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Preface

Limestone calcined clay cement (LC?) has been developed as a more sustainable alternative to other
contemporary cements. It is a family of cement that can contain as low as 50% clinker ground with
crushed limestone and calcined clay for structural applications. Compared to OPC, the production of
LC? emits 30% less CO,, consumes 18% less power and conserves limestone resources. With cement
production accounting for 7% to 8% of the CO, emissions in India, just the replacement of 30% of
cement in India by LC® can reduce the national CO, emissions by 0.5% to 1%. Additionally, the
production of LC3 can be more economical than fly ash based PPC in many scenarios that exist in India,
supporting a faster development of the nation.

The development of LC? has been spearheaded by an international group of researchers from
Switzerland, Cuba and India and it has been found that in most applications, LC® gives a better
performance than other commercially available cement, despite the lower clinker content. With India
making the largest contribution to the research and development, the cement has been extensively
studied and found to be suitable for the country. lIT Delhi has played a leading role in the development
of LC3.

With standard already been accepted by the Bureau of Indian Standards, the standard for LC? is in
advanced stages of acceptance by the standardization body. Internationally as well, the research from
India has contributed to the acceptance of standards, such as by ASTM and EN. A wide support for the
cement has also been received from the industry, that is preparing to start production of the cement
once standards are in place.

Introduction

Asia being the largest producer of cement has the highest CO, emission contributions in the world.
LC3 presents a unique opportunity for the cement producers to reduce their CO, emissions by as much
as 30%. LC?is seen as an especially attractive product for developing markets since it allows the growth
of production with a relatively moderate capital expenditure. This document describes the policy
support sought towards the acceptance of this more sustainable solution for the construction
industry.

LC? International research team

LC? is a product from a collaborative relationship between the Ecole Polytechnique Fédérale de
Lausanne (EPFL) and the Centro de Investigacion y Desarrollo de Estructuras y Materiales (CIDEM) of
the Universidad Central “Marta Abreu” de Las Villas in Cuba. IIT Delhi, IT Madras and TARA, the
partners in India, played a major role in the development of the cement and its commercialization
around the world. This project has been partially funded in all its stages by the Swiss Development
Cooperation, SDC (www.eda.admin.ch/sdc).

What is LC3?

LC3 (Limestone Calcined Clay Cement) is a cement that is a product of a collaborative relationship
between the Ecole Polytechnique Fédérale de Lausanne (EPFL) and the Centro de Investigacion y
Desarrollo de Estructuras y Materiales (CIDEM) of the Universidad Central “Marta Abreu” de Las Villas,
funded by the Swiss Development Cooperation, SDC (www.sdc.ch). This new family of cements can
reduce up to 30% of CO; emission to the atmosphere using a blend of clinker, calcined clay, limestone
and gypsum, the most common proportions being : 50% clinker, 30% calcined clay, 15% limestone and
5% gypsum.

The major innovation in LC? is to combine the around 30% substitution of relatively abundantly
available low-grade kaolinite clay with a further 15% of crushed limestone, which can maintain the



same mechanical and long-term performance as the reference Portland cement. This is due to the
synergy between the three key components of LC3, as shown in the figure below.
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Reduced clinker content, decreased fuel consumption for calcination compared to clinker plus the fact
that the added crushed limestone does not need to be heated contribute to lower production costs.
The lower cost of production and the lower clinker content are expected to be the main drivers for
the uptake of the LC® technology. It is important that LC? can be produced with existing manufacturing
equipment, leading to only marginally increased investments for calcining equipment. LC® also helps
in ecological conservation by allowing the utilisation of lower grade raw materials.

The rapidly growing interest of the cement industry in the LC? technology attests to its economic
attractiveness and its feasibility as a driver of sustainable development.

CARBON COST CAPITAL

LC3 can reduce CO2 emissions per tonne of cement LC3 requires less energy and can be made using

LC3 does not require substantial capital investments
AL DL ARV oW eI ARTNORC st ey and can be produced in existing plants.

LC3 experience in India

The work on LC? started in 2005, through a collaborative research project funded by the SNSF-SDC in
two phases (2005-2008 and 2009-2011), which led to the development of a new ternary binder based
on the synergy between calcined clay and limestone

An industrial trial of 130 tonnes was carried out as early as in 2013 in Cuba, and it has proven the
potential of producing LC® with a clinker content of approximately 50% even in challenging technical
conditions. The initial work in India focussed around understanding the calcination of clays and the
production of the cement. In 2013, as a first trial, around 10 tonnes each of four batches of the cement
were produced in a small cement mill in West Bengal. The clay had earlier been calcined using furnaces
used by the ceramics industry. These trials were carried out without any support from the cement
industry, leading to a relatively sub-optimal production. Despite this, the cement displayed excellent
performance and usability, as was demonstrated by the structure built by TARA at its premises in
Orchha in 2014. This demonstration cemented the high potential of LC? to serve as a sustainable
alternative to existing technologies. Since then, with the support of SDC, a large volume of research
has been produced put together by a of researchers, both in India and internationally in Switzerland



and Cuba. The development of LC? witnessed a tremendous boost as it gained recognition around the
world and researchers from outside the core team also started working on the subject. A quick analysis
of research carried out on “calcined clay cement” using the tool Scopus shows an exponentially
increasing interest in the subject.
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While India leads the number of publications on the subject, research on LC? is being increasingly
taken up by researchers around the world, as can be seen in the graph below.
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In addition to the above, the subject has been attracting funding from several sponsors other than
SDC as well.
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The data above clearly shows how scientific research, coupled with field experience, has driven the
acceptance of the cement by the industry. As a testament to this, a detailed report on LC? compiled
by IIT Delhi, detailing the work carried out by all the Indian partners, including IIT Bombay, IIT Madras
and TARA, was accepted by the Bureau of Indian Standards (BIS). The BIS released a draft standard on
LC3, that would eventually allow the commercial production of LC? in India. The quick acceptance of
LC3 by various stakeholders is exemplary. Draft cement standards like for Portland limestone cement
have been in the process of standardisation for more than 15 years with little to show in terms of
progress.

Thousands of tonnes of LC> has now been produced in India on a trial basis. The calcination of clays
and the production of LC? using various types of technologies is now well understood by the LC3 team
in India. The LC? India team, now possesses the expertise and resources required to support the uptake
of LC? by the cement and construction industry, not only in India, but also abroad.

Relevance of LC3 to cement companies
World cement production accounts for 8% of worldwide CO; emissions; concrete, made of cement, is
the second most used material after water. The negative impact of cement industry mainly comes
from:

e Decarbonation of limestone

e Fuel burned to heat the raw materials in a kiln to 1450°C to form clinker.

e The use of the electrical energy to grind the raw materials and clinker
Therefore, many cement producers are pursuing alternatives to reduce CO; in a context where fly ash
and coal are severely questioned because of their impact on CO, emissions, with the incentive of green
funds supporting new green initiatives and green taxes punishing CO, emissions. In additional, the
supplies of good quality fly ash continue to reduce with time. In this context LC? appears as a very
attractive option, offering a reduction of 30% of CO; emissions with minimal capital investments and
an improved performance at early ages in comparison with average cements.

The feasibility of the new material is based on:

Low Carbon: LC? can reduce up to 30% of CO; emissions per tonne of cement.

Low Cost: LC? requires less energy and can be made using fairly low grade and low-cost clays.

Low Capital: LC® does not require substantial capital investment and can be produced in existing plants
with lower operational costs.

