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ABSTRACT

Self Compacting Cementitious Systems (SCCS) are a modern technology in the field of high
performance concrete which has been used extensively throughout the world. Some major applications
of this technology involve massive placements in heavily reinforced sections such as tunnel linings, high
rise buildings, rafts and pile foundations, bridge piers, transportation structures, prestressed concrete
members and repair of structures like aircraft runways etc. This technology offers a uniform degree of
compaction throughout the concrete placement and therefore, a uniform durability of the structure.
SCCS contains high powder content with low w/p ratio than conventional concrete, hence, these
systems provide a better overall response in terms of volumetric stability, packing density, ease of
placement, evolution of heat of hydration, strength development and higher durability. In High
Performance Concrete (HPC), all cement particles do not get hydrated. Therefore, in order to economize
the system, secondary raw materials (SRM’s) are used. These SRM’s improve the microstructure and the
overall response of concrete in both fresh and hardened state as well as make it more environment

friendly.

This research was undertaken to evaluate the feasibility of using Metakaolin (MK), an artificially
manufactured pozzolan and Glass Powder, a pozzolan derived from finely crushing and grinding
commercially manufactured glass, and to study their benefits in Self Compacting Mortars (SCM’s). The
parameters studied include the particle characterization of SRM’s, flow behavior, strength development,

and microstructural characterizations.

The results indicate that Metakaolin and Glass Powder, when used to replace 10% of cement
mass in replacement mode, enhance the properties of self compacting mortar formulation like flow,
heat of hydration, strength development, microstructure and shrinkage etc. The finer particle size of
Metakaolin leads to a higher water/SP demand and faster setting time for formulation with Metakaolin
in replacement mode. This is also confirmed by its early and higher calorimetric peak. The formulation
with Glass Powder in replacement mode requires more SP content owing to its larger particle size as
compared with Metakaolin. This is also confirmed by its setting times and lower calorimetric peak which
are delayed as compared with Metakaolin formulations. The Control mix formulation shows a lesser
demand for water and SP but shows delayed setting time and slightly lower calorimetric peak as
compared with Metakaolin but higher than Glass Powder. The strength development is also an
important parameter as strength gain at a specified age varies and depends on the degree of pozzolanic

activity which is in turn dependent on the physical and chemical characteristics of the SRM. Metakaolin
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shows a strength development similar to control mix while Glass Powder shows slightly less strength at
comparative ages owing to its larger particle size and slower hydration. This strength evolution is also
evident from MIP curves of SCM formulation in terms of pore refinement and at times discontinuous
porosity for Metakaolin and Glass Powder. The volumetric stability of the cementitious system is also
affected by Metakaolin and Glass Powder as Metakaolin produces more early linear shrinkage than
Control mix due to its small size, latent reactivity and early evolution of heat of hydration whereas Glass
Powder shows less shrinkage owing to its large particle size and delayed evolution heat of hydration.
Thus, we can deduce that both SRM’s contribute positively towards enhancing the different
characteristics of the cementitious systems and can be incorporated successfully in self compacting

cementitious systems.
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CHAPTER 1 — INTRODUCTION

1.1 General

Self-compacting concrete (SCC) as defined by ACI 237R — 07, is a highly flowable, non-
segregating concrete that can spread into place, fill the formwork, and encapsulate the
reinforcement without any mechanical consolidation [1]. It is a kind of high performance concrete
(HPC) that is highly fluid, able to consolidate under its own weight and is more durable, stronger
and easy to place in congested reinforcement. A typical Self Compacting Cementitious System is
usually achieved by using conventional concrete materials by using a higher powder content and
lower water content and with addition of mineral admixture for improvement in both fresh and

hardened states of concrete.

Self Compacting Cementitious Systems (SCCS) are a modern technology in the field of
concrete materials which have been used extensively throughout the world. Some major
applications of this technology involve massive placements in heavily reinforced sections such as
tunnel linings, high rise buildings, rafts and pile foundations, bridge piers, transportation
structures, prestressed concrete members and repair of structures like aircraft runways etc. The
major benefit of this technology is that it offers a uniform degree of compaction throughout the
concrete placement and therefore, a uniform durability of the structure. SCCS contains high
powder content with low w/p ratio than conventional concrete, hence, these systems provide a
better overall response in terms of volume stability, packing density, ease of placement, heat of
hydration, strength development and higher durability. In High Performance Concrete (HPC), all
cement particles do not get hydrated. Therefore, in order to economize the system, secondary raw
materials (SRM’s) are used. These SRM’s improve the microstructure and the overall response of

concrete in both fresh and hardened state as well as make it environment friendly.

Self Compacting Concrete was first developed in 1988 by Dr Okamura at University of
Tokyo. Since then, extensive research has been carried out to improve its properties by
incorporating various Secondary Raw Materials (SRM’s) along with chemical admixtures in SCCS.
However, in Pakistan, despite the abundance of locally available pozzolanic materials like Wheat
Straw Ash, Rice Husk Ash (RHA), Ground Granulated Blast Furnace Slag (GGBFS) and Bentonite
(BN), there is very little research carried out on the feasibility of using these materials in
cementitious systems due to non-availability of response data. Once the results of these SRM’s are

fully understood, they will hopefully be incorporated in SCCS’s in Pakistan.



Self Compacting Concrete was first developed in Japan when the need arose to produce a
concrete which would possess enhanced durability, workability and compact under its own self
weight without any manual compaction. This was a rising problem in Japanese construction
industry due to gradual reduction in number of skilled workers leading to a reduction in quantum
of construction. Thus, self compacting concrete was proposed and developed by Okamura [2] in
University of Tokyo. Due to its versatile nature and wide range of application, the use of this
modern self compacting concrete spread very rapidly throughout the world. However, in Pakistan,
the application and use is very limited due to non-availability of chemical and mineral admixtures
and cement at cheap prices and also due to lack of comprehension of the basic concepts of self
compacting concrete and an over-dependence on outdated construction techniques in our
construction industry. This research is carried out to evaluate the use of local secondary raw

materials (Metakaolin and Glass Powder) in self compacting cementitious systems.

1.2 Self Compacting Cementitious Systems (SCCS)

Self Compacting Concrete Systems are divided into three basic types depending on how
the segregation resistance is achieved. They are powder type, viscosity modifying agent type and
combination type. In powder type SCC, a low water-to-powder ratio or high powder content
(cement as well as secondary raw material) is used to achieve adequate segregation resistance.
Whereas, in viscosity modifying agent type, segregation resistance is mainly achieved by use of
high dosages of viscosity enhancing agents. In combination type SCC, segregation resistance is
achieved through a combination of both moderate VMA’s with low powder contents. This
produces a very durable concrete which excellent segregation resistance as it utilizes lower SP
contents. Hence, hydration kinetics is not changed to a great extent. The above also implies that
the SCC shall have low yield stress as well as adequate viscosity. High deformation is achieved by
use of high range super plasticizers and segregation resistance is achieved by any of the above
techniques. In this current research, the self compacting mortar (SCM) system, a high powder
content (cement and SRM) was used along with polycarboxylic ether (PCE) based powder type

super plasticizer Melflux 2651 F. The powders used include cement, Metakaolin and Glass Powder.

1.3 Secondary Raw Materials (SRM’s)

Concrete is used throughout the world as a construction material for building
infrastructure, dams, tunnels, pavements etc. The process of cement production involves heating
calcium carbonate, thus, producing lime and releasing carbon dioxide directly and indirectly
through the use of energy whose production involves the emission of CO,. According to recent

survey by USGS [3], global production of cement was 3.3 billion tonnes. This impact of cement
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production at such a global scale has led to rising energy costs, depletion of natural resources and
rise in pollution It is a well established fact that for every one ton of cement produced, 900 kg of
CO, is released into the atmosphere and cement industry accounts for 5% of global man-made CO,
emissions [4]. Therefore, an effort has been undertaken to reduce clinker content in cement to
reduce cement consumption. This has led to the development of different classes of cements
(CEM I, CEM 1, CEMIII, CEM IV and CEM V) as per BS EN 197 by adding different materials like slag
etc and reducing clinker content [5]. The same can be achieved by reusing industrial wastes and
using naturally available environment friendly materials to replace cement. This helps to

contribute towards a green future and sustainable development.

These materials are called secondary raw materials (SRM’s), supplementary cementitious
materials or sometimes as waste materials in the literature, a term which is seldom used now
because of the fact that these materials can be more costly than cement at times [6]. Secondary

Raw Materials (SRM’s) can be further classified into two types:

e Pozzolans

e InertFillers

SRM’s are usually inert or pozzolanic in nature. Inert fillers usually affect the physical
properties of cementitious systems. For example, LSP particles being very fine, improve the
packing density of the matrix as well as providing nucleation centers for hydrates, thus enhancing
the microstructure of concrete [6]. Pozzolanic SRM’s not only provide physical benefits in the
matrix but also provide active silica in the matrix which can react with CH (pozzolanic reaction) to
produce further cementing compounds (CSH), thus leading to improved durability and increased

strength at later stages.

Secondary raw materials are basically used to replace a portion of cement in the concrete
matrix in replacement mode. These SRM’s acts as filler in voids/pores in the SCC/HPC as not all
cement particles are hydrated. Therefore, in order to optimize SCC mix design, a portion of cement
is replaced by SRM’s so that they can fill the voids in the matrix. The pozzolanic SRM’s actively
react with calcium hydroxide in the concrete matrix to form further cementitious compounds,
thereby refining the pore structure of the system and reducing pore size or making pores
discontinuous. This results in increased strength and durability [6]. The replacement of cement
content by secondary raw materials also contributes indirectly towards the benefit of the
environment by reducing cement demand and thus, reducing the CO, emission during the

production of cement.



1.4 Pozzolans

A pozzolan is defined in ASTM C 125 [7] as “a siliceous or siliceous and aluminous material
which, in itself, possesses little or no cementitious value but which will, in finely divided form in the
presence of moisture, react chemically with calcium hydroxide at ordinary temperature to form

compounds possessing cementitious properties”.

The term "pozzolan" came from a U.S. simplification of "pozzolana" which evolved from
the location "Pozzuoli, Italy" where the Romans found a reactive silica-based material of volcanic

origin which they called “pulvis puteolanus” [8, 9].

Pozzolans are both naturally occurring in nature and artificially manufactured as by-
products of different industrial processes. The processing of natural pozzolans is limited to
crushing, grinding and sieving. Artificial pozzolans are usually obtained as by-products of different
industrial processes and are tailored for use in concrete applications after careful processing
(calcination) at optimum temperature to induce pozzolanic reactivity. Typical examples of
pozzolans include Fly Ash, silica Fumes, Metakaolin, Ground Granulated Blast Furnace Slag,
Bentonite, Rice Husk Ash, Glass Powder etc.

Silica Fume Fly Ash

Class F

Metakaolin

Fly Ash
(Class C)

Fig 1.1: Secondary Raw Materials [95]

1.4.1 Natural Pozzolan

Natural pozzolans can occur in two forms: either a consolidated rock-like form underlying

a layer of overburden (such as Rhenish trass near Coblenz on the river Rhine or in Bavaria, or in



Romania and the U.S.S.R.), or in fragmentary and unconsolidated forms, which appears to be the

more usual type of deposit.

However, the existence of rocks of volcanic origin within a country does not automatically
make them suitable for use as pozzolans; pozzolanic materials form from volcanic rock under fairly

specific environmental conditions.

The naturally occurring pozzolans include volcanic ashes, opaline shales and cherts,
calcined diatomaceous earth and burnt clays [10, 11]. According to ASTM C 618 [12], a variety of
naturally occurring materials or their modifications or by-products can be described as pozzolanic
materials. However, the pozzolanic materials differ widely in their impact on cement—based
systems and this is primarily related to their physical and chemical characteristics. Natural
pozzolans conforming to Class N as per ASTM C 618 are further processed which includes drying,

grinding and calcining [12].

