76.44 75.03 1.85 73.15 4.3 71.78 6.1
SCC 2% NC 79.97 78.77 15 77.01 3.7 75.61 5.45
SCC 4% NC 82.69 81.57 | 1.35 80.0 3.25 78.72 4.8
SCC6% NC 90.9 89.8 1.21 88.17 3 86.9 4.3
SCC 50 QLP 69.26 67.53 2.5 65.45 55 64 7.6
SCC 75 QLP 73.51 71.84 | 2.27 69.76 5.1 68 7.5
SCC 100 QLP 79.7 78.47 | 1.54 76.83 3.6 75.46 5.32
SCCANNCHS | 2088 | 7656 | 1.7 | 7477 | 4 | 7336 | 5.72
0QLP
SC%45/0I1\IPC+7 79.13 77.85 | 1.62 76.08 3.8 74.66 5.65
SCC4%NC+1
00 QLP 80.2 79.08 1.4 77.4 3.49 76.07 5.15
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Table (4-26): Compressive strength of mixtures after immersion in
cycles wet and dry magnesium sulfate for 90 days.

Compressive Strength (MPa)

0%
Mix ID MgSQO, 5% Loss | 10% Loss 20% Loss
at120 | MgSOs | % MgSO4 % MgSO4 %
days
Control Mix 77.1 74.8 3 72.24 6.3 70.7 8.3
SCC 2% NC 80.63 78.8 2.3 76.52 5.1 74.58 7.5
SCC 4% NC 83.25 81.9 1.6 79.84 4.1 77.92 6.4
SCC6% NC 91.31 90.1 1.3 88.11 3.5 86.79 4.95
SCC 50 QLP 70.79 67.9 4.1 65.69 7.2 63.99 9.6
SCC 75 QLP 74.94 72.3 3.5 69.84 6.8 67.97 9.3
SCC 100 QLP 80.83 787 | 2.65 | 76.14 5.8 74.28 8.1
SCC4%NC+5
0 QLP 78.8 76.7 2.7 74.47 5.5 72.73 7.7
SCC4%NC+7
5 QLP 80.9 79.4 1.9 77.02 4.8 74.99 7.3
SCC4%NC+1
00 QLP 81.97 80.5 1.8 78.28 4.5 76.4 6.8
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