Properties and performance of LC3

With the support of the Swiss Agency for Development and Cooperation, a very large research
programme has been implemented by the research partners. Considering that a lot of our knowledge
of other cements relies on data that was obtained decades ago on materials that were very different
from the ones used today, LC? is one of the best understood cements today. From our current
understanding, LC? is seen to be economically and technically superior to other alternatives in many
realistic scenarios. A summary of the key properties of LC? is listed below.

e The capital expenses for plants required for the production of LC? are significantly lesser than
plants of similar capacity for producing other cement types. LC3 can help in achieving faster
growth of the cement industry at lower capital expenses.

e The operational expenses for the production of LC? can be significantly lesser than those for
other cement types in most scenarios.

e LC3 can be produced using lower grades of limestone and clays that are often available as
waste materials.



e Raw materials required for the production of LC? are abundantly available throughout India.
Their easy availability in regions where other supplementary cementitious materials like fly
ash are not available is especially interesting.

e The production of LC® emits 30% to 40% less CO, and consumes 20% to 30% less energy than
other cements.

e LC3can be used in the same manner as other cements currently available, without the need
for any special training of the workforce. In fact, LC® has been found to be less vulnerable to
many poor construction practices.

o Despite the lower clinker content (currently proposed to be 50% and expected to be as low as
35% in the future), LC? gains similar compressive strength as other cements.

e LC3 has been shown to meet durability requirements in most environmental conditions
present across India. Concrete produced with LC? is seen to be more durable than other
cements in environments with chlorides, sulphates and alkalis, as is common across India.

This document summarises the key aspects of the knowledge currently available on LC3. Subjects from
the production of the cement to the durability of concrete and the economy of production of cement
are covered. At the end, the report also presents short papers on specific subjects that are important
to understand the technical performance of LC3.

Despite the extensive knowledge available today on LC3, it is expected that further research will
continue to be required to answer questions new research questions that will come with the increased
uptake of the cement.

Summary

This document presents the history of development of LC3, along with its properties, performance,
and the value that the cement offers. LC? offers a unique opportunity for India since it is a technology
that is not only sustainable but also commercially attractive. A major part of the research on LC? having
taken place in India, LC3 has been shown to be a cement that is suitable for production and use in the
country.

This document has been compiled by the team at the Indian Institute of Technology Delhi, including
Aastha Singh, Bharati Thakur, Mehnaz Dhar, Aayush Gupta, Akash Mishra, Amit Kumar, Ashirbad
Sathapathy, Gopala Rao D., Lav Singh, Lupesh Dudi and Shashank Bishnoi. This report has also taken
excerpts from the earlier detailed report that was compiled at IIT Delhi by Anuj Parashar, Arun C
Emmanuel, Srijeeth Krishnan, Vineet Shah and Shashank Bishnoi.

The chapters in this document detail work that has been jointly carried out by EPFL Switzerland, UCLV
Cuba, TARA, IIT Delhi and IIT Madras.
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Chapter 1: Introduction to LC3

1.1 Introduction

For thousands of years, cements of various forms have contributed to the development of civilisation.
Historical monuments made using cements composed of simple dried clays to relatively more
sophisticated lime or gypsum are to be seen around the world. The cements used in these monuments
are a good testimony of the geology of the region and the technology available at the time of
construction. For example, while a mixture of lime and volcanic ash, primarily composed of siliceous
and aluminous materials, was commonly used in the Roman Empire, a similar mixture of lime and
surkhi (a red-coloured burnt clay) is widely found in monuments in India. It is remarkable that over
the centuries, most of those technologies slowly converged and the cements used around the world
today are reasonably similar. It was in the 19" century that Portland cement established itself as the
most widely used binder in construction. This was mainly due to the easy availability of the materials
and technology required to produce cements in this family. With the advent of Portland cement, the
role of clays in cements, other than as a source of silica and alumina, all but receded to the
background. With the development of Limestone Calcined Clay Cement (LC3), clays offer a promising
solution to several challenges being faced by the cement industry today. This chapter discusses how
cements have evolved over time, the important role they play in the world today, the challenges faced
by the industry and possible solutions to these challenges.

1.2 Portland Cement

While gypsum and lime based cements have been historically used as binders, they were known to
not be particularly resistant against erosion in water mainly due to the relatively high solubility of the
calcium compounds, such as hydrated calcium sulphate and calcium hydroxide, that formed on the
hydration of these cements. It was found that the addition of alumino-silicates like clays significantly
improved their water-resistance. While some clays, like volcanic ashes, could be directly mixed with
the cements, others had to be calcined to achieve reactivity. Although it was not well understood
then, the addition of alumina-silicates produced a new class of products known as calcium alumino-
silicate hydrates, which are practically insoluble, and thus resistant against water.

In the early 19" century, Portland Cement, also known as Ordinary Portland Cement (OPC), a hydraulic
cement, inherently resistant against water, was developed and popularised. As this cement was
produced by firing lime, silicates and aluminates together at high temperatures, calcium-silicate
hydrate (C-S-H), was one of the main products of its reaction with water. However, since OPC still
contains large amounts of calcium, significant quantities of calcium hydroxide (CH) are also formed as
hydration product. CH, along with the other alkalis in cement, maintains a high pH and provides
alkaline reserves in cement pastes. A further conversion of this remaining CH to C-S-H by the addition
of reactive silica is accompanied with an increase in strength and reduction of porosity of cements.
This is achieved by the addition of Supplmentary Cementitious Materials (SCMs) to Portland cement.
By the end of 20 century, Portland cements blended with SCMs such as blast-furnace slag and fly
ash, became the most widely used cements. Apart from improving the performance of cements, these
cements also help in reducing the environmental impact of cement production.

It is estimated that over 4 billion tonnes of cement is produced globally. Although this cement is used
for a wide-range of purposes such as binding of bricks, stabilisation of soil, production of building
materials, etc., plain and reinforced concrete account for the majority of its consumption. Today,
concrete accounts for more than 50% of all man-made materials produced annually. Such large
guantities are only possible due to the versatile nature of concrete since it can be produced with
locally available materials and technology. Additionally, most of the materials can be used in almost
their virgin form, without much processing. This makes concrete a low cost, low embodied energy and
environment-friendly material. Cement is the only major component of concrete that has a high
embodied energy since it is produced by converting stable natural materials into reactive phases.



Furthermore, the production involves the conversion of calcium carbonate in limestone to calcium
oxide, releasing mineral CO; into the atmosphere. Cement production is responsible for over 7% of
global anthropogenic emissions. Still, as cement only makes around 15% of the concrete’s volume, the
latters embodied energy and CO, footprint is significantly lower than many other construction
materials like bricks, steel and even timber.

There have been many efforts to look for alternatives to concrete, however, as discussed above, since
concrete can be produced from a wide range of locally available materials without significant amounts
of processing, it is difficult to find alternatives with a lower embodied energy and cost. Even replacing
the binder in concrete is difficult due to the limited materials available in the earth’s crust. Oxygen,
silicon, aluminium, iron, calcium, sodium, potassium and magnesium make more than 97% of the
earth’s crust. Therefore, any material that is produced in such large quantities as cement can only be
produced from a combination of these elements. It is after thousands of years of trials with various
other combinations of these elements that Portland cement became the preferred cement. It must
be recognised that the fact, that a material that makes 50% of the total production produces only 7%
of the emissions, attests to the environment friendliness of the material.