1.4.2 Artificial Pozzolan

These pozzolans are usually obtained as by-products of different industrial processes. They
may or may not require processing before use. According to ASTM C 618 [12], these pozzolans are
classified as Class C and Class F type pozzolans depending upon silica (SiO,) and lime (CaO)
content. It must be noted that pozzolans which require calcination to induce pozzolanic activity
would also presumably be classified as artificial pozzolans but if calcination was not required, then
they would be a natural pozzolan [12]. For example, Fly Ash which is an artificial pozzolan is

classified as Type C and Type F depending on the origin of material from which it is derived

e Class C Fly Ash

Fly ash produced from the burning of younger lignite or subbituminous coal, in addition to
having pozzolanic properties, also has some self-cementing properties. In the presence of
water, Class C fly ash will harden and gain strength over time. Class C fly ash generally
contains more than 20% lime (Ca0). Unlike Class F, self-cementing Class C fly ash does not

require a cementing agent.

e Class F Fly Ash

The burning of harder, older anthracite and bituminous coal typically produces Class F fly
ash. This fly ash is pozzolanic in nature and contains less than 20% lime (CaO) but does not
possess cementing properties and requires a cementing agent like cement to produce

cementing compounds (pozzolanic reaction).
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1.4.3 Mechanism of Pozzolanic Reaction

When cement particles come into contact with water in the cementitious system, an
exothermic reaction takes place leading to release of heat of hydration is released and formation
of Calcium Silicate Hydrate (CSH) gel along with Calcium Hydroxide and Ettringite. Calcium
Hydroxide (CaOH,) is found in the concrete matrix in shape of hexagonal-shaped crystals having a
prominent cleavage. As these cleavage plates have a tendency to split apart under shear, presence
of excess Calcium Hydroxide in concrete matrix can lead to weak microstructure and hence,
durability problems. Pozzolans reduce weak Calcium Hydroxide (CH) crystals in the matrix by
reacting with Calcium Hydroxide. The extent of this reaction depends on the silicate and aluminate
phases in pozzolan along with vitreous phase in the matrix. The reaction is generally slower than
hydration reaction of the cement, thus resulting in low heat of hydration and strength
development. The reaction of hydration of ordinary cement and pozzolanic cement is represented

schematically by the simple equation as below:

Portland cement

fast

CS+H,0 — = » CSH+CH
Portland — Pozzolan Cement
Pozzolan+CH+H,0 —¥® _,  CSH

According to Lea [13], these secondary CSH compounds have lower alkalinity and

therefore, offer more resistance to aggressive environments (marine structures).
1.5 Metakaolin

Metakaolin is a manufactured pozzolanic mineral admixture, which significantly enhances
many performance characteristics of cement-based mortars, concretes and related products. It is
derived from purified kaolin clay, is a white amorphous alumino-silicate, which reacts aggressively
with calcium hydroxide, a by-product of cement hydration, to form additional cementing
compounds. Metakaolin has a high pozzolanic activity and micro filler properties very similar to
those of silica fume. Both Metakaolin (MK) and Silica Fume (SF) increase the water demand of the

mixes [14].

The term kaolin is derived from Kao-ling, a village near Jingdezhen, Jiangxi province China.

|II

The term loosely translates to “white hill” and has been related to the name of a mountain in

China that yielded the first kaolins that were sent to Europe. The meta prefix in the term is used to
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denote change that is taking place in manufacture of Metakaolin, i.e. the dehydroxylization of
kaolinite brought on by the application of heat over a defined period of time. Metakaolin occurs in
nature in the form of clay mineral called Kaolinite. Kaolinite is the mineralogical term that is
applicable to all kaolin clays. Kaolins are a classification of clay minerals which are phyllosilicates,
i.e. a layered silicate material. The study of the stacked arrangement and the individual layers in
the stack are the defining factors of classification. Kaolin is a mineral typical of continental

weathering where solutions percolate and are purified over time.

The two types of Metakaolin used in this present study are purchased from different
international sources. One is MetaStar 501 manufactured by Imerys Performance Minerals North

America and the other Metakaolin is imported personally from international suppliers in China.

1.5.1 Deposits of Kaolinite in Pakistan

e Swat Kaolin

The Swat Kaolin deposits lie in the low hilly terrain of Shahderai village, 20 km Southwest
of Mingora district, Swat valley. The total reserves were estimated 2.8 million tons. The same type

of China clay has also been found in Shahdin and Doshagram near Matta [15].

e Tharparkar Kaolin

In Sindh, it is found in Nagar Parkar, in Tharparkar District. The investigation of China clay
deposits of Nagar Parker area revealed that the clay consists mainly of Kaolinite and quartz along
with minor quantity of goethite, etc. The main areas of Nagar Parkar, in Tharparkar District where

workable deposits have been proved so far are:

» Paradhoro

» Dedhvero

» Dungri

» Dudwa

» Motijo Vandio

The total reserves proved in these areas are of the order of 3.5 million tons [16].



1.6 Glass Powder

Glass is an amorphous (non-crystalline) solid material. Glasses are typically brittle and
optically transparent. The most familiar type of glass, used for centuries in windows and drinking
vessels, is soda-lime glass, composed of about 75% silica (SiO,) plus Na,0, CaO, and several minor
ingredients. Often, the term glass is used in a restricted sense to refer to this specific use. In
science, however, the term glass is usually defined in a much wider sense, including every solid
that possesses a non-crystalline (i.e. amorphous) structure and that exhibits a glass transition
when heated towards the liquid state. In this wider sense, glasses can be made of quite different
classes of materials: metallic alloys, ionic melts, agqueous solutions, molecular liquids, and

polymers.

Glass in general is a highly transparent material formed by melting a mixture of materials
such as silica, soda ash and CaCO; at high temperatures followed by cooling during which

solidification occurs without crystallization [17].

Glass is produced in huge quantities throughout the world due to rapid urbanization and
development of infrastructure. The recycling of glass is expensive; therefore, most of the
consumed glass is disposed as land-fill at various sites. In United States, approximately 12.8 million
tons of waste glass was disposed in 2005 as land-fill while only 2.75 million tons were recycled
[18]. New York City alone collects more than 100,000 tons annually and pays material recycling
facilities (MRFs) up to $45 per ton for the disposal of the glass which equates to approximately
4,500,000 USD of public money [19]. However, the disposal of waste glass as land-fill is not an
environment friendly practice as glass is a non-biodegradeable material. Use of waste glass in
construction industry as cement replacement and as aggregate is among the most attractive
options because of the large quantity consumptions of the materials, relatively low quality

requirements and widespread construction sites.

The main concerns regarding the use of waste glasses as aggregates in cement concrete is
the possibility of Alkali Silica Reaction (ASR), a reaction which occurs in concrete, between glass
aggregate containing high reactive silica content and alkalis from the cement. This silica reacts
with hydroxyl ions in the concrete pore solution and produces a gel which absorbs water and
swells. This weakens the ITZ (aggregate-cement bond) and causes cracking [20]. Very limited work
has been conducted for the use of ground glass as a cement replacement in concrete [21].
Recently, some attempts have been made to use the waste glasses as raw siliceous materials for
the production of Portland cement [22]. It was found that the addition of glass into cement raw

mix results in the formation of more liquid phase between 950 and 1250°C, decreases the C3S
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content in the clinker and results in the formation of NCgAs, which results in flash setting due to

the high alkali content and the formation of compound 2CaS0,4-K,S0, [22]

1.7 Research Objectives

Pakistan is a developing country and we have a vibrant construction industry. However,
the overall standard of construction in Pakistan is very low and costly as compared to other
developing countries. This is due to the fact that we are using the same out-dated construction
techniques from the previous decades and lag behind in our knowledge of modern construction
technologies. Even in my personal experience working in a design office, we are more concerned
with slump and compressive strength of concrete and disregard other important parameters. It
was felt that in order to achieve an efficient design and construction; we have to incorporate

modern ideas and techniques in our industry.

Thus, a research program was devised to study locally available Secondary Raw Materials
as there is very little research carried out on the feasibility of using these materials in cementitious
systems. The focus of this research is to assess the possibility of using Metakaolin and Glass
Powder as Secondary Raw Materials in self-compacting cementitious systems. The specific goals

were:

» To study the behaviour of fresh concrete including particle characterization,

» Flow characteristics,

> Strength development,

» Microstructural investigation and;

» Volume stability.

The main benefit of this study is to analyze the potential of locally available secondary raw
materials (SRM’s) and provide physical evidence and information to the local construction industry
about the benefits of using these SRM’s while utilizing the modern concrete practices. This will
prove helpful in improving the quantum of construction in Pakistan and reduce the emission of
CO,. The reduction of cement demand may also help us to save energy for use in more urgent
areas. Lastly, it is hoped that once the results of these SRM’s are fully understood, they will

hopefully be incorporated in SCCS’s in Pakistan in modern megastructure construction and repairs.



CHAPTER 2 — LITERATURE REVIEW

2.1 Self Compacting Cementitious Systems

This research encompasses the study of self compacting mortar (SCM) systems which form

a part of SCCS. A brief development history of SCCS is presented as follows:

2.1.1 Development History of SCCS

In the mid 1980’s, the problem of the durability of concrete structures was a major topic
of interest in Japan. To make durable concrete structures, sufficient compaction by skilled workers
is required. The Japanese construction industry was faced with a unique problem of growing
shortage of skilled labour capable of operating mechanical compactors which led to a similar
reduction in the quality of construction work. In such a unique scenario, a need was felt for a

concrete that could overcome the problems of defective workmanship [2].

This led to the development of self-compacting concrete, primarily through the work by
Okamura [2]. This type of concrete greatly reduced the amount of skilled labour required and was
placeable around the clock without any noise [23, 24]. Thus, an AClI committee called “ACI 237R-
07 Self Consolidating Concrete” was formed to study all aspects pertaining to the properties of
self-compacting concrete, including a fundamental investigation on workability of concrete, which
was carried out by Ozawa et al [25, 26] at the University of Tokyo. The first usable version of self-
compacting concrete was developed in 1988. Professor Okamura thus defined the properties of
the concrete and named it as “High Performance Concrete” [2]. But as the name “High
Performance Concrete” was defined as a concrete with high durability due to low water-to-cement
ratio by Professor Aitcin et al [27], this term is used to denote High Strength Durable Concrete. So,

the name “Self-Compacting High Performance Concrete” was used by Okamura [2].

In the early 1990’s, the amount of literature available on this technology was very scarce
and the essentials of this technology were mainly kept secret by Japanese corporations to
preserve a commercial advantage. However, this technology was rapidly transferred to Europe
with the development of third generation polycarboxylate ether based super plasticizers. This
technology spread further in the Western direction toward America such that the volume of
production of self-compacting concrete in North America reached one million cubic meters in 2002

[28].

As a consequence of this rapid development, many professional societies such as

American Concrete Institute (ACl), American Society for Testing and Materials (ASTM),

10



Precast/Prestressed Concrete Institute (PCl) and Réunion Internationale des Laboratoires et
Experts des Matériaux, systemes de construction et ouvrages (RILEM) adopted this technology.
Test methods and recommendations on the design and applications were developed. Many
seminars and symposiums were held to develop awareness of this excellent technology. ACl, ASTM
and Precast/Prestressed Concrete Institute (PCl) have adopted the term Self-Consolidating
Concrete as one of the first steps of standardizitation. ASTM has established a subcommittee (C09,
47) in order to standardize nationwide practices for testing properties of SCC [2]. ACI has published
a state-of-the art report on Self-Consolidating Concrete in April 2007 prepared by AClI committee
237.

It is also worth noting that Professor Okamura produced powder-type SCC using locally
available materials and used excessive amount of powder content in paste to increase viscosity

and improve segregation resistance. Some disadvantages using the above technique were:

» SCC requires higher powder and super plasticizer (SP) contents. Therefore, the material
cost is higher [29]. It was reported that in most cases, the cost increase ranged from 20 %

to 60 % compared to similar grade conventional concrete [30, 31].

» The increased content of powder and admixture also leads to higher sensitivity (i.e.
reduced robustness) of SCC to material variation than that of conventional concrete. Thus,

greater care with quality control is required [32].

2.1.2 Definition of SCCS in Literature

Due to its versatile nature and unique characteristics, there are many legitimate
definitions of Self Compacting Concrete found in the literature. The European Guidelines for Self
Compacting Concrete [33] define SCC as “the concrete that is able to flow and consolidate under
its own weight, completely fill the formwork even in the presence of dense reinforcement, whilst
maintaining homogeneity and without the need for additional compaction”. Various other authors
have put forward their own description of Self Compacting Concrete. Khayat et al [34] states that
“Self Compacting Concrete is a special type of concrete that should flow into place and around
obstacles under its own weight without segregation and flow blockage and with no significant

separation of material constituents thereafter until the setting”.

It must be noted that the various definitions of SCC are derived from its properties in a
fresh state. Many authors have put forward their own definition after extensive research. The
most common definition is “a concrete that is able to flow under its own weight and completely fill

the formwork, and then consolidating without the need for vibrating compaction” [24]. However,
11



due to a lack of standard definition, ACl formed a committee “ACl 237” which was tasked with
standardizing SCC and its properties. ACl 237 submitted its report in April 2007 and a standard
definition [1] was determined by ballot. Since then, all other definitions of SCC are void and only

definition given in ACl 237R — 07 is considered valid.