Still, several possibilities to further improve the environment-friendliness of cement exist. While
elaborate techniques such as carbon capture, storage and sequestration are often touted as solutions,
their practical limitations, cost-implications, focus on the symptom and failure to address the root
problem are often overlooked. It must be recognised that any solution that can reduce the
environmental footprint of cement production must be possible for implementation at such a scale
that matches the scale of cement production. SCMs offer the only such solution.

1.3 Supplementary Cementitious Materials and LC3

Blast-furnace slag, fly ash, silica fume, calcined clay (clays processed at high temperatures) and
limestone are some of the most commonly used supplementary cementitious materials. While slag,
arguably, has the highest potential to reduce the energy and CO; intensive clinker content in cements,
it is available in limited quantities world-wide since the production of steel is much less than cement
production. Most of the usable slag today is already consumed by the cement industry. On the other
hand, despite the wide availability of fly ash, it can only replace 25% to 35% of clinker. Other materials
such as silica fume and rice husk ash, though good potential local solutions, are available in minor
amounts compared to the global cement production.

Clays are alumino-silicates that are usually stable in neutral and alkaline conditions. Calcined
clays are produced by thermally treating clays to temperatures typically between 600°C and
900°C. At these temperatures, there is a loss of hydroxyl groups bound in the chemical
structure of the mineral kaolinite, rendering it highly reactive in alkaline conditions. Although
[llite, montmorillonite and other minerals in clays are also known to become reactive when
processed at slightly higher temperatures, they are rarely used as SCMs. When clays of high
purity kaolinite are calcined, they are known as metakaolin. Metakaolin is significantly finer
and more reactive than normal calcined clay and its replacement is generally limited to 10%
to 15% of weight of cement.

Supplementary cementitious materials (SCMs), although unreactive with water on their own,
hydrate in the alkaline environment of cement paste and produce new hydration products in
the cement microstructure. Most SCMs are amorphous or poorly crystalline alumino-silicates
that dissolve in high pH solutions when hydroxyl ions attach themselves to their silicate
chains. SCMs have been used in construction for thousands of years with the oldest available
references being of a volcanic ash from the region of Pozzoli, known as pozzolana, which was



widely used in combination with lime in the Roman Empire. For this reason, SCMs are also
popularly known as pozzolanic materials and the cements using them are known as Portland
Pozzolanic Cements (PPCs). Typical composition ranges of commonly used SCMs are
diagrammatically represented in the ternary CaO-SiO,-Al20; phase diagram below (Figure
1.1).
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Figure 1.1: Ternary phase diagram of OPC and SCMs (Lothenbach et al. 2010)

Due to the limited quantities and geographical availabilities of natural pozzolanic materials,
today industrial by-products such as blast-furnace slag and fly ash are more commonly used
as SCMs. Although most SCMs start to react only after sufficient reserve alkalinity is built up
in the paste, they start to influence hydration from the start. The influence of the SCMs on
the initial rate of hydration depends on their physical and chemical properties. While SCMs
like metakaolin and silica fume tend to accelerate hydration, fly ash and slag tend to retard
the process. SCMs with high alkali contents also tend to accelerate hydration. The formation
of secondary hydration products such as C-S-H and C-A-S-H from the pozzolanic reaction leads
to a further development of the mechanical and transport properties of cement paste.

Calcined clays are more reactive than fly ash and slag and known to increase water demand
in concretes. Their replacement is generally limited to 25% to 35% of the weight of cement.
At the early age, calcined clays accelerate the hydration of clinker and increase the heat of
hydration. The aluminates of the calcined clay also participate in the early hydration.
Replacement by calcined clay leads to an increase in the early and long-term strength of
concrete due to the formation of secondary C-A-S-H, AFm and AFt phases. The permeability
and chloride penetration in concrete are known to reduce due to the refinement of the pore-
structure from these secondary products. Like other SCMs, calcined clays also reduce the
reserve alkalinity of concrete, leading to an increase in the rate of carbonation.

SCMs are used both as additives in commercially available cements and as admixtures for
concrete. The addition of SCMs directly to the cement ensure a better compatibility between
the clinker and the SCM and also allows for a more homogenous blending of the powders due
to processes such as grinding or air-blending. Ensuring a proper distribution of the particle
sizes may at times be difficult when clinker is interground with an SCM with a different



hardness, as is common in the case of slag. This is usually overcome by separately grinding
one of the components, either partially or fully, and then blending the components together.
The use of SCMs as a mineral admixture in concrete allows greater flexibility and adaptation
to the application. The proportions of cement and SCM in different concrete mixes can be
adjusted in order to achieve the required performance parameters such as workability,
strength, permeability, etc. This also allows an easier adjustment of the mix design to site and
weather conditions.

Table 1.1 below summarises the main aspects of the use of SCMs including the typical
amounts mixed with cement, their influence on strength and durability and their usual

availability.

Table 1.1: Summary of commonly used SCMs with cement

Parameters GGBS Fly ash Silica fume Calcined clay
Replacement level | 40-70% 25-35% 2-10% 10-35%
Strength at 3days | Reduced Reduced Increased Increased
Strength at 28 | Reduced or no | Reduced or no | Generally Generally
days effect effect increased increased
Permeability No effect Reduced Reduced Reduced
Chloride Ingress Reduced Reduced Reduced Reduced
Carbonation Increased Increased Reduced Increased
Availability Limited Abundant in | Very limited Abundant
come countries, (manufactured)
limited in others
Remarks Excellent in | Abundantly High cost, low | Limited usage
performance but | available, but | replacement
limited limited possible.
availability replacement
level.

As can be seen in the table above, each of the SCMs has pros and cons for use in concrete.
However, the choice of SCM in most applications depends more on the availability since the
availability of most SCMs is much less compared to cement production, especially in high
cement consumption economies.

SCMs also affect the economy and sustainability of cement production. The partial
replacement of clinker by SCMs in cement allows an increase in the cement production
capacity of cement plants without significant additional investment. Additionally, reduced
operational expenses result from the lower production or procurement cost of SCMs
compared to clinker production costs. Depending on their hardness, some SCMs may also
reduce the energy required for grinding of the cements. However, slags and high-crystalline
content fly ashes are known to increase grinding energy and wear of mills. Since SCMs require
less processing than clinker and do not require the calcination of limestone, their use in
cement also reduce the energy requirement and CO; emissions associated with cement
production.



1.4 Limestone cements

Apart from being used as the raw material in clinker production, limestone is also used as a
partial replacement of clinker and is ground along with it in cement. Replacement of up to
30% of clinker by limestone is now common. Limestone is known to reduce water demand in
concrete and increase its cohesion. At the early ages, limestone slightly increases the rate of
hydration of the clinker phases. Although it was earlier assumed that limestone is inert and
does not react in the cement paste, it was later found to react with aluminate phases and
form carbo-aluminate phases. It has also been observed that the presence of carbonates in
the solution prevents the conversion of ettringite to monosulphate by themselves reacting
with aluminates upon the exhaustion of excess sulphates in the solution. Due to these
chemical processes, limestone can also be considered to be an SCM. The replacement of
clinker by limestone allows the consumption of lower grade limestones that are not suitable
for clinker production and the reduction of energy and emissions from cement production.
Limestones containing both siliceous and dolomitic impurities can be ground along with
clinker. The presence of magnesium in an uncalcined form does not lead to unsoundness of
the cement, which is known to occur due to the presence of calcined magnesium oxide
(periclase) in clinker. It has been reported that there is little loss in mechanical and durability
performance of cements up to 10% to 15% of replacement of clinker with limestone or
dolomite, however a reduction in performance has been observed at higher replacement
levels. Because of this, many standards allow the inclusion of 5% to 10% of ground limestone
in OPC. The production of Portland Limestone Cement (PLC), with up to 30% limestone
content, is also permitted by many standards.

1.5 Ternary cements

The use of ternary blended cements, where two SCMs are used together, is increasing around
the world. Ternary blends allow a more efficient utilisation of clinker, at the same time
allowing cements to be tailored to specific applications. The two SCMs are generally chosen
in such a way that they complement each other’s properties and do not negatively interfere
with each other. Although sometimes the blends could be based on synergistic interactions
between two SCMs, this is not always the case. One common type of ternary cement contains
a mixture of fly ash and slag along with clinker. While finely ground fly ash partially
compensates for the low early-strength due to slag, slag compensates for the low calcium
content in fly ash. Such combinations allow the reduction of clinker contents below those
possible using only a single SCM and to improve the performance of the cement. In another
example, a blend of fly ash and silica fume can be used where fly ash compensates for the
high heat of hydration due to silica fume and silica fume can compensate the relatively slower
strength development in fly ash cements. No chemical synergy is expected in such a blend
and fly ash and silica fume compete for the same Portlandite for their reaction. The synergy
between limestone and calcined clay in LC? is discussed in the next section.

1.6 Synergy between limestone and calcined clay

It is possible to design ternary blends such that the two SCMs used reinforce each others
effects. One such blend is of limestone with calcined clay. Calcined clays and limestone are
the only two materials available in the large quantities that are required for cement
production. However, more than 10% to 15% of replacement of clinker by limestone leads to
a significant loss in performance. Similarly, the replacement of more than 20% to 25% of
clinker by calcined clay can significantly increase water demand and reduce performance. It



has been found that when used in combination, limestone and calcined clay can replace more
than 50% of clinker in cement, without any loss in performance. This technology has the
potential to not only tremendously reduce the energy consumption and CO, emissions
associated with cement production, but also to allow more efficient utilisation of natural
resources. Most importantly, this is possible at capital and operational costs that are lower
than those that exist currently in the industry.

As has been discussed above, while limestone has been observed to react with aluminates in
cement, the relatively small amount of aluminate in clinker limits this reaction. The presence
of calcined clay along with limestone provides additional aluminates that are required to react
with limestone. A chemical synergy is thus achieved between the components of this ternary
cement, as is shown in the figure 1.2 below.
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Figure 1.2: synergy between clinker, limestone and calcined clay

The alkaline environment provided by the clinker phases increases the dissolution of both
calcined clay and limestone. While some of the alumino-silicates from the calcined clay react
with the Portlandite that is produced from the hydration of clinker phases to produce C-A-S-
H, the remaining aluminates react with the carbonates to produce carbo-aluminate phases.
The limestone also reacts with the aluminates in clinker completing the three-way nature of
the reaction. While the reactions occurring in this system are quite complex, a simplified
unbalanced representation of the reactions is shown below where C-A-S-H and
monocaroaluminate (C4A€H11) are formed.

AS; + C€ + CH -> C-A-S-H + C4A€H 11

Additionally, as discussed earlier, the presence of carbonates prevents the conversion of
ettringite formed from the hydration of the aluminates in the clinker and the calcined clay to
monosulphate. Since both ettringite and carbo-aluminate phases occupy space and reduce
porosity, their formation leads to an increase in the strength of concrete. Due to the
synergistic effect of limestone and calcined clay, the 28-day compressive strength of
limestone-calcined clay cements (LC3) made using less than 50% clinker has been observed to
be of the same order as that of OPC made using the same clinker (Figure 1.3 below).
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Figure 1.3: Comparison of strength between OPC and LC3? with various replacement levels
(Antoni et al. 2012)

In addition to the above, calcined clay and limestone also have complementary physical
properties. Limestone partially compensates for the increased water demand of calcined
clays allowing high replacement levels without significant increase in water demand.
Furthermore, the presence of three components with different hardness in the cement allows
for a wider particle size distribution, resulting in a better packing of the cement. This results
in improved mechanical and transport properties of concrete.

This report presents the technology behind the production and usage of Limestone Calcined Clay
Cement, or LC?in short. This cement presents a unique opportunity for the cement industry to reduce
their energy consumption, CO, emissions, capital investment and operational costs using a single
technology.



Chapter 2: Clay Minerology, Identification and Locations

2.1 Clay Minerology

Clay minerals are constituents of the earth crust and formed by weathering and chemical
modifications of alumino-silicate minerals in hydrothermal environment. They have hydrated
aluminosilicate structure in which water molecule is either loosely bound between layers or strongly
held by hydroxyl group. It belongs to phyllosilicate group and imparts plastic property to the clay at
appropriate water content. There is no well-defined criteria of size as geologist commonly define clay
minerals as particles with size of 2 um and below, while soil scientists describe 4 um and below size
(Moore et al. 1989 and Alujas et al. 2022). Clays are composed of fine-grained fraction of rocks like
shales, mudrocks, claystone, siltstone and sediments. They are broadly classified on the basis of
particle size distribution and plasticity limit.

Clay minerals are the natural weathering product of many of the most common rock-forming silicates.
During weathering, the content of feldspar is distorted by hydrolysis process results in formation of
clay minerals such as kaolinite as shown in figure 2.1. Clay can incorporate with one or more clay
minerals even in presence of minute quantities of quartz (SiO), metal oxides (Al,0s, MgO etc.) and
organic matter. They typically form as a product of the interaction of silicates and water at ambient
or near-ambient conditions. As such clay minerals slowly accumulate at or near the surface of
atmospherically exposed rock bodies or in the shallow subsurface. Clay minerals also form in
hydrothermal settings by alteration of aluminosilicate parent rocks. Usually formed as loose, fine
grained particles, clay minerals are easily eroded and transported by water or air and, when
redeposited, can form thick layers of clay sediments. Clay rocks make up about 70% of the
sedimentary rocks and about a third of the rocks outcropping at the surface of continents. In
sedimentary environments clay minerals may still undergo further chemical and mineralogical
transformation during burial. Clay deposits formed by in situ alteration of parent rocks are termed
primary, and deposits formed by accumulation of eroded and redeposited clays are classified as
secondary.
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Figure 2.1: Common weathering pathways for clay formation (Alujas et al. 2022).

While hydrothermal alteration may be important for clay mineral formation at a local scale, the global
distribution of clay minerals is mainly dictated by weathering mechanisms. The two most used clays



as raw materials for SCMs, kaolinites and smectites, are also the most common end-products of
weathering of non-sedimentary rocks. Prevailing climatic conditions over long periods of time
determine weathering intensity; therefore, there is a direct link between relative abundance of clay
minerals and regional climate. Weathering mechanism associated with cold climates favor the
formation of illite and chlorite, while in wet tropical and equatorial climatic conditions, clay minerals
from kaolinite group and Al-Fe (hydr)oxides are the main components of the fine fraction of soils. The
association and spatial distribution of clay and non-clay minerals in a given clay deposit depend, to a
large extent, on the complex chemical reactions between the parent rock and the surrounding
environment. Kaolinite is typically formed as an end-product of the intense weathering of
aluminosilicates.