It is also pertinent to note that the self-compacting cementitious systems are divided into

three distinct types based on the number of components the system comprises. These are:

» Single Component System commonly known as self-compacting paste (SCP) system

» Two Components System commonly known as self-compacting mortar (SCM) system

» Three Components System commonly known as self-compacting concrete (SCC) system

However, all of these system have to be studied and developed to achieve our final goal
i.e. the successful production of self-compacting concrete, for which we fist have to optimize the
SCP system, followed by the SCM system while understanding the various parameters of these

systems in great detail.

Miao Liu [35] reports that the self-compacting concrete essentially has three properties in
fresh state: filling ability, passing ability and segregation resistance. Filling ability is the
characteristic of SCC to flow under its own weight and to completely fill the formwork. Passing
ability is the characteristic of SCC to flow through and around obstacles such as reinforcement and
narrow spaces without blocking and “Segregation” which is the characteristic of SCC to remain
homogeneous during and after transportation and placement. It is the passing ability that

distinguishes SCC from other High Performance Concrete [24].

It must be noted that SCC displays a highly thixotropic behaviour as it seems to flocculate
rather quickly at rest and it becomes apparently more and more fluid while flowing during typically
several tens of seconds [36], other SCC parameters like robustness and consistency retention are
also of equal importance. Robustness refers to the ability of SCC to retain its fresh state properties
when the quality and quantity of constituent material and the environmental condition change.
Consistency retention or open time refers to the time period during which the fresh state

properties can be maintained without significant change.

Rheology is the science of deformation and flow of the matter. Rheology of the concrete in
fresh state is described by Bingham’s model in which deformation is related to yield stress and
segregation resistance is related to viscosity. According to Bingham’s mode, concrete must

overcome a limiting stress before it can flow. The model is represented by the equation:
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T = To + (U r) [37]

where T, is the yield stress and W is the plastic viscosity. The shear stress must exceed 1,

for concrete to flow.

Bingham

T, = Shear Yield Stress
i = Plastic Viscosity

Shear stress ©

]

L)

Shear strain rate ¥

Fig 2.1: Schematic representation of Bingham model [38]

2.1.2.1 Advantages of SCC

Self-compacting cementitious system offers many advantages in various fields of

construction.

» Compared to conventional concrete, SCC possesses enhanced qualities, and its use

improves productivity and working conditions [29, 39].

> Because compaction is eliminated, the internal segregation between solid particles and
the surrounding liquid is avoided which results in less porous transition zones between
paste and aggregate and a more even colour of the concrete [40]. Improved strength,
durability and finish of SCC can therefore be anticipated. Very good finish effect is shown

in achieved. The surface is so smooth and dense that it can reflect light.

» For conventional concrete, the structural performance is improved by increasing
reinforcement volumes, limiting cracking by using smaller bar diameters and using
complex formwork, resulting in congestion and difficulty of compaction [40, 41]. SCC
improves its structural performance by making casting homogeneous concrete, thereby,
reducing the volume of reinforcement. It also improves efficiency and effectiveness onsite

by reducing the construction time and labour cost.
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» SCC also improves the workplace environment by reducing noise pollution and eliminating
the health problems of labourers related to the use of vibration equipment such as ‘white
fingers’ and deafness [40]. SCC is therefore called ‘the quiet revolution in concrete

construction’ [29].

2.1.2.2 Uses of SCC

As a result, the precast concrete products industry has become the biggest user of SCC in

Europe [42].

Some further uses of this technology are as light weight reinforced concrete, self-levelling
underlayments (SLU’s), slurry infiltrate concrete (grouts) and for rapid repairs and construction at

aircraft runways and highways.

2.1.2.3 Further advancements in SCC

Numerous advancements have been made in the field of SCCS as this technology is
constantly analysed and optimized. Few significant and important recent studies are summarized

as under:-

Rizwan [6] states that “as paste is the vehicles of aggregate phase, good workability can be
achieved by reducing the aggregate size and content with an increased paste volume, thus
resulting in reduced internal friction.” Further it is suggested that the sand content may be
increased to augment the cohesiveness and stability of concrete mix. This may result in higher
requirement of super plasticizer content to meet the target flow. This effect is more pronounced

in the self-compacting mortar system which is the focus of this study.

Rizwan [6] also suggests that no more than 15 % of coarse aggregate particles shall be
elongated and irregular as they tend to increase internal friction, cause internal voids and bleeding
and require a higher paste volume. The study also describes the effect of temperature of mixing
water on flow and shrinkage which has also been studied in this research. It is also important to
note that the addition of even a small quantity of water after addition of admixture can
significantly reduce the mix cohesion or lead to slightly inaccurate results which are contradictory

to published literature [6].

Rizwan [6] reported that the physical properties of SRM’s like particle size, shape,
morphology and porosity etc. play a vital role in determining the water and SP content. Moreover,
the chemical properties of SRM’s also affect the water and SP demand e.g. Lime Stone Powder

(LSP) with its irregular, abrasive particle shape with high porosity requires a high SP content than
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Silica Fume (SF). Thus, we can manipulate this knowledge to our advantage and suitable blends of

SRM can be adopted which provide an improved overall response of the cementitious system.

Hence, we can summarize self-compacting concrete as a highly flowable, non-segregating
concrete [1], whose characteristics include low w/c ratio, low w/p ratio, use of super plasticizer
(SP) and high powder content to produce high flow use of viscosity modifying agents (VMA’s) and
use of smaller size and less overall content of aggregate. In addition, SCC gives an advantage of

ease of placement, superior performance and is known for aesthetic appearance.

2.2 Basic Information on Role of Secondary Raw Materials in SCCS

The primary role of secondary raw materials in SCCS is to modify/improve certain desirable
characteristics like early heat of hydration evolution, shrinkage reduction, flow, strength
development, durability and microstructure. However, variation in the amount of SRM and their
combinations can yield a dramatically different response [33]. Secondary Raw Materials can be
both inert and pozzolanic in nature. According to Cordiero et al [43], they influence the physical as
well as chemical properties of concrete. Physical effects include the ability of SRM particles to fill
in between the voids in the matrix and improve the packing. This ability is a function of their size,
shape, texture and internal porosity. They also affect the chemical properties of the matrix by
actively reacting with calcium hydroxide, a by-product of cement hydration, to form further

cementing compounds.

Studies carried out by Tangpagasit et al [44] suggest that during the first 28 days when
most of the hydration occurs, the physical effects of SRM contribute towards strength
development while at later stages, the chemical effects (pozzolanic reaction) contribute towards
the strength development. Regardless of the reactivity of an SRM, if it is extremely fine, it will
generally impart some benefit to mortars and concrete. Small particles, which can fit between
cement grains, allow for more efficient paste packing, which in turn reduces bleeding and lowers
the mean size of capillary pores. Improved particle packing at the aggregate/paste interface results
in a thinner transition zone with a denser, more homogeneous microstructure [45]. In addition,
acting together, many small particles have a large total surface area, leading to an increase in

reactivity.

Rizwan and Bier [46] reported that when mineral admixtures are added, three effects can
be quantified including dilution, heterogeneous nucleation (physical effect) and pozzolanic
reaction (chemical effect). These effects depend on the amount and solubility of amorphous silica.

The heterogeneous nucleation is a physical process leading to a chemical process involving
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chemical activation of cement hydrates. It must also be noted that mineral admixture particles act
as nucleation centres for hydrates. Rizwan and Bier [46] also reported that the SRM particles also
absorb super plasticizer and water through their internal pores. This leads to a higher dosage of

super plasticizer and water to achieve the desired flow target.

The work of Cry et al [47] suggests that the amount of cement replacement by SRM has an
optimum value above which the beneficial effects are diminished. It also reports that the powder
content shall be up to this optimum content to achieve maximum efficiency and result in large
gain in compressive strength. This was the reasoning behind the decision to use the SRM’s at 10%

of the cement mass in replacement mode in this study in line with previous study.

2.2.1 Metakaolin

Metakaolin differs from other secondary raw materials (SRM), like fly ash, silica fume, and
slag, in that it is not a by-product of an industrial process; it is manufactured for a specific purpose

under carefully controlled conditions [48].

Under normal conditions, kaolin is found to be very stable. However, when it is calcined,
the crystalline structure breaks down and the alumina and silica layers become puckered. It
acquires an amorphous structure which is in a highly reactive meta-stable state. Mehta [6] has
further described that natural pozzolans when calcined can improve their reactivity and improve
their performance in cementitious systems. The extent to which this meta-stable is acquired
depends upon the calcination temperature. Ambroise et al [49] has studied the effect of calcining
on Metakaolin-lime pastes and reports that a temperature of 700°C is optimal. Calcination below
this temperature results in more quantity of residual stable, non-reactive kaolinite while at
calcining above at about 850°C, recrystallization occurs as kaolin converts into the inert ceramic

materials like mullite, spinel and siloca [50].

Metakaolin tends to have a higher reactivity due to its affinity for CH. When cement
hydrates, typically 20-30% of the resulting paste mass is CH. This is critical, as CH does not make a
significant contribution to concrete strength due to cleavage of CH plates and can be detrimental
to durability. Metakaolin reduces this by the formation of CAH which has a high CH demand and

eliminates CH by secondary reaction and improves concrete durability [51, 52].

The basic hydration reactions are as follows [51, 52]:

2GS+ 11H > C3S;Hs + 3CH
(C-S-H) (CH)
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2C,S + 9H -> C5S,Hg + CH

CGA  + 3CSH, + 26H > CsAS3H3;
(gypsum) (ettringite)
20,A  + CsAS;H3, + 4H > 3C4ASH1,

(monosulfate)

C,ASH1; + 2CSH, + 16H - C6ASsH3;

MK [ALSi,O,] + CH + H =S C-S-H, C4AH13, C3AHs, C,ASHg

Poon et al [53] reported that the degree of pozzolanic reaction was higher at a
replacement of 5% of Cement mass by Metakaolin than for 10% and 20% replacement for similar
ages. The higher rate of pozzolanic reaction could be attributed to higher amount of cement, thus

higher concentration of CH available for reaction with Metakaolin.

Poon et al [54] studied the mechanical and durability properties of Metakaolin and Silica
Fume concrete. They reported that Metakaolin concrete has superior strength development and
similar chloride resistance to silica fume concrete. The chloride ion penetration was also less for

MK and SF based concrete as compared to control concrete.

Schutter et al [55] reported acceleration in hydration indicated by increased rates of heat
evolution temperature in SF and MK based mortar systems. Ambroise et al [56] attributed the
increased temperature rise of MK mortars relative to that of control mortar mix to the
accelerating effect of Metakaolin on hydration. It is significant to note that the maximum observed

temperature rise occurs for 10% replacement of cement by Metakaolin.

It is well known that finely divided materials can accelerate OPC hydration. Moreover, if
the material shows high pozzolanic activity, the heat produced during hydration is higher in the
blended mortar than in an equivalent reference mortar [57]. Because Metakaolin is very small and
possesses some latent hydraulic reactivity, it contributes to both heat and strength evolution at
very early ages. However, an increase in the hydration heat released can have a negative effect on
performance (durability) of the mortars and concretes, mainly due to volume changes (shrinkage)

and microcrack formation [55].

Frias et al [57] report that paste mix containing MK actually showed higher total porosities
than controls (approximately 16%), likely due to the high water content, although the MK pastes

had fewer pores in the 0.01-5.00 um range and more pores smaller than 0.01 um, indicating
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refinement. Additionally, with longer hydration times, there was no significant difference in the

capillary porosity of pastes made with 15, 20, or 25% MK.

Khatib and Wild [58] also examined pastes with a w/cm of 0.55 using MIP and reported
that MK incorporation led to pore structure refinement, with the proportion of pores having radii
smaller than 20 nm increasing significantly as the replacement level increased. At 14 days, pastes
with 15% MK had nearly 60% of their total pore volume in sub-20 nm pores, while the control
paste had only about 30%. This represents the age at which the percentage of fine pores is the
highest and also where strength enhancement by MK reaches a maximum, confirming that the
major part of the pore refinement process occurs at a very early age [59]. Poon et al [53] also used
MIP to investigate the porosity and pore size distribution of MK pastes. These pastes had lower
porosity and smaller average pore diameters than the control and the silica fume pastes at all ages
tested (3, 7, 28, and 90 days). This indicates that MK is more effective than silica fume in the
refinement of pore structure. These results are different than those reported by both Frias et al
[57] and Khatib and Wild [58], who both found MK pastes to have 16 % greater porosity than
controls at 28 days. However, these previous studies were conducted at a w/cm of 0.55, while the
Poon et al [53] used pastes prepared at a w/cm of 0.30. This also confirms that the w/cm value
affects the pore size and distribution and lower value of w/cm with MK incorporation can lead to a

better pore refinement and less pore size, thus optimizing the packing of the matrix.

Justice M Joy [60] has reported that the incorporation of Metakaolin reduces free
shrinkage in the mortars but increases the chemical and autogenous shrinkage. This is attributed
to the lesser amount of water available for evaporation as hydration and pozzolanic reaction of
MK consume a significant amount of free water. Caldarone et al [61] reported that 10%
replacement of cement by Metakaolin decreases free shrinkage after 156 days of drying at 50%
relative humidity. Ding and Li [62] and Brooks et al [63] also reported a decrease in shrinkage
relative to controls. This also suggests that due to fine pore structure (pore refinement) and low
pore size due to MK, water loss is mostly due to self-desiccation rather than evaporation. This
resulting increase in chemical and autogenous shrinkage may not be detrimental as they do not

lead to free shrinkage beyond 24 hours.

2.2.2 Glass Powder

Although research on the use of crushed glass as a partial replacement for aggregate dates
back many decades [64], work on the use of finely ground glass as a pozzolanic material is
relatively recent [65, 66]. The use of waste glass as pozzolan is explored in view of high economic
costs of recycling of waste glass as well as the environmental issues related to disposal of waste
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glass. As the chemical composition of glass does not vary significantly despite their origins, waste
glass is potentially a very useful pozzolanic material and appropriate economical applications need

to be found for it.

One of the possible channels for the recycling of mixed glass is cement-based materials,
but most of existing studies recommend its use only as fine powders [67, 68]. Fine particles of
glass powder usually impart pozzolanic activity beneficial to the concrete, while coarse particles

are usually deleterious to concrete due to alkali-silica reaction (ASR) and poor ITZ.

The high silica content, high surface area and amorphous structure of GP suggests that it
could perform well as a secondary raw material (SRM) and, therefore, could be used to replace a
portion of the cement in concrete. Concerns about the use of glass as aggregate in concrete
relates to its susceptibility to alkali-silica-reaction (ASR) in concrete as glass, especially if its particle
size is small, will itself release enough alkalis to induce ASR [69]. The Na,0 and K0 in glass could
potentially be released, in the form of sodium and potassium ions, into the cement paste and
increase the pH of the paste. GP has a higher amount of alkalis than other pozzolans, such as FA
and SF, which do not undergo ASR, so glass might prove to be a weaker pozzolan or even induce

ASR in reactive aggregates.

This aspect of Glass has been recognized and is the subject of intense research as
indicated by the literature cited above or even earlier [70]. However, recent studies have
suggested that finely ground glass can produce a pozzolanic reaction, thus inhibiting ASR [71].
Further efforts have also been undertaken to characterize and re-use waste glass as cement or

aggregate replacement with some positive results [20, 72].

It is important to recognize that the reactivity of glass depends on its type and
composition and physical features such as size, presence of pores and separate solid phases in the
glass [20, 73]. For example, binary glasses such as sodium silicate glass behaves differently from
soda-lime glass such that the binary glasses cause alkali release and mortar expansion even in
combination with low-alkali glass, whereas soda-lime glasses require high alkali contents in the

mortar or concrete to enable it to react deleteriously and cause expansion [70, 73].

Generally, the powders of glass containing boron, such as Pyrex glass were found to be
more reactive than powder of soda-lime silica glasses [73]. Particle size of glass and alkali content
of the mortar or cement are two other important factors influencing the reactivity of glass as

aggregate [20, 73, 74].
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Shao et al [75] reports that the pozzolanic activity and strength of concrete made with
finely ground WGP, SF and Fly Ash at 30% replacement of cement. The glass sizes used were 150
pm, 75 um and 38 um. He reports that the mix with 30% silica fume performed better than the
control at 28 days; however, at 90 days age, the concrete with the 38 um glass powder replacing
cement produced concrete that is 8 % higher in strength in comparison to the control. The
concrete with finer glass particles achieved higher strength than the concrete with coarser glass

particles since finer glass is more reactive.

According to ASTM C 618 [12], a strength activity index of 75% is needed for a pozzolan to
be beneficial to concrete. The 75 um and 38 um waste glass powder satisfied this requirement and

their corresponding mixes achieved results similar to fly ash [66].

Shayan and Xu [76] used GP with particle size smaller than 10 um to replace 10%, 20% and
30% of the cement in RM. In all cases, the 28 day compressive strength was lower for the mixes
with waste glass powder compared to the control. However, the 90 day strength of the concrete
was higher or approximately the same as that of the control for all the mixes with waste glass
powder. This is attributed to the pozzolanic reaction of the waste glass powder which is slower

than the hydration of Portland cement [76].

The work of Schwarz et al [69] has suggested that it is optimal to replace 10% of cement
with WGP when 72% of the particles were smaller than 45 um. However, the optimum
replacement of cement with fly ash was 20%. The concrete paste having 10% replacement of
cement with glass had a higher compressive strength than the concrete modified with fly ash at 28
days, however, at 90 days, the fly ash mix had higher strength. This was attributed to the greater

pozzolanic activity of fly ash.

Sylvia Nicole Mihaljevic [77] has studied the effect of waste glass powder on the
performance of concrete masonry blocks and reports that the replacement upto 10% of cement
with waste glass powder has no adverse effects on the performance of concrete blocks and the
compressive strength and ASR of waste glass powder and control mix were comparable (a
variation of 11%). However, for upto 25% replacement, the waste glass powder mix shows more
expansion than the control mix even upto 28 days. Although this expansion was within acceptable
limits prescribed in ASTM C 1260 (2007) [78], further testing and investigation is recommended to

confirm these findings.
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CHAPTER 3 — EXPERIMENTAL PROGRAM

3.1 Materials

In the present study, the effect of Metakaolin and Glass Powder in Self-Compacting
Cementitious Systems was evaluated. The basic raw materials involved in this study were
Metakaolin, Glass Powder, cement, sand, super plasticizer and water. Metakaolin was from of
brand MetaStar 501 from Imerys and from China while Glass Powder was obtained from GLAPOR
Glasschaumprodukte, Germany. The experimental program of this study was carried out at

Technische Universitat Bergakademie Freiberg, Germany.

3.2 Cement

Ordinary Portland Cement (OPC) CEM-I 42.5R obtained from Lafarge Cements, Germany
was used in this study. Physical and Chemical Composition of Lafarge CEM-I 42.5R cement as

determined by XRF analysis is shown in Table 3.1 below:

Table 3.1: Physical and Chemical Composition of Lafarge CEM-I 42.5R Cement

Physical Properties CEM-I 42.5R
Specific Gravity 3.15
Average Particle Size(um) 18.42
Normal Consistency (%) 28
Surface Area (m?/gm) 1.098

Chemical Analysis (%)

Silicon Dioxide SiO, 19.17
Aluminum Oxide Al,O3 5.21
Ferric Oxide Fe,0; 2.39
Magnesium Oxide MgO 2.78
Calcium Oxide CaO 61.12
Sodium Oxide Na,O 1.25
Potassium Oxide K,O 1.01
Sulfur Trioxide SO, 3.30
Loss on Ignition (1000°C) 2.75
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3.3 Metakaolin

The Metakaolin used in this study was pre-calcined and finely ground powder type
commercially available in 5 kg bags. It was procured from two suppliers: IMERYS MetaStar 501 [79]
from IMERYS Performance Minerals, North America and reactive Metakaolin from China as shown

in Fig 3.1 below:

Fig 3.1: Imery’s MetaStar 501 [79]

The physical and chemical properties of the Metakaolin are shown below in Table 3.2:

Table 3.2: Physical and Chemical Composition of Metakaolins

Metakaolin
Physical Properties
IMERYS MetaStar 501 [79] China Metakaolin
Specific Gravity 2.5 2.6
Average Particle Size (um) 4.6 4.5
Moisture Content (%) 1.0 0
Color Off White White
pH Value 4-6 R
G.E Brightness 86 80
Chemical Analysis (%)

Silicon Dioxide SiO, 52.22 60.53
Aluminum Oxide Al,03 41.41 36.97
Calcium Oxide CaO 0.08 2.50
Magnesium Oxide MgO 0.26 -
Ferric Oxide Fe,0; 0.49 -
Sodium Oxide Na,O 0.01 0.01
Potassium Oxide K,O 1.73 2.50
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3.4 Glass Powder

The Glass Powder (GP) wused in this study was obtained from GLAPOR
Glasschaumprodukte, Germany [80]. The foam glass products are prepared from high quality
recycled waste glass as per DIN 52104-1, Verhafen G [81]. The foam glass was obtained in the form

of gravels of approximately 20 mm size as shown in the Fig 3.2 below:

Fig 3.2: Glass Foam Gravels as purchased from GLAPOR [80]

The glass gravels were then milled in the rotating disc type milling machine and the fine
powder obtained was sieved through #200 sieves. The physical properties of the Glass Powder

(GP) obtained are shown below in Table 3.3 as follows:

Table 3.3: Physical and Chemical Composition of Glass Powder

Physical Properties Glass Powder
Specific Gravity 2.5
Average Particle Size (um) 48
Moisture Content (%) 1.0
Color Gray

Chemical Analysis (%)

Silicon Dioxide SiO, 74.66

Aluminum Oxide Al,O; -

Calcium Oxide CaO 11.22
Magnesium Oxide MgO 3.16
Sodium Oxide Na,O 10.96
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3.5 Super Plasticizer

The super plasticizer used in this present study was Melflux 2651F [82] which is
manufactured by BASF Corporation. It is a free-flowing, spray dried powder of polycarboxylic ether
which is the latest polymer technology. Melflux 2651F super plasticizer typically contains side
chains based on polyethylene glycol. It is especially optimized for plasticizing and water reduction
of cementitious construction materials. With a relatively low dosage (0.05-1.0% by binder weight),
they allow a water reduction up to 40%, due to their chemical structure which enables good

particle dispersion. The physical properties of this super plasticizer are shown below in Table 3.4 as

follows:
Table 3.4: Physical Composition of Super Plasticizer
Physical Properties Super Plasticizer
Color Yellow
Drying Loss (%) 2.0
Bulk Density (kg/m°) 300 - 600
pH Value (20°C) — 20% solution 6.5t0 8.5
Dosage Recommendation (%) 0.05-1.0
3.6 Sand

The sand used in the study was Webber sand. The sand is a slightly coarse form of quartz
sand. The Webber sand was sieved carefully and the cumulative passing and retained fraction
were weighed to determine the fineness modulus of sand. The particle size of sand was in the
range of 0.1 to 1.0 mm. The sieve analysis of the Webber sand was carried out as shown below in

Table 3.5:
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Table 3.5: Sieve Analysis of Weber Sand

. ) Weight of Sand %age Cumulative Cumulative
Sieve Size (mm) ) ) . .
Retained Retained %age Retained %age Passing
2.0 0 0 0 100
1.0 6.5 0.80 0.80 99.2
0.5 329.13 40.75 41.56 58.44
0.25 308.56 38.20 79.76 20.24
0.125 134.57 16.66 96.42 3.58
0.063 25.06 3.10 99.53 0.47
Pan 3.83 0.47 100 0
Sum 807.55 100 318.07 -
Fineness Modulus of Weber Sand = 318.07/100 = 3.18

The fineness modulus of the sand was calculated manually by dividing the cumulative
percentage retained by the percentage retained. ACI committee 211R-08 [83] specifies a fineness
modulus range of 2.3 to 3.2 for sands with the lower limit indicating fine sand and higher limit

denoting coarse sand. Therefore, the Webber sand used in this study is coarse sand.