Alteration reactions of rock-forming aluminosilicates result from either surface weathering or
circulation of ground or hydrothermal waters in the underground. Surface weathering may produce
soil profiles enriched in kaolinite that can be tens of meters in thickness. In addition, kaolinite can be
formed from a wide range of common aluminosilicate rocks, ranging from more acidic (granites, etc.)
to more basic (basalts, etc.). A relatively acidic pH, a moderate silica activity and low amounts of
(earth)-alkalis are required conditions to precipitate kaolinite. Such conditions typically develop in
tropical soils where a combination of organic acid derived from organic matter and intense rainfall
cause extensive leaching of alkali and earth-alkali metals (Blatt et al. 1972 and Pruett 2016). The global
distribution of the most abundant clay minerals is given in figure 2.2. Clearly, kaolinite is very abundant
in tropical, humid regions over the entire soil profile. In cooler but also in arid regions kaolinite is much
less abundant indicating the need for suitable conditions for chemical weathering.
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Figure 2.2: Global distribution of most abundant clay minerals (Alujas et al. 2022).



Structure and chemical composition of clay minerals

The properties that define the composition of clay minerals are derived from chemical compounds
present in clay minerals, symmetrical arrangement of atoms and ions and the forces that bind them
together. The clay minerals are mainly known as the complex silicates of various ions such as
aluminium, magnesium and iron. On the basis of the arrangement of these ions, basic crystalline units
of the clay minerals are of two types:

a. silicon — oxygen tetrahedron consists of silicon surrounding by four oxygen atoms and unite to form
the silica sheet.

b. aluminium or magnesium octahedron consists of aluminium surrounding by six hydroxyl units and
combine to form gibbsite sheet or brucite sheet.

Tetrahedral sheet

The basic building block of tetrahedral sheet is a unit of Si atom surrounded by four oxygen atoms
known as silica tetrahedra. The tetrahedral sheet is formed by sharing of three oxygen of each
tetrahedra with three nearest tetrahedra as shown in figure 2.3. These oxygen atoms are known as
basal oxygen which connect pairs of all tetrahedra together (more or less) in one plane whereas the
fourth oxygen atom remain free and form the bond with other polyhedral elements known as apical
oxygen. Apical oxygens are all in a separate plane and provide a link between both tetrahedral and
the octahedral sheet. As only one apical oxygen is present per tetrahedron therefore, each
tetrahedron shares a corner with an octahedron in the octahedral sheet. The tetrahedral sheet can
carry negative charge due to the isomorphous substitution of AI** in place of Si** that generates the
charge deficiency in tetrahedral sheet. Common tetrahedral cations are Si #, Al**, and Fe3*.

Figure 2.3: Arrangement of tetrahedral unit to form the tetrahedral sheet

Octahedral sheet

The main dominating atom in octahedral sheet is alumina cation that are surrounded by six oxygen
atoms or hydroxyl group that give rise to eight-sided building block known as octahedron. Since,
octahedral sheet is present in two forms: dioctahedral or trioctahedral sheet. When aluminium having
three positive valences present in the octahedral sheet, only two-thirds of the sites are filled so that
the charges will be balanced which results in formation of dioctahedral sheet. When magnesium
having two positive charge valences is present, all three positions are filled to balance the charge
which results in formation of trioctahedral sheet. Therefore, for di — octahedral sheet, Al** is the main
dominating atom with Al;(OH)s a unit cell formula where two AlI* atoms coordinated with six
oxygen/or hydroxyl ions. In tri — octahedral sheet, Mg?* is the main dominating atom where three
Mg?* atoms are coordinated with six oxygen/or hydroxyl ions having a unit cell formula of Mg (OH)s.
Gibbsite (Al(OH)s) and brucite (Mg (OH),;) are the minerals which are generally present. The
octahedral sheet is formed by sharing of two oxygen of each octahedra when various octahedra linked
together horizontally as shown in figure 2.4.
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Figure 2.4: Arrangement of octahedral unit to form the octahedral sheet

The difference in the composition of clay minerals occurs very frequently when substitution of ions
takes place within the mineral structure. The substitution of Si**, Al**, and Mg?* takes place with other
cations with comparable ionic radii in their respective tetrahedral and octahedral sheets due to
weathering. Consequently, in the centre of the tetrahedron, replacement of Si** by Al* without
changing the basic structure of the crystal takes place. Moreover, in octahedron, Al** and Mg?* cations
are replaced by the ions such as Fe>/?* and Zn?*. This process is known as isomorphous substitution
where one structural cation is replaced by another of similar size and this kind of replacement signifies
the primary cause of both negative and positive charges in clay minerals. For example, the substitution
of one AI** for a Si** in the tetrahedral unit creates one negative charge. Alternatively, replacement of
a lower valence cation by a higher valence (Fe?* by Fe®*) cation results in a gain of one positive charge.
The net charge of the clay mineral is determined by after balancing electron loss and gain within the
structure. In most soils, the net negative charge exceeds by a positive charge after substitution.

Classification of clay minerals

The aluminosilicate layers comprise of the basic structural units of phyllosilicates which is formed by
the combination of tetrahedral and octahedral sheets bound by shared oxygen atoms. Both the
tetrahedral and octahedral sheets are the main components of phyllosilicates and are bounded
together by sharing of oxygen atoms into different layers. Phyllosilicate are the most common clay
minerals that consists of Si dominating tetrahedral unit and Al dominating octahedral unit which are
arranged in to sheet form. Based on number of tetrahedral and octahedral sheets and their
arrangement, the phyllosilicates are divided into following categories including layer and chain
silicates, sesquioxide and other inorganic minerals:

Clay can be classified depending on the way that the tetrahedral and octahedral sheets are packed
into layers. The major groups of clay minerals present in the soil environment include layer and chain
silicates, sesqui-oxides, and other inorganic minerals as shown in Figure 2.5.

11



l Clay minerals |

[

l

I Layer silicates l

Chain silicates
Palygorskite
Sepiolite

I

|

Sesquioxides

[

|

Other minerals
Carbonate
Sulfate

1:1 type 2:1 type 2:1:1 type Crystalline Amorphous
Kaolinite Smectite Chlorite Metal oxides Allophane
Halloysite | | Vermiculite Metal hydroxides Imogolite

Metal oxides
Metal hydroxides

Mica
Mlite

Figure 2.5: Classification of clay minerals (Huang et al. 2016).

Layer silicates

It comprises of tetrahedral and octahedral sheets that are bound together and two-dimensional layer
structure is built from different stacking combinations. Layer clay silicate minerals can be present
either in dioctahedral or trioctahedral state. On the basis of the structure of repeating unit, layer
silicates are categorized into 1:1, 2:1 and 2:1:1 type.

a) 1:1 type

It is made up of one tetrahedral and octahedral unit connected by sharing of apical oxygen atoms. All
these clay minerals are dioctahedral as two octahedral positions are occupied by trivalent cations like
APP*, Fe** and one position is vacant. Kaolinite, Halloysite, Nacrite and Dickite are common examples
of this type. They are found naturally by hydrothermal, sedimentary and weathering process. In
hydrothermal deposits, modifications occur in silica rich rocks like granite due to hydrothermal fluids.
The extend of the alteration depends on the temperature, composition of the original rock and pH of
the fluid. These deposits have zoning pattern and clay minerals such as nacrite and dickite are
commonly found. Weathering is the most common process and large deposits can be found in tropical
and sub-tropical areas. These deposits often consist of iron and alumina hydroxide in substantial
amount and has low value for the industrial applications. In addition to this, 1:1 clay mineral can be
formed by the sedimentary process. The composition is found to be highly variable and mixed with
organic rich material.