3.7 Description of Tests

The secondary raw materials (SRM) were first acquired and stored in the laboratory. The
Glass gravel was first milled in the rotating disc type milling machine of the Institut fir
Silikattechnik at Technische Universitat Bergakademie Freiberg and sieved through #200 sieve in
the Baustoffe labor of Institut fiir Keramik, Glas- und Baustofftechnik. After preparation of the
requisite raw materials for the study, a scientific experimental program was devised. First, the
particle characterization of powders was determined using the Beckmann Coulter LS 320 Laser
Granulometer. Scanning Electron Microscopy (SEM) using FEI XL 30 Environmental Scanning
Electron Microscope with Field Emission Gun (ESEM FEG) was done to determine the particle
shape and morphology of the powder particles. The chemical composition of the powder was also
determined by X-Ray Fluorescence (XRF) analysis. The specific gravity was calculated manually. The

casting of the self-compacting mortar samples was done and the SRM’s were used in replacement
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mode at 10% of cement mass. The water demand and setting time of all formulations was
determined using the Automatic Vicatronic machine. The target flow was fixed at 30 £+ 1 cm and
super plasticizer (SP) demand was determined at water demand for the above target flow by using
the Polycarboxylic Ether (PCE) based super plasticizer Melflux 2651F. The flow value and flow
times were recorded for each formulation using Hagerman’s mini slump cone having dimensions

of 6 x 7 x 10 cm® and V-funnel as shown below in Fig 3.3.

| 270 mm !

70 mm !

f—————] 30 mm 7 -

240 mm
60 mm

60 mm

I | [

100 mm
Mini slump con 30 mm
a) : ~One G
{ " B (b) Mini V-funnel

Fig 3.3: Hagerman’s Mini Slump Cone and V-funnel

After the flow testing, the prisms of dimensions 4 x 4 x 16 cm® were cast for the study of
strength development and microstructure evolution of each formulation at different ages. Prisms
of size 4 x 6 x 25 cm® were also cast into the shrinkage channel of Schwindrinne for measuring
volumetric stability of the formulations. The prisms were cured as per DIN 1045 [84] and tested for
compressive and tensile strength and the same piece of the prisms broken in strength testing were

used for microstructure studies by using SEM and MIP techniques.
3.8 Mixing Regime and Mix Proportions

The mixing was done in the 5L Hobart mixer in the Baustoffe labor of Institut fir Keramik,

Glas- und Baustofftechnik at TU Bergakademie Freiberg.

The constituents including cement, secondary raw material and super plasticizer were
weighed accurately and then fed into bowl of the mixer. Mixing regime consisted of 30 seconds of
dry mixing at a slow speed of 145 RPM in the mixer. After dry mixing, the interior walls of the bowl
were cleaned and water was added to the mix. After addition of water, the mixture received 2
minutes and 30 seconds of fast mixing at 285 RPM. Thus, the total mixing time was 3 minutes (180

seconds) as per BS EN 197-1 [5].
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3.9 Water Demand

As per the European Guidelines for Self-Compacting Concrete [33], the water demand of
the cementitious system is often the first step required in the mix design of the self compacting
cementitious system. The water demand is the sum of water demand of all binder as well as
aggregate phase [85]. The water demand of binder can be calculated by testing the binder in the

pre-determined mix proportions in the Vicat apparatus as shown below in Fig 3.4.

Fig 3.4: Electronic Vicat Apparatus “Vicatronic” at TU Freiberg

The water demand for the aggregate phase can be calculated as per the procedures
outlined in ASTM C 127 [86] and ASTM C 128 [87] standards. Rizwan [6] reports that the mixing
water content for SCCS and HPCS shall not exceed the water demand of the system by a big
margin. The water demand of the self compacting mortar system has been calculated in controlled
temperature of 20 + 1 °C and 60 + 5 % relative humidity to ensure no undue variations due to
change in environmental conditions during testing phase. The results of water demand for all

formulations are shown in Fig 4.3 in Chapter 4.

3.10 Setting Times

The setting time of self compacting mortar (SCM) formulation was calculated at the
respective water demand of the formulation using the Vicatronic machine as per the provisions of

ASTM C 187 [88]. The results are shown in Fig 4.5 in Chapter 4.

3.11  Super Plasticizer Demand

The target flow for all self compacting mortar (SCM) formulations was fixed at 30 + 1 cm

and the amount of super plasticizer content required to achieve the target flow was calculated
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using Hagerman’s mini slump cone [6]. The Hagerman’s mini slump cone had as upper diameter of

70 mm and a lower diameter of 100 mm with a height of 60 mm.

Fig 3.5: Flow spread after removal of cone [6]

The total mass of material required to completely fill the Hagerman’s mini slump cone was
calculated as 850 grams. The water content of all SCM formulations was kept equal to the water
demand of the system during the entire experimental program. The results of SP demand are

shown in Fig 4.4 in Chapter 4.

3.12  Strength Testing

The samples were cast into a prism of 40 mm x 40 mm x 160 mm size for the purpose of
strength testing. After mixing the materials in the method prescribed above, the material was

poured into the prisms.

After casting, the prisms were immediately stored in a water bath at 20 + 1 °C
temperature and 98 = 2 % relative humidity. The samples were taken out after 24 hours and the
moulds were opened. The prisms were then marked as per specimen designation scheme selected
and put in laboratory water at a temperature of 20 + 1 °C. The samples were then taken out at the

prescribed ages as denoted on the specimen for strength testing in SSD condition.

The samples were tested for flexural and compressive strength using the displacement
controlled ToniTechnik Testing machine. In flexure testing, the average of three (3) samples
broken in flexure was noted and recorded as the representative flexural strength of that sample as

per DIN EN 196 [89] for each prescribed testing age.
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From the samples broken in flexure, we chose six (6) samples having cross-sectional area
of 40 x 40 mm?®. The compressive strength was recorded as the average of six (6) samples tested as
per DIN standards for each prescribed testing age. The results of strength testing in flexure and

compression are shown in Fig 4.11 and 4.12 respectively in Chapter 4.
3.13  Calorimetery

The 72 hour calorimeter was done on all SCM formulations at the calculated water and SP
demand using an Isothermal Conduction Calorimeter. The samples were prepared from the dry
mix of formulations prepared for strength testing and the calorimetery was performed in parallel
to these tests. As the calorimetric testing requires a very small sample size 10 grams and an even
smaller amount of mixing water as per water demand, special care needs to be exercised while
handling the samples. Special care needs to be taken while placing small crucibles along with their
lids in the calorimeter to prevent any unnecessary heat conduction to and from the calorimeter.
The results of calorimeter were performed on the calorimeter available in the Baustoffe labor of
Institut fur Keramik, Glas- und Baustofftechnik at TU Bergakademie Freiberg as shown in Fig 3.6.

The results of the 72 hour calorimeter are shown in Fig 4.13 of Chapter 4.

Fig 3.6: Conduction Calorimeter in the Baustoffe labor

3.14  Scanning Electron Microscopy (SEM)

SEM was used to analyze the particle shape, morphology and size (usually to a quantitative
extent) of SRM and the samples were put in crucibles which were carbon coated. After putting the
powdered samples on the carbon coated crucibles, the samples were gold coated upto 20 nm and

put inside the SEM chamber for analysis as shown in Fig 3.7.
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Fig 3.7: SEM machine

For analyzing the hydration progress, microstructure & ITZ of SCM formulation at
different prescribed ages, small pieces of about 2-10 mm size were broken using chisel and
hammer from samples broken in flexure testing. To study the hydration progress at different ages,
it was required to stop the hydration at the prescribed age. To achieve this, the pieces of SCM
formulations were dipped in Acetone for about 2 hours [13]. Acetone helps remove all free water
in the system available for hydration. The specimen were then submerged into a solution of iso-
propanol for about 24 hours [13] to remove the traces of acetone left in the small pieces of

samples as shown in Fig 3.8.

Fig 3.8: Broken pieces of prisms dipped in iso-propanol

The specimen was then put in carbon coated crucibles and gold coated upto 20 nm for
analysis in the SEM chamber. The photographic results of SEM analysis were obtained and the

results are shown in Chapter 4 in detail.

Rizwan [6] reports that SEM is a very versatile and helpful tool in analyzing the
microstructure of the SCM system, to study in detail the Inter Facial Transition Zone (ITZ) and to

identify the progress of hydration process. In Back Scattered Electron mode, it can identify
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different phases of hydration (CH, Ettringite, CSH gel, alite, belite, etc) and even unhydrated

cement particles at low w/p ratios.

3.15 Energy Dispersive X-Ray Analysis (EDAX)

Scanning Electron Microscope was also able to carry out the on-spot chemical analysis i.e.
EDAX. Rizwan [6] suggests that EDAX results appear to be just qualitative in nature and not a
definitive chemical composition of cementitious system due to large point to point variations
across the SCM system. However, in case of metals, it gives a very good idea about the oxide
content and composition due to its relative consistency across the system. The EDAX analysis is

attached as Annexure B.

3.16  Mercury Intrusion Porosimetery (MIP)

Mercury Intrusion Porosimetery (MIP) was performed using Pascal 440 Mercury Intrusion
Porosimeter at Institut fir Silikattechnik at Technische Universitdt Bergakademie Freiberg to study
the pore size distribution of SCM formulations. The samples were prepared from prisms broken in
flexure. Small pieces of about 5 mm size were broken using chisel and hammer. The hydration was
stopped was dipping the pieces in acetone and iso-propanol as described above. After drying the
samples, they were subjected to a controlled incremental pressure upto 400 MPa. The
measurements of pressure, intruded volume of mercury and pore size and distribution were
recorded by Pascal 440 Porosimeter. The cut-off angle between mercury and pore wall was 140°
and the surface tension of mercury was 480 dyne/cm. The results of MIP are shown in Fig 4.20 to

4.28 respectively in Chapter 4.

3.17  Early Shrinkage

For measurement of early 24 hours shrinkage, a modified version of German shrinkage
channel called Schwindrinne was used. The channel measured 4 cm x 6 cm x 25 cm and hooked up
with a computer to record the variation in length. The linear early shrinkage measurements were

made at 20 + 1 °C temperature and 60 + 5 % relative humidity as shown in Fig 3.9.
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Fig 3.9: Modified German Shrinkage Channel “Schwindrinne” on the left, some shrinkage cracks

visible on the specimen on the right

The shrinkage measurements were recorded in uncovered condition for SCM formulations
so as to approximate field conditions. The temperature of mixing water was varied and hot mixing
water temperature of 25 + 1 °C and cold mixing water temperature of 15 + 1 °C was used
respectively. The idea behind using two different mixing water temperatures was to quantify the
effect of mixing water temperature on the early shrinkage. The measurements were started after
pouring the sample in the channel and zeroing the computer data to record the liner early
shrinkage for the first 24 hours. The frontal end of the Schwindrinne was fixed and rear end was
flexible and was able to record a displacement of 0.31 microns due to shrinkage or expansion in
SCM formulation. The computer was hooked up with Schwindrinne and recorded the shrinkage
strains at an interval of 60 seconds upto 24 hours and the data was then imported into Excel
sheets. The results of shrinkage for all formulations are shown in Fig 4.29 to 4.32 respectively in

Chapter 4. The literature on the measuring device is explained in-depth by Rizwan [6].

3.18 Specimen Designation

A special specimen designation system was designed to identify the type of SCM
formulation, its age and the type of SRM. A typical formulation may be written as C1+10MK 1D
where C1 denotes the cement; the numeral ‘10’ denotes the mass of secondary raw material
(SRM) in terms of percentage of cement mass and MK denotes the SRM used (Metakaolin) and the
last letters ‘1D’ denote the age of the sample at the time of testing. The designation does not
specify the water and SP content of the system as they were fixed at the water and SP demand of

the respective SCM formulation as shown in Annexure A.
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CHAPTER 4 — RESULTS

4.1 Tests on Secondary Raw Materials

4.1.1 Particle Characterization by Scanning Electron Microscopy (SEM)

The particle shape, size and morphology are very important parameters in understanding
the behavior of Secondary Raw Materials (SRM’s) in regards to the flow, strength, shrinkage and

microstructure of Self Compacting Mortar (SCM) systems.

a. Metakaolin

The Scanning Electron Microscopy (SEM) photographs of the Metakaolin imported from
China (MKCh) used in this study is as shown in Fig 4.1. The average particle size of Metakaolin
(MKCh) ranges from 4 to 8 microns as seen in Fig 4.1 which conforms to the particle size given in

Table 3.2 of Chapter 3.

20kV  X5,000 Spm 0004 1050 SEI 20kV  X10,000 1pm 0004 1040 SEI

Fig 4.1 (a): SEM Characterization of Metakaolin (MK) at X5000 and X10000 magnification

With respect to Fig 4.1, the SEM photograph demonstrates that the MK particles are
irregular in shape with rough, elongated and abrasive texture. This leads to higher internal friction
between the particles and requires a higher dosage of super plasticizer for achieving the target
flow as shown in Fig 4.4. Small MK particles also act as filler at early age and provide pozzolanic

reaction as well.

b. Glass Powder

The Scanning Electron Microscopy (SEM) photographs of the Glass Powder are as shown in
Fig 4.2. The variation in particle size is due to milling with some small particles around one

comparably large particle.
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Fig 4.1 (b): SEM Characterization of Glass Powder (GP) at X5000 and X10000 maghnification

SEM photograph in Fig 4.2 clearly demonstrates that the Glass Powder particles are
irregular in shape with relatively smooth and glassy texture. This leads to lower internal friction
between the particles and thus, GP has a relatively lower water demand but a slightly higher SP
demand due to large and irregular size of particles. The results of water and SP demand are shown

in Fig 4.3 and 4.4 respectively.
4.1.2 Particle Characterization by Granulometery

The particle size of CEM1, Metakaolin and Glass Powder was determined by Laser
Granulometery using the Beckmann Coulter LS 320 Laser Granulometer. The particle size of the

materials is shown below in Fig 4.2;
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Fig 4.2: Average Particle Size of Raw Materials
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The average particle size of Metakaolin was about 4.6 and 4.5 microns respectively. CEM 1
was also very fine having a size of 18.41 microns. Glass Powder was about 48.51 microns which is

large as compared to Metakaolin and CEM 1 which can be attributed to the milling process.

4.2 Tests on Self Compacting Mortar (SCM) System

4.2.1 Water Demand

Fig 4.3 shows the water demand of the different formulations used in this study. It was
observed that the water demand increases when SRM’s were used in replacement mode at 10% of
cement mass in the formulation with the exception of GP whose behavior is explained in the

above SEM analysis. The tabulated results of water demand are given in Table 3 of Annexure A.
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C1+P C1+10MKGr C1+10GP C1+10MKCh

Fig 4.3: Water Demand for SCM Formulations

4.2.2 Super Plasticizer (SP) Demand

Fig 4.4 shows the super plasticizer (SP) demand of the different formulations at a target
flow of 30 £ 1 cm. It was observed that when SRM’s were used in replacement mode at 10% of
cement mass in formulations, the SP demand of the system was increased. The tabulated results

of SP demand are given in Table 4 of Annexure A.
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Fig 4.4: SP Demand for SCM Formulations

4.2.3 Setting Times

Fig 4.5 shows the variation of setting times of all formulations. The tabulated results are

shown in Table 3 of Annexure A.
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Fig 4.5: Setting Times of SCM Formulations
36



4.2.4 Flow of SCM formulations

Fig 4.6 shows the flow times for a spread of 25 cm for all formulations using the
Hagerman’s mini slump cone and Fig 4.7 shows the total spread time for SCM formulations. The

particle characterization of SRM affects the flow behavior of the formulations.
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Fig 4.6: Variation of T,5 time of SCM formulations

Rizwan [6] has proposed that T25 cm time seems to be a better flow index for the
comparative flow response of SRM‘s in HP SCM systems. This enables us to measure accurate flow
times for SCM formulations as even viscous mortars keep on creeping for sometime after pouring.
Rizwan [6] has based T25 cm spread time on an analogy with Abrams cone having a base of 20 cm
and T50 cm time is recorded there. The ratio of these two diameters is 2.5. The mini-slump cone
had a diameter of 10 cm; therefore, the spread time was selected for 25 cm flow again at a
diameter ratio of 2.5. Rizwan [6] also states that T25 cm time and V-funnel time seem to be a

direct function of the viscosity of the formulation.
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Fig 4.7: Variation of Target Spread time of SCM formulations

From the above result, we can clearly see that CEM 1 has the least target spread time.
Metakaolin Metastar 501 (found in Germany) has a small particle size and its particles are rough,
abrasive and somewhat elongated. Therefore, it has a large surface area and requires more water
and SP content to overcome its internal friction and achieve self flow. Therefore, it produces
slightly increased flow timings as shown in Fig 4.6 and 4.7 respectively. Glass Powder also requires
higher SP content to achieve self flow. This can be attributed to its irregular shape leading to
higher internal friction and internal porosity as shown in SEM photograph in Fig 4.19, which in turn
produces retarded flow timings as shown in Fig 4.6 and 4.7 respectively. Metakaolin imported
from China also shows a further increase in SP content and has a small particle size, thereby
increasing its surface area. However, the Metakaolin is hydroxylated (removal of water) and thus
its particles have an affinity for each other as they absorb water, thereby causing retarded flow

timings.

Fig 4.8 shows the relationship between T,s time and the target spread time for the

formulations.
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Fig 4.8: Relationship between T,; time and Target Spread time of SCM formulations

The V-funnel times of SCM formulations are shown in Fig 4.9 to get an idea of the viscosity

of the formulations.
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Fig 4.9: Variation of V-Funnel time of SCM formulations
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The V-funnel time of a formulation can be interpreted in terms of viscosity. From above Fig
4.9, we can clearly see that Metakaolin exhibits less V-funnel time due to its small particle size as it
shows less resistance to flow. Glass Powder has a larger particle size and thus, produces higher V-

funnel time.

The above value of flow timings and V- funnel times show a similar trend as they tend to
increase with increase in SP and water demand. This indicates that the formulations with
increased flow timings have more viscosity and internal resistance to flow as compared to
formulations with reduced flow times. The relationship between the T,5 time and V-funnel time is

plotted as shown in Fig 4.10.
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Fig 4.10: Relationship between T,s time and V-Funnel time of SCM formulations
4.2.5 Strength of SCM formulations

The results of flexural and compressive strength of the SCM formulations are given in Fig
4.11 and 4.12 below. The specimen was tested at 4 different ages i.e. 1 day, 3 days, 7 days and 28

days.
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Fig 4.12: Compressive Strength of SCM formulations

results of flexural and compressive strength both follow a similar trend and clearly

show that at early ages, the strength of control mix is about 21% more as compared to MK

formulation

but at 28 days, the strength is almost equal. GP develops strength more slowly as

compared to MKGr as it has a large particle size, thus causing a delayed strength response and
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evolution of heat of hydration. MKCh also shows a very slow strength response as compared to GP

but at 28 days, it has comparable strength suggesting a pozzolanic reaction.

4.2.6 Calorimetery

The purpose of performing 72 hours calorimetery was to observe the effects of results of
addition of SRM on the heat of hydration released and the changes in the hydration kinetics of the
formulations. The evolution of heat of hydration of Metakaolin, Glass Powder and Control mix
show a similar trend to the strength development. Fig 4.13 shows the graphic representation of
heat flow of various formulations for duration of 72 hours. All formulations show an immediate
peak which represents the hydration of CzA phase which cannot be measured completely due to
its rapid peak. The main calorimetric peak which commences after a dormant period up to 6 hours
following C3A hydration is due to C3S hydration which is the most important phase in strength

development. A separate cutout of the first 6 hours is also inserted to show the dormant period.
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Fig 4.13: Heat Flow of SCM formulations by Calorimetery
4.2.7 Study of Microstructure by Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy and EDAX of various formulations were done on SCM

samples at the age of 1 day and 3 days. All formulation showed varying degree of growth of
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needle-like crystals called Ettringite along with the hexagonal shaped crystals of Calcium Hydroxide
Ca(OH), and Calcium Silicate Hydrate (CSH) gel is also visible alongside the ITZ at various places.

The detailed graphs of EDAX at various places of interest are shown in Annexure B.

L AccY Spol Magn Det WD Exp F——— 1ow
= 200kv 4.0 1500x  SE 100 40591 C1-P1d
o -

Fig 4.14: SEM photograph of SCM sample of CEM 1 at the age of 1 day

Fig 4.14 below shows the formation of large amount of CSH gel at 24 hours (1 day)
indicating that the hydration of C3S phase is commenced. This can also be confirmed by

calorimetric peak of CEM 1 which lies between 20 to 21 hours.

AccY SpotMagn Det WD Exp 1 &um AccY SpotMagn Det WD Exp 1 &um
200kv 3.0 5000x SE 10.0 40792 CEM I pure 200kv 40 3000x SE 99 40595 C1-P3d

Fig 4.15: SEM photograph of SCM sample of CEM 1 at the age of 3 days

Fig 4.15 shows the formation of needle-like ettringite crystals in the formulation as well as
calcium hydroxide crystals. The ettringite crystals are expansive in nature and start forming in the
matrix as the heat of hydration evolves and there is space in the matrix for crystals to grow. Also
the presence of weak CH crystals ensures a poor microstructure and there is space for products of

hydration to grow.
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Table 4.1: EDAX

Element Wt% Mol %
Na,O 00.09 | 00.09
MgO | 01.30 | 01.87
Al,03 01.85 | 01.05
SiO, 2048 | 28.38
SO; 00.49 | 00.35
K,O 00.50 | 00.31

AccN  Spot Magn De‘r.WD T I — Ca0 65.61 67.67

200Ky 40 10000 SE 100 40573 C1-10MK 1d B Tio, 0011 00.08

Fig 4.16: SEM photograph of SCM sample containing 10% MK in Replacement Mode at
the age of 1 day

Fig 4.16 also shows formation of ettringite in the MK formulation after 24 hours (1 day) as
compared to CEM 1 which showed ettringite after 3 days. This can be attributed to the early
calorimetric peak of MK. The EDAX of this photograph shows a high percentage of CaO and SiO,
indicating the formation of hydration products (ettringite, CSH gel and CH crystals). EDAX graph of

Table 4.1 is shown in Fig 1 of Annexure B.

Table 4.2: EDAX

Element Wt% Mol %
Na,O0 00.09 | 00.09
MgO 02.54 | 03.99
Al,O3 11.05 | 06.87
Sio, 30.81 | 3251

SO; 10.27 | 08.13
K,O 03.17 | 02.13

AccV SpotMagn Det WD Bxp F——— 10pm ’ CaoO 40.36 45.64
200kv 40 1500x SE 10.0 40578 C1-10MK 3d Fe203 01_81 00.72

AccV  Spot Magn Det WD Exp
20.0kY 40 10000x SE 10.0 40677 C1-10MK 3d
- J - —

Fig 4.17: SEM photograph of SCM sample containing 10% MK in Replacement Mode at

the age of 3 days
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Fig 4.17 also shows the presence of ettringite in the formulation as well as CSH gel. There
is also a lack of CH crystals, thus indicating that the Metakaolin is successful in reacting with CH to
produce further cementitious compounds. The EDAX shows a reduced CaO content and increased
SiO, content at 3 day age as compared to 1 day age showing the reduction of Calcium Hydroxide

due to pozzolanic reaction. The EDAX graph of Table 4.2 is shown in Fig 2 of Annexure B.

Table 4.3: EDAX

Element Wt% Mol %
Na,0 | 00.94 | 00.95
mMgo | 03.28 | 05.06
ALO; | 07.80 | 04.77
Sio, | 24.51 | 25.42
P,Os | 00.21 [ 00.09

| sO; | 06.63 | 05.16

o * K0 | 0132 | 0087

i o o ca0 | 49.85 | 55.39

200w 4o Totonx St 101 e crioarta o | Tio, [ 00.40 | 00.31

* Fe;0; | 05.06 | 01.97

Fig 4.18: SEM photograph of SCM sample containing 10% GP in Replacement Mode at
the age of 1 day

Fig 4.18 also shows formation of CH crystals in the formulation as well as CSH gel. This
shows that the hydration of GP based formulation has commenced but its pozzolanic reaction is
not started as GP acts as filler only. This can also be confirmed by its delayed calorimetric peak and

retarded strength development. EDAX graph of Table 4.3 is shown in Fig 3 of Annexure B.

Table 4.4: EDAX

\ Element Wt% Mol %
Na,O 10.48 | 10.19
MgO 02.15 | 03.21
Al,0; 02.22 | 01.31
SiO, 75.31 | 75.50

SO3 00.34 | 00.26
K0 01.26 | 00.81
CaO 07.88 | 08.47

\ a5 : = . 3 ! .
AccV Spot Magn Det WD Bxp ——— 10pm 1 TIOZ 00.35 00.26
20.0 L(V 4.0 1500%  SE 10.0 40561 C]-]OGP 3d "

4 e
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Fig 4.19: SEM photograph of SCM sample containing 10% GP in Replacement Mode at
the age of 3 days

Fig 4.19 also shows the presence of CH crystals in the formulation as well as CSH gel and
the ITZ of the formulation. The GP has a large size and therefore, its has a thick ITZ leading to a
poor microstructure. The presence of CH crystals also indicates the poor pozzolanic capability of

GP owing to its large particle size. EDAX graph of Table 4.4 is shown in Fig 4 of Annexure B.