Kaolinite is most common 1:1 clay mineral with 7 A° thickness and chemical formula of Al,O3 (SiO3),.
2H,0. Hydrogen bond is present between the oxygen atoms of tetrahedral and hydroxyl group of
octahedral layers. Theoretically, it is composed of 46.3 % silica, 39.8 % of alumina and 13.9 % of water.
Ideal crystal structure makes the kaolinite electrically neutral. However, some charge can be present
on surface because of very limited isomorphous substitution and broken bonds. The cation exchange
capacity is low as compared to other clay minerals due to presence of only slight charge on lattice.
Likewise, kaolinite also shows less adsorption due to lower specific surface area and charge density in
comparison with other clay minerals (Martirena et al. 2011 and Diaz et al. 2020). Kaolinite has fixed
configuration due to the hydrogen bonding which makes them exhibit low shrinkage and swelling
characteristics. It shows well defined sharp crystalline peaks and exhibit hexagonal morphology as
shown in figure 2.6. This can be compared with the other minerals in figure 2.7. Kaolinite clays exhibit
high flow property which is useful for paper coating industries with low viscosity when dispersed in
solution. This is mainly because of broad particle size distribution and deficient charge of crystal
structure.
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Figure 2.6: Images of (a) Kaolinite and (b) halloysite clay minerals (Lazaro 2015)

Kaolin is hydrophilicin nature and gets easily dispersed in solution. This dispersion property is essential
for raw material of paints and paper coating industry. Kaolinite clays are white or off-white in color
due to hydrated alumino silicate composition. This characteristic feature makes it an excellent choice
for the ceramics industries. High grade kaolin is commonly referred as China clay, flint clay and
refractory clay. Kaolinite clays are subjected to thermal treatment for specific applications. The
calcination temperature is decided based on the requirement of final material. For example, kaolinite
is heated just above dehydroxylation temperature to get metakaolin, which is pozzolanic material and
used for blended cements. While, kaolinite clays are heated well above dehydroxylation temperature
to obtain mullite and cristobalite, which has high light scattering property and useful for paints
industries. For practical use as supplementary cementitious material, low amount of kaolinite content
along with other clay minerals are also accepted. This is because of the lower activation temperature,
wide activation window and above all the formation of most reactive meta clay. Recent studies have
reported that substitution of 30 % clinker by low grade clays with kaolinite content of 40 % is good
enough as it displays mechanical performance similar to ordinary Portland cement after seven days.

Halloysite also has same chemical composition as that of kaolinite, except that each repeating unit is
separated by single layer of water molecules. The formula of halloysite is Al,O3 (SiO3),. 4H,0. It has
been observed that upon heating at 150 °C, halloysite gets irreversibly converted to kaolinite.
Thickness of each layer of halloysite is 10 A°, which decreases to 7.2 A° for dehydrated halloysite. The
difference of roughly 2.9 A° corresponds to the thickness of monolayer of water molecules. Chemical
analysis reveals that composition is variable and significant amount of substitution by iron is found to
occur which can be as high as 13 %. Halloysite generally shows tubular morphology as shown in figure
3 with length varying between 0.0 2 um to 30 um and width less than 0.2 um (Mackenzie 1975 and
Lazaro et al. 2015).

Dickite and Nacrite are other two polytypes of kaolinite clay mineral having repetition of double layer
of 1:1 clay type. The average thickness of unit layer is 14 A° and differentiate themselves by stacking
pattern of double layer of 1:1 clay mineral. Each 1:1 clay mineral can be distinguished from XRD and
IR spectroscopy (Neeraj 2021 and Snelling et al. 2022).

b) 2:1 type

Most of the layer silicate clays are commonly found in soils and based on the mica structure in which
a single octahedral sheet sandwiched between two tetrahedral sheets and form an individual
composite layer. Therefore, they are referred as 2:1-layer silicates in which Talc and Pyrophyllite
signifies the trioctahedral and dioctahedral members. In dioctahedral and trioctahedral layer silicates,
two and three octahedral sites are occupied respectively out of the three available sites in the half-
unit cell.

13



These types of clay minerals consist of one octahedral layer sandwiched between two tetrahedral
layers. They are further characterized into two categories:

A. Expanding clay minerals: Smectite group and Vermiculite
B. Non — expanding clay minerals: illite (mica groups)

A. Expanding clay minerals: This group includes mainly smectite group of clay minerals and
vermiculite clay mineral. They are known for their interlayer expansion which happens during their
swelling behaviour when they are wet. In case of smectite clays, some sites of alumina in the
octahedral layer are occupied by magnesium or iron, and similarly silica are replaced by alumina ions
from tetrahedral sheet. This replacement of ions is known as isomorphous substitution and give rise
to negative charge on surface. The magnitude of charge depends on the degree of replacement and
the type of substituted cation. The charge is balanced by the exchangeable cations (alkali or alkaline
earth metals) which have a density of 0.2 to 0.6 per unit cell. The structural formula of smectite is (Na,
Ca)oss (Al, Mg), SisO10 (OH)2 (H20)n. Slight attractive forces are present between the top of one
tetrahedral unit and bottom of another tetrahedral unit. The space between molecules gets occupied
up by the exchangeable cations and water molecules. They have an expanding lattice with the size
ranging from 9.6 A° to 20 A° (Odom et al. 1984). Saponite, montmorillonite and bentonite are common
clay minerals from smectite family. Bentonite is impure form of phyllosilicate with 98 %
montmorillonite and produced by the weathering of rocks in presence of water. It is composed of
tetrahedral silicate layer which has some substitution by trivalent aluminate cation present between
the two octahedral layers with substitution of divalent cation like calcium or magnesium. Bentonites
can have sodium and calcium as dominant ionic species. Sodium bentonite expands around ten times
to its dry volume when mixed with water which is highest among other types of bentonites. Calcium
bentonite has good absorbent capability and can be transformed into sodium bentonite by ion
exchange process using soluble sodium salt such as sodium carbonate. Because of treatment, calcium
bentonite can exhibit some characteristics of sodium bentonite. The quantity of cations required to
balance the charge deficiency induced by these substitutions is referred to as the cation exchange
capacity (CEC). The CEC for Montmorillonite ranges from 80 to 100 milliequivalent per 100 grams.
Montmorillonite clays have very poor thermal stability. These minerals show some prominent
characteristics like high cation exchange capacity, swelling and shrinkage capacity (Drits et al. 1995
and Garg et al. 2014).

Vermiculite is also 2:1 clay mineral which lies in the category of expanding clays. They are formed by
hydrothermal or weathering process of mica clay. In tetrahedral sheets, silica is mostly replaced by
alumina which results in the generation of high negative charge. While, alumina is present at most of
the locations having dioctahedral structure. The charge density per unit formula is between 0.6 to 0.8
which is much higher than the smectite group. Vermiculite has structural formula of (Mg, Fe?*, Fe*)
3(Si Al (Mg, Fe?*, Fe3*)3(Si Al)4010 (OH) 24H,0. The interlayer molecular sheets are occupied by water
and divalent cations instead of monovalent ions present in mica. Due to which, layers are held
together tight which results in less expansion than the mica clays. The cation exchange capacity of
Vermiculite is very high (100-150 meq/100 g). Vermiculite clays are weathered micas where the
potassium ions are replaced by magnesium and iron ions between the molecular sheets.