4.2.8 Mercury Intrusion Porosimetery (MIP)

Mercury Intrusion Porosimetery (MIP) was done on the samples to get an idea of the pore
size distribution and extent of pore refinement by the SRM’s. MIP was done on samples upto the
age of 3 days as there is little refinement in pore structure after 3 days [6]. The values of pore size,
total porosity and bulk density of the samples are measured automatically by the Pascal 440
Mercury Intrusion Porosimeter and imported into Excel sheets. Fig 4.20, 4.21 and 4.22 show the
results of pore radius, total porosity and bulk density of the formulations at the ages of 1 day and

3 days respectively.
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Fig 4.20: Average Pore Radius of SCM formulations at 1 and 3 days

Fig 4.20 shows the evolution of average pore radius of SCM formulations with age. As
hydration commences, the average pore radius decreases. The Control mix has higher average
pore radius as compared to MK based formulation because of small size of Metakaolin. Also, Glass
Powder does not shows significant decrease in average pore radius from 1 day to 3 days as its rate

of hydration is slowest as shown by its calorimetric curve.

47



22.00

1 day,

20.00 ~

18.00

16.00 - 1 day,

13.69 3day,
12.69

Total Porosity (%)

C1 C1+10MKGr C1+10GP

Formulations

Fig 4.21: Total Porosity of SCM formulations at 1 and 3 days

Fig 4.21 shows the evolution of total porosity of SCM formulations with age. All
formulations show decrease in porosity with age as the products of hydration (CSH gel, ettringite
and Calcium Hydroxide crystal) grow in empty spaces inside the matrix. The trend of total porosity
evolution is similar to average pore radius as decrease in pore radius also results in reduction in

porosity with age.

48



2.30

3 day,

1day, 223
2.20

2.25

3 day,
2.20 2.19

Bulk Density (g/cm3)

Cc1 C1+10MKGr C1+10GP

Formulations

Fig 4.22: Bulk Density of SCM formulations at 1 and 3 days

Fig 4.22 above shows the bulk density of the SCM formulations. They also show a similar
trend to Fig 4.21 as Bulk Density is a direct function of total porosity. Hence, the bulk density of
formulation increases with age as the total porosity decreases. The relationship between the pore
size and the volume of mercury intruded was also plotted by importing the data into Excel sheets.

Fig 4.23, 4.24 and 4.25 respectively show the relationship on a logarithmic scale.
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Fig 4.23: MIP Results of C1 formulations at 1 and 3 days
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Fig 4.23 shows the development of pore size of CEM 1 formulation. The intruded volume is
higher in CEM 1 formulation as compared to Metakaolin and Glass Powder showing that the SRM

have an effect on pore refinement.
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Fig 4.24: MIP Results of C1+10MKGr formulations at 1 and 3 days
Fig 4.24 shows a bi-modal MIP curve for C1+10MKGr formulation. This type of curve can
be interpreted as having two groups of different pore sizes [6]. However, after 1 day, there is pore

refinement due to pozzolanic reaction of Metakaolin but beyond that; there is no further

improvement in pore structure.
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Fig 4.25: MIP Results of C1+10GP formulations at 1 and 3 days

Fig 4.25 shows the MIP curve for C1+10GP formulation. There is no huge difference
between pore size between the age of 1 and 3 day, however, intruded volume is greater at 1 day.
This suggests that some pores may have discontinuity at 3 days suggesting pore refinement. The

relative intruded volume in MK and GP formulation is shown in Fig 4.26 and 4.27 below;
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Fig 4.26: Pore Size Ranges of C1+10MKGr formulation at 1 and 3 days
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Fig 4.26 shows the bi-modal nature of MIP curve of Metakaolin as it shows an increase in
smaller sized interconnected pores at 1 day. Due to interconnected pores, the intruded volume at
pore size of 50 BIm is less for 1 day as compared to 3 day. However, the volume of these small

interconnected pores decreases significantly and they are discontinued at 3 day age.
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Fig 4.27: Pore Size Ranges of C1+10GP formulation at 1 and 3 days

Glass Powder formulation shows a slightly different pattern as shown in Fig 4.27 above. It
has more number of larger pores at 1 day age which is due to the delayed pozzolanic reaction of
Glass Powder owing to its larger size but at 3 days, the number of larger pores has decreased and
smaller sized pores has increased suggesting pore refinement. The threshold pore radius of the
SCM formulations is also plotted at the ages of 1 and 3 days. Fig 4.28 shows the variation in
threshold pore radius of formulation with age. All formulation show a decrease in threshold pore
radius from the age of 1 day to 3 days suggesting pore refinement. Furthermore, the partial MIP
curves of Pore Radius against Intruded Volume for all three formulations are plotted as shown in

Fig 1 to Fig 3 in Annexure C.
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Fig 4.28: Threshold Pore Radius of SCM formulations at 1 and 3 days

4.2.9 Effect of Mixing Water Temperature on Early Shrinkage

The early shrinkage measurement for SCM formulations were recorded upto 24 hours to
get an idea about the effect of mixing water temperature on the early shrinkage of the
formulations. The linear early shrinkage was recorded at hot and cold mixing water temperatures
of 25 + 1 °C and 15 + 1 °C. The shrinkage strains were recorded on a modified version of German
shrinkage channel called “Schwindrinne” and the results are imported into Excel sheets. Figs 4.29
to Fig 4.32 show these results. Metakaolin produces more shrinkage than Control mix due to its
small size, latent reactivity and early evolution of heat of hydration whereas Glass Powder shows

less shrinkage owing to its large particle size and delayed evolution heat of hydration.
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Fig 4.29: Shrinkage of C1 formulation during first 24 hours

100 -
Time (hours)

o

0 \ T T T T T
) \ 4 8 12 16 20
-100

-200
= C1+10MKGr-HOT
-300 = C1+10MKGr-COLD
® |Initial Setting Time
-400 A Final Setting Time
-500

=~ \\
-700

~_

-800

-900

Fig 4.30: Shrinkage of C1+10MKGr formulation during first 24 hours
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Fig 4.32: Shrinkage of C1+10MKCh formulation during first 24 hours

Fig 4.29 to 4.32 shows the shrinkage of SCM formulations for the first 24 hours. They
follow a similar trend showing some initial expansion for hot water and generally show reduced

shrinkage for hot water as compared to cold water. The difference between hot and cold water
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shrinkage for Control mix more (about 100 um/m) as compared to C1+10MKGr (about 75 um/m)
suggesting that the response of MKGr and Control mix is similar. However, the slightly higher total
shrinkage value of MKGr as compared to Control mix can be attributed to its higher heat of
hydration evolution as shown in its calorimetric curve in Fig 4.13. MKCh formulation shows the
highest amount of early linear shrinkage of about 3500 um/m while the difference between hot
and cold mixing water shrinkage is 200 um/m. Glass Powder formulation has the least amount of
early linear shrinkage for both cold and hot water (520 um/m) and shows no difference in the
shrinkage values for hot and cold water. This can be attributed to slow reaction and heat of

hydration evolution of GP as compared to MK and Control mix.
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CHAPTER 5 — DISCUSSIONS

5.1 Particle Characterization, Water and Super Plasticizer Demand and Setting Times

Particle shape, size and morphology of secondary raw material (SRM) are very important
parameters for understanding their behavior in terms of water demand, SP demand, flow,

strength, shrinkage and microstructure of SCM formulations.

SRM particles play a very prominent role in the packing of the mix due to their small
particle size. If they are almost twice as small as cement particles, they enhance the packing and
reduce porosity in hardened state. It is found that SRM which are three times smaller than cement
particles can pack the mix completely in the voids between cement grains. This packing behavior
of the mix tends to increase the water demand of SRM based mixed formulations as the
introduction of small particles increases the surface area and hence, more water is required to

lubricate the mix effectively.

Metakaolin had a much smaller particle size and thus, a greater specific surface area as
compared to the CEM-I 42.5R cement as mentioned in Table 3.1. Hence, the water demand of MK
formulation tends to be higher than the control mix water demand as shown in Fig 4.3. This may
result in the presence of small internal pores and the Fig 4.28 clearly shows that MK tends to

reduce the internal pore size.

The particle size of Glass Powder was slightly greater than the particle size of cement as it
was milled from large 20 mm size gravels. Due to this effect, the water demand is slightly more for

GP formulation as shown in Fig 4.3 and also leads to a slightly larger pore size in GP formulations.

The SP demand of SCM formulations for MK and GP are also higher than control mix as SP
is also absorbed by the SRM which depends on the surface area available [90]. The SRM
photographs shown in Fig 4.1 (a) and 4.1 (b) also indicate an irregular shape and abrasive texture
of SRM particles which increase the internal friction and increase SP demand. The SRM’s (GP) also

has some internal porosity which requires a high water and SP demand.

The setting times of formulations with MK and GP in 10% replacement mode also tend to
show a delayed setting. This is due to the higher SP demand as SP acts as a retarder as well as the

reduced cement content in the matrix tends to delay the onset of hydration.
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5.2 Flow of Self Compacting Mortar (SCM) systems

After the initial observations regarding the water demand, SP demand and setting times,
the flowability of the SCM formulations was investigated. V-funnel and Hagerman’s mini slump

cone are usually adopted to investigate these parameters.

The slump test using Hagerman’s mini slump cone aims to investigate the yield stress,
deformability and filling ability of the SCM formulation. This is determined by two basic
parameters: the total spread time and the time for a spread of 25 cm called T,5 time. The total
spread indicates the deformability or yield stress while the T,s time indicates the viscosity of flow
as well as rate of deformation. The smaller value of T,5 time indicates a low yield stress, high

deformability and low viscosity due to low internal resistance between powder particles.

The V-funnel time represents the time required by a defined volume of SCM to flow
through a narrowing section. This indicates the viscosity as well as passing ability of the SCM
formulation to overcome the internal and external friction encountered during the flow [32, 91].
Higher w/p ratio leads to lesser V-funnel times and vice versa. The V-funnel time also depends on
the particle size, shape, morphology and surface texture of the SRM particles and in case of

mortars, it also depends on the total fine aggregate content and its fineness.

The SCM formulation of MK and GP had higher yield stress and high viscosity as indicated
by the increase in T,s time and V-funnel time as shown in Fig 4.6 and 4.9 respectively. The
abrasiveness and irregular shape of the GP and MK particles offer internal friction during flow. The
MK also tends to have an affinity to water as it is in calcined, dehydroxylated form while GP
particles have internal porosity leading to absorption of free water. These effects tend to reduce

the amount of free water available for lubrication of powder particles and increase viscosity.

5.3 Strength of Self Compacting Mortar (SCM) systems

Rizwan [6] reports that in SRM based cementitious systems, the strength is dependent
upon the particle size, degree of pozzolanic activity and degree of packing. A larger particle size,

low pozzolanic activity and loose packing in the matrix results in the reduction of strength.

The strength of the SCM formulation with MK and GP in 10% replacement mode gave
lower value of flexural and compressive strength than the control mix. At the age of 28 days, the
strength of MK formulation was almost equal to that of control mix and it is expected to increase

beyond the compressive strength of control mix due to the pozzolanic reaction at later ages.
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The particle size of SRM’s tends to have a dominant role in strength development due to
their role in efficient packing of the mix as well as their pozzolanic action. Smaller size SRM pack
the mix more efficiently, leading to reduced porosity. As porosity is a direct function of degree of
packing, it controls the strength of the mix. Thus, smaller size SRM particles pack efficiently in the
voids between cement grains resulting in better packing, lower porosity and consequently
improved strength. Metakaolin having a very small particle size, produced better packing and as a
result, gave better performance as compared to Glass Powder in terms of strength. This aspect can
also be confirmed by the Mercury Intrusion Porosimetery results of SCM formulation as shown in

Fig 4.20 to 4.22 respectively.

The strength development also depends on the pozzolanic reactivity of the SRM particles.
Pozzolanic activity depends on the amount of amorphous Silica SiO, and Alumina Al,03 available in
the pozzolan. Metakaolin is noticeably more reactive than Glass Powder as it has purely
amorphous phases having undergone calcinations during its manufacture and thus, gives more

strength than GP.

It was also observed that the rate of strength gain increased with age in SCM formulation
containing MK and GP in replacement mode as shown in Fig 4.11 and 4.12 respectively. This is due
to the delayed start of pozzolanic reaction as the pozzolanic reaction converts free lime (calcium
hydroxide) into cementitious compounds and at the start, there is no free lime available in the
mix. The increase in production of free lime (calcium hydroxide) as a consequence of cement
hydration results in a noticeable increase in strength gain due to increase in pozzolanic reaction.
With the passage of time, ultimately all free lime is converted into cementitious compounds and
greater strength and durability of mix is achieved as calcium hydroxide is a weak crystal and its

absence improves the microstructure and consequently, strength of the mix.