B. Non- expanding clays: It mostly includes mica or illite clay minerals and formed by the weathering
and hydrothermal treatment of muscovite and feldspar. They are commonly found in low grade
metamorphic and sedimentary rocks. Finely grained mica minerals (muscovite and biotite) are also
present with illite clay mineral. The idealized formula of illite structure is (K, Hs0) (Al, Mg, Fe),(Si, Al)
4010[(OH); (H20). Silicate is partially substituted by alumina in tetrahedral sheets and also alumina is
substituted by divalent cations like Mg?* and Fe?*. This results in high negative charge on illite (0.8 to
0.9) and muscovite (-1). This is balanced by the potassium cations which act as a bridge between two
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alternate layers and prevents the expansion. The thickness of each unit cell is 10 A°. Volumetric
changes of this clay are found to be much less than vermiculite but slightly higher than 1:1 clay
mineral. The adsorption capacity, swelling, shrinkage capacity is less than Montmorillonite and
Vermiculite but more than Kaolinite interstratified layers are present. The cation-exchange capacity
(CEC) of illite is smaller than that of smectite but higher than that of kaolinite, typically around 20-30
meq/100 g.
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Figure 2.7: Different types of clay minerals (Huang et al. 2016).

c) 2:1:1 type

Chlorite mainly belongs to 2:1:1 silicate group which are basically iron magnesium silicates with some
aluminium atoms. The typical chlorite clay crystal composed of 2:1 layer as represented in figure 2.8,
such as in vermiculites clay mineral alternate with a magnesium dominated tri-octahedral sheet (also
known as brucite) giving rise to 2:1:1 ratio. All the octahedral positions in chlorite are occupied by
magnesium ions as in the brucite layer. The negative charge of chlorites is less than smectite or
vermiculites but about the same as that of fine-grained mica. There is no water adsorption between
the layers responsible for the non — expanding nature of this crystal. The interlayer spacing is about
14 A. Chlorites having a muscovite-like silicate layer and an aluminium hydroxide sheet are called
donbassite. In many cases, the aluminium ions present in octahedral layer are partially replaced by
magnesium ions as in magnesium-rich aluminium dioctahedral chlorites called sudoite.
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Figure 2.8: Structure of 2:1:1 clay type

Chain silicates

Palygorskite and Sepiolite are two common minerals of chain silicates type with structure formula of
Mg Al Sg 020 OH3 (OH2)4 X [M2+ (H20)4 and Mgs Si12 030 OH4 (OH2)4 X [|\/|2Jr (HzO)g] respectively where X
refers to octahedral sites. They also have aluminate and silicate as building blocks similar to 2:1 clay
mineral with some difference. Firstly, tetrahedral layer undergoes inversion and form narrow ribbon
type structure. Secondly, the octahedral layer has irregularity with some amount of isomorphous
substitution by magnesium. These alternate layers are connected at corners through the apical oxygen
atoms of silica and form rectangular channel like structure which can be filled by zeolite and water
molecules. Since, silica does not have layered structure, outer surface has fibrous morphology. Both
the clay minerals have almost similar structure and only width of the ribbons differentiates them. It
has been found that palygorskite has more width than the sepiolite (Shi et al. 2022 and Alujas et al.
2022).

Sesquioxide

Sesquioxide is clay mineral that is formed through leaching process of alumino-silicates and consists
of oxides which has three atoms of oxygen and two of any another element. It can occur in crystalline
phase in the form of metal oxides and hydroxides like Al(OH)s, Fe;0s . They are not adhesive in nature
and do not swell in presence of water. They have ability to hold large amount of phosphate as they
have tendency to hold phosphorous tightly make them unavailable for absorption by plants. They have
low CEC. They are found in both crystalline and amorphous form. Crystalline Sesquioxide are either
metal oxide or hydroxide whereas amorphous Sesquioxide are Allophane and Imogolite.

A. Imogolite is an aluminosilicate having the composition of SiO,:Al,03 .5H,0. Electron-optical
observations of imogolite suggest a unique morphological feature with smooth and curved threadlike
tubes differing in diameter from 10 to 30 nanometres which can further extend upto several
micrometres in length. The shape of imogolite is cylindrical consisting of a modified gibbsite sheet
where the hydroxyl of one side of a gibbsite octahedral sheet loses protons which form bond with
silicon atoms located at vacant octahedral cation sites of gibbsite. Thus, three oxygen atoms and one
hydroxyl present around silicon atom make up an isolated SiO4 tetrahedron as in orthosilicates which
make a planar array on the edge of a gibbsite sheet. Because of shorter bond length between silicon-
oxygen bonds than aluminium-oxygen bonds sheet change into curve shape results in a tube-like
structure with inner and outer diameters of about 6.4 A and 21.4 A, respectively, and with all hydroxyls
exposed at the surface.

B. Allophane are considered as a group of naturally occurring hydrous aluminosilicate minerals. They
are not totally amorphous but are short-range (partially) ordered. Allophane are described by the
dominance of Si-O-Al bonds where most of the aluminium atoms are tetrahedrally coordinated. Unlike
imogolite, the morphology of allophane varies from fine, rounded ring-shaped particles to irregular
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aggregates which indicates that the ring-shaped particles may be hollow spherules or polyhedrons.
Despite their indefinable structure, their chemical compositions surprisingly fall down in a relatively
narrow range as the SiO,:Al,O3 ratios are mostly found to be in between 1.0 and 2.0. In general, the
ratio of SiO,:Al,03 allophane is higher than that of imogolite (Achparaki 2012 and Neeraj 2021).

Kaolinitic clay as source of SCM

The development of selection criteria is usually among the first stages for the industrial use of any
mineral resource. Although there are currently no specified kaolinitic clay characteristics for use as a
source of SCMs a minimum content of clay minerals from the kaolinite group of 40 wt% has been
proposed as mineralogical selection criteria. This threshold criterion corresponds to the content of
reactive material needed to obtain a mechanical performance at seven days comparable to Portland
cement by a 30% substitution with calcined kaolinitic clay, or by a 50% substitution of clinker by a
calcined kaolinitic clay-limestone blend in a limestone-calcined clay cement.

A mineralogical classification scheme for the main industrially used kaolinitic clay ores is depicted in
figure 2.9. The area for kaolinitic clays that can be used as SCMs (clay minerals from the kaolinite group
[40 wt%) is indicated (area 5). As observed, this area comprises all sources currently used for main
industrial applications of kaolinitic clays, such as the paper, ceramic or refractories industries, but also
mineralogical compositions that reach far beyond specifications for currently used kaolinitic clays. This
is especially important for kaolinitic clays with a relatively high content of iron-rich phases, which are
relatively abundant but find little use in most of the traditional applications of kaolin industry.