5.4 Microstructure of Self Compacting Mortar (SCM) systems

Rizwan [6] reports that the decrease in maximum pore radius is not very significant
between the ages of 3 to 7 days and this further diminishes between 7 and 28 days. Hence, we
examined the SCM formulation at the ages of 1 day and 3 days with SEM photographs as shown in
Fig 4.14 to 4.19 to study the products of hydration. All SCM formulations exhibited the growth of
needle-like crystals of Ettringite, hexagonal crystals of calcium hydroxide Ca(OH), and formation of

CSH gel to various extent.

EDAX microanalysis report of the formulations also showed the presence of CSH gel,
Ettringite and Ca(OH), as denoted by the high percentage of CaO, SiO, and Al,0;. The EDAX

spectrum reveals higher peaks of Ca, Si and Al as shown in Figure 1 to 4 in Annexure B. One
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particular point of interest is the EDAX report for C1+10GP at 3 days which shows high silica

content. This is due to the EDAX analysis taken in the vicinity of a Glass Powder (GP) particle.

The MIP was done to evaluate the pore size and distribution of SCM formulations. The
pore size of MK formulation was found to be less than other formulations due to pore refinement
of SCM formulation by Metakaolin. The MIP curve for all SCM formulations shows that the
majority of pores are in the range of 10 to 100 nm. Metakaolin also have a more pronounced
secondary curve between pore radius of 1 to 10 nm showing that it has a greater number of
smaller size pores than C1 and Glass Powder based formulations. This pore refinement can be
attributed to the effect of hydration and the pozzolanic capability of the SRM. Cook et al [92]
reports that the threshold pore width may provide a better idea of material durability and
influences the permeability characteristics of the cementitious system. Based on the above
argument, the smaller threshold pore radius of Metakaolin may exhibit improved durability at
later stages. The increased total porosity of control mix may be attributed to a better

interconnectivity of pores inside the matrix at the age of 1 and 3 days.

The increased intruded volume of mercury in Metakaolin shows that MK has internal
porosity. However, at 3 days, it has a lower amount of intruded volume which confirms pore

refinement due to pozzolanic ability of Metakaolin.
5.5 Calorimetery of Self Compacting Mortar (SCM) systems

The hydration of cement and evolution of heat of hydration is a complex phenomenon and
depends upon various factors. It can influence setting times, strength gain and pore refinement
and therefore, affects both the early age behavior and long term performance of concrete. The
knowledge and measurement of heat flow is necessary to get an estimate of the formation of

hydrates [92] and development of a suitable of curing regime [6].

Calorimetery is one of the techniques used to determine the heat flow with respect to
time. The calorimetric curves of various SCM formulations show the evolution of heat flow over a
period of 72 hours. To understand the heat flow during hydration and the effect of SRM on heat
evolution, it is necessary to understand the pattern of the curves. The initial phase or the 1** peak
occurs immediately at the start of addition of water and so cannot be measured correctly by the
calorimeter. This represents the reaction of the aluminate phase (C;A) which starts as soon as
cement rains come into contact with water. This is followed by a dormant phase in which the
hydration slows down rapidly and allows the concrete to be poured before the onset of hardening
which is the main reaction leading to setting and strength gain. The actual reasons for the

presence of this dormant period are still unknown but two theories have been put forward to
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explain the process. According to the first theory, a protective layer forms around the cement
grains after the initial heat release preventing further reaction till the onset of acceleration period.
However, this theory lack circumstantial and scientific evidence to support itself and is therefore,
not reliable. The second theory implies that no protective layer forms; rather the induction period
occurs due to the slow development of hydrates by nucleation. This theory fails to explain the
dramatic slowdown of the rate of reaction after the initial heat release nor is there an explanation

of the slow reaction of highly soluble Alite phase [93, 94].

The dormant period ends after a few hours due to the growth of two main hydration
products, calcium hydroxide and calcium silicate hydrate (CSH) gel. At this point, an acceleration
period starts and there is a gradual rise in the calorimetric curve. This can be attributed to the C5S
hydration which continues for 15 to 20 hours. The start of the acceleration period can also be
correlated to the initial setting time of the mix. The hydration of the next phase (C,S) usually starts
after 15 hours, hence there is a deceleration after reaching the second peak but the hydration of

C,S continues steadily and then decreases gradually before ceasing.

Calorimetric peak of SCM formulation with MK in replacement mode gives us the highest
second peak due to its pozzolanic activity and micro-filler effect. The reduction in heat liberated by
GP formulation is due to dilution effect caused by the reduction of cement content in the mix.
However, the hydration kinetics increases with the addition of MK and GP as they act as

nucleation sites for the deposition of hydrates.

5.6 Shrinkage of Self Compacting Mortar (SCM) systems

The early 24 hours shrinkage measured in this study is the sum of various parallel,
overlapping and simultaneous mechanisms including plastic shrinkage, chemical shrinkage,
autogenous shrinkage and drying shrinkage. Shrinkage is caused by the consumption of water
either internally during hydration or suction by SRM as well as externally due to loss to outside
environment as a result of continued hydration. The cementitious system may also experience
expansion due to the growth of expansive crystals in the matrix and re-absorption of bleed water
in the system. The linear, volumetric early shrinkage was recorded using the modified German

shrinkage channel Schwindrinne.

The temperature of the mixing water had a prominent role in the shrinkage/expansion of
the SCM formulations. There was a noticeable increase in expansion in all SCM formulations
initially due to increase in temperature of mixing water and the amount of shrinkage increased
with the addition of SRM in replacement mode due to their increased water and SP demand which

leads to an increase in the drying and chemical shrinkage and thus, increases the early 24 hours
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shrinkage values for SCM formulation. The shrinkage recovery due to the difference of mixing
water temperature can be attributed to the expansion due to absorption by GP and MK, thus

leaving less room for growth of expansive calcium hydroxide crystals.
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6.1

CHAPTER 6 — CONCLUSIONS AND RECOMMENDATIONS

General

This research work provides useful information and data about the use of Metakaolin and

Glass Powder as SRM in Self Compacting Cementitious Systems. The particle size, shape and

morphology have an important influence on the water demand, SP demand, flow behavior,

volumetric stability, microstructure, strength development and durability of self compacting

mortar systems.

6.2

Conclusions

The important conclusions drawn from this work are summarized as follows:

Metakaolin and Glass Powder formulations require a higher dosage of Super Plasticizer to
achieve target flow as compared to control formulation. This increase in SP demand is
more pronounced in case of Metakaolin due to its smaller particle size and consequently
larger surface area, thus requiring more water to lubricate its particles resulting in more
water and SP demand. Glass Powder requires a higher SP demand because of its internal

porosity.

The results of 72 hours isothermal conduction calorimetery indicate the acceleration
effect Metakaolin has on cement hydration. The rate of heat evolution is more
pronounced in Metakaolin formulation as compared to control mix while Glass Powder
formulation exhibits delayed hydration which can be seen from the calorimetric peaks of
the three formulations. The evolution of heat of hydration also affects the shrinkage of the
formulation and it was observed that MK formulations show increased shrinkage as
compared to control mix whereas the GP formulation exhibited the least amount of

shrinkage which is concurrent with their respective calorimetric peaks.

SCM formulations containing MK in replacement mode give compressive strength almost
equal to that of the control mix at 28 days age. However, the rate of strength gain with
age is appreciably more in MK formulation. Hence, it is predicted that the strength of MK
formulation is likely to surpass that of Control mix at later ages due to its pozzolanic
reaction. However, due to the larger particle size and weak pozzolanic reaction of GP, the

GP formulation produces slightly less compressive strength at the same ages.
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6.3

The results of MIP curves show that the threshold pore radius of GP and MK formulations
is less than Control mix which indicates that the SRM have improved the packing of the

SCM formulation and thus, the durability of the mix is enhanced by MK and GP.

The incorporation of MK and GP improves the microstructure of the SCM formulation and

thus, leads to a strong and durable concrete.

The SCM formulation exhibit large flow timings with higher yield stress and adequate

viscosity due to their irregular shape and abrasive texture.

The incorporation of MK and GP can lead to a green concrete by replacing the cement
content, thus reducing the cement consumption and reducing CO, emissions into the
environment. This leads to a concrete which is environment friendly and desirable for its

strength and durability.

Recommendations

The study recommends the following based on this work:

Research must be extended to Self Compacting Concrete (SCC) systems using the same

secondary raw materials investigated in this research.

Resistance of the SCM formulation against acid attack and exposure to sulphate attack
may also be investigated to get an idea regarding their performance under adverse

environmental conditions.

It is recommended that the blends of Metakaolin and Glass Powder along with inert fillers

like LSP in Self Compacting Cementitious Systems (SCCS) may be investigated.
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ANNEXURE A — BOGUE'’S LIMIT CALCULATIONS, MIX PROPORTIONS,

WATER DEMAND, SUPER PLASTICIZER DEMAND AND

SETTING TIMES OF SCM FORMULATIONS

Table 1 — Bogue’s Limit Calculation of CEM | 42.5R [13]

Clinker Phase Formula Calculated Value
(Oxides* in Percentage) of CEM 142.5R
(%)
Tetra — Calcium 3.043 (Fe,03) 7.27
Aluminoferrite (C,AF)
Tri — Calcium Aluminate | 2.65 (Al,03) — 1.692 (Fe,053) 9.76
(C3A)
Tri — Calcium Silicate 4.071 (Ca0) - 7.6 (Si0,) —6.718 55.30
(CgS) (Aleg) -1.43 (Fezog) -2.85
(SOs)
Di — Calcium Silicate 2.867 (Si0,) — 0.7544 (C5S) 13.24

(GS)

* Value of Oxides in Percentage taken from Table 3.1
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Table 2 — Mix Proportions of all formulations

S/No Type Cement SRM Water
(grams) (grams) (grams)

1 CEM 1 500 - 140.0
2 C1+10MKFr 450 50 152.5
3 C1+10GP 450 50 185.0
4 C1+10MKCh 450 50 137.5
5 C1+10GP [95] 450 50 136.0

Table 3 — Water Demand and Setting times of all formulations

S/No Type SRM Content (%) | WD (%) IST (min) | FST (min)
1 CEM 1 - 28.00 195 288
2 C1+10MKFr 10 33.89 195 255
3 C1+10GP 10 30.56 198 267
4 C1+10MKCh 10 41.11 240 310
5 C1+10GP [95] 10 30.25 298 333

Table 4 —SP (Melflux 2651F) demand for Target Flow of 30+1 cm for all formulations

S/No Type Mixing Water (%) | SRM Content (%) | SP Content (%)
1 CEM 1 28.00 - 0.282
2 C1+10MKFr 33.89 10 0.333
3 C1+10GP 30.56 10 0.447
4 C1+10MKCh 41.11 10 0.489
5 C1+10GP [95] 30.25 10 0.160
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Table 5 — Flow Times for all formulations

S/No Type SRM Content (%) | T,s cm Time for | T total time for
30+1 cm (sec) 30+1 cm (sec)
1 CEM 1 - 1.91 31.50
2 C1+10MKFr 10 2.07 34.36
3 C1+10GP 10 2.24 38.92
4 C1+10MKCh 10 2.67 59.34
5 C1+10GP [95] 10 1.09 25.00

Table 6 — V-Funnel Times for all formulations

S/No Type SRM Content (%) V-Funnel Time (sec)
1 CEM 1 - 8.47
2 C1+10MKFr 10 9.01
3 C1+10GP 10 10.75
4 C1+10MKCh 10 13.67
5 | C1+10GP [95] 10 4.84
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ANNEXURE B — ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDAX)
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Figure 1: EDAX of SCM sample containing 10% MK in Replacement Mode at the age of 1
days
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Figure 2: EDAX of SCM sample containing 10% MK in Replacement Mode at the age of 3
days
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Figure 3: EDAX of SCM sample containing 10% GP in Replacement Mode at the age of 1
day
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Figure 4: EDAX of SCM sample containing 10% GP in Replacement Mode at the age of 3
days
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ANNEXURE C — MERCURY INTRUSION POROSIMETERY (MIP)
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Figure 1: Relationship of Pore Radius and Intruded Volume of C1 formulation at 1 and 3 days
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Figure 2: Relationship of Pore Radius and Intruded Volume of C1+10MKGr formulation at 1 and 3

days
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Figure 3: Relationship of Pore Radius and Intruded Volume of C1+10GP formulation at 1 and 3

days
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