Alumina Clay minerals from Other clay
hydroxides Kaolinite group minerals
100% 100% 100%

100% 100%
Iron oxides and hydroxides, Quartz
Titanium oxides

Figure 2.9: Three ternary diagrams used for classification of kaolinitic clay ores (Alujas et al. 2022)

The relationship between mineralogical and chemical composition has been successfully used in the
past to establish chemical selection criteria for a given mineral resource and a specific technological
application. Clay minerals from the kaolinite group are distinguished from other clay or non-clay
minerals by their relatively high Al,O; content and LOI, and by their relatively high Al,03 to SiO; ratio.
Considering this, recent research based on the chemical and mineralogical analysis of clay samples
has derived that, clays with a kaolinite content > 40 wt.% should fulfil the following chemical criteria:
Al,O3 > 18.0 %; Al,03/Si0, > 0.3, LOI > 7.0 %. On the other hand, while iron-rich phases are undesirable
for most traditional applications of high-grade kaolin because of the reddish colour of final calcination
products, their content varies significantly independent of the kaolinite content and has little influence
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on the pozzolanic reactivity given its low solubility in alkaline environments. The chemical criteria used
for current main industrial applications of kaolinitic clays and the proposed chemical criteria and
mineralogical criteria (kaolinite content) for their use as a source of SCMs are summarized in Table
2.1.

Table 2.1: Requirements for the industrial application of 1:1 clay mineral

Ceramic Paper Filler Refractories SCM
Industry coating
Si0; <50 <48 <48 <60
ALO3 > 36 > 38 > 36 > 20 > 18
Fe, O3 <1.10 <2 <1 <3
TiO, <1.10 <1.5 <1.5
LOI >11 > 13 >12 >5 >7
Kaolinite >75 >9(0 > &5 >40
content

From this comparison it could be observed that lower contents of Al,O5 are required for kaolinitic clays
as source of SCMs while no upper limit is imposed for other elements commonly associated to
impurities, such as Fe;03 and TiO,. Therefore, chemical criteria for kaolinitic clays intended as source
of SCMs are less stringent than the requirements for kaolinite resources suitable for the ceramic,
painting, refractories or paper industry. The mineralogical requirements regarding content of clay
minerals from the kaolinite group, is also lower as compared to what has been established for current
main industrial applications of kaolinitic clays. However, it is important to emphasize that chemical
criteria based on chemical composition, although allowing identification of potential candidates and
discarding most of the non-compliant clays, are not conclusive per se and should be regarded as a
screening tool rather than a binding specification. Further quantitative mineralogical analysis by X-ray
diffraction and/or thermal analysis is needed to complete the selection process, once the preselected
candidates have been narrowed down to a reasonable number.

Identification of kaolinitic clays across India
The methodology adopted for identification of calcined clay is as follows:

1 Desk research or literature review to collect the information from the secondary sources
about the existing integrated cement plants, large scale grinding units and district wise
kaolinitic clay deposits on a pan India scale.

2 Field work or technical survey to collect the location of each kaolinitic clay deposit and gather
the longitude and latitudes of each mine using GPS. In this activity, the focus was to collect
the data of all commercial and working mines.

3 Post field work for creation of database, graphical user interface mapping, plotting the
collected information.

As a first step, location of all the major integrated cement plants and grinding units were plotted in
GIS map. The data of cement plants and grinding units were collected from Cement Manufacturing
Association. In addition, all the locations of the cement units were individually verified from the
respective locations given in the cement plant website. This information was cross-checked with the
respective cement companies to avoid any discrepancy. Figure 2.10 shows the location of the cement
plants in India. The green dots are the integrated cement plants, green colour representing the large
grinding units and magenta colour representing the blending units. It was decided to include major
cement plants and grinding units since they contribute around 97 % of the total cement production in
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the country. The rest 3 % are from mini cement plants and grinding units. These plants are in a cluster
and market their products locally. Therefore, these were not surveyed and plotted in the map.

Kaolinitic clays were collected from several states in India. The utilization of clay as supplementary
cementitious material requires several stages of pre- processing using various available techniques.
The process starts with the identification of clay mines and extraction of virgin clay. Once the clay
deposits are identified, top soil or overburden soil lying above it is removed to expose the clay
deposits. Overburden soil consists of various clay minerals with high organic content. Common
procedure employed in mining is the extraction of clay from slope as it results in homogenization of
various layers. Afterwards, clays undergo drying and grinding treatment process. The extent of drying
process depends on type of clay. The selection of grinding tool is determined by the size of raw feed
and requirement of final particle size. For example, coarse crusher is suitable for large clay lumps in
which final raw material obtained has size less than 100 mm. Similarly, blade mills can be used to
obtain the size of clay particle in the range of 30mm to 50mm. For achieving much finer particles of
size 2-3mm, jaw crusher and pulverizer can be adopted.

Figure 2.10: Location of major integrated cement plants and grinding units.

Sampling was done based on mine feedback, color and geology of samples and strata and from each
of the mines. Pictures of different kaolinitic clay mines are shown in figure 2.11. At each location,
multiple number of samples were collected including a mixed type sample to get an idea on types of
clay available in that specific mine.
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Figure 2.11: Pictures of clay mines

A GPS meter was also used to capture coordinate of the mines. Figures 2.12 to 2.14 show examples of
locations where kaolinitic clays were found in Gujrat, Rajasthan and West Bengal. Kaolinite clays were
also collected from North-East. In this area, there are several small hills containing outcrops of
kaolinite clay and it was not possible to visit each and every hill, clay was collected from the surface
outcrop of only one hill. Samples were collected from several places within a single area. All the
various samples were collected and analysed for suitability. Figure 2.15 shows the locations of
kaolinitic clay sampling in North-East. Figures 2.16 and 2.17 show the locations of kaolinitic clay

sampling in Jharkhand and Odisha respectively.
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Figure 2.12: Kaolinitic clay sampling locations in Gujrat
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Figure 2.14: Kaolinitic clay deposits in West Bengal
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Figure 2.15: Kaolinitic clay deposits in north east

POTENTIAL CLAY
LOCATIONS IN 3
JHARKHAND

_ f

i

7

.
N

Legend

@ Potential Clay Location

160

0 20 40 80 120
-

Figure 2.16: Kaolinitic clay deposits in Jharkhand
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Figure 2.17: Kaolinitic clay deposits in Odisha

In the next step, location of all the major kaolinitic clay areas were plotted on the GIS map as
represented in figure 2.18. The data of the locations with kaolinitic clay availability were taken from
Indian Minerals Yearbook. The kaolinitic clay areas plotted were based on the district wise data for
occurrence of kaolinitic clay resources as reported in the Mineral Yearbook. These were the most
authentic reported data available.

Figure 2.18: Location of kaolinitic clay resources in India according to the Indian Minerals
Yearbook

Summary

This chapter discusses the minerology of clays required for LC® production and their availability in
India. A field and literature survey shows that suitable clays are available throughout the country. A
mapping exercise in GIS shows the potential of production of LC? almost throughout the country.
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Chapter 3: Clay Testing and Suitability Criteria

The raw materials are characterized and their suitability for LC? is evaluated using different
experimental techniques. Studies have shown that the characteristics of LC® depends primarily upon
the type of clay. Aluminates in the clay are reactive and form different hydration products that
contribute to the early age strength development. The clay processing involves following stages:

1. Drying of samples in an oven to constant weight

2. Grinding and homogenizing in ball mill

3. Finely ground below 90 microns for characterization

The samples for testing are selected using the coning and quartering method. The experimental
techniques used for raw clays to know the mineralogical and chemical compositions are as below:

3.1 Testing of raw clays
Figure 3.1 summarises the test methods used to characterise the suitability of clays for use in LC3.

CHARACTERIZATION TECHNIQUES

|
| | |

X-Ray Diffraction X-Ray Fluorescence Thermo-Gravimetric Analysis
(XRD) (XRF) (TGA)
Used to identify mineral Used to identify Used to infer weight loss
phases in a sample composition of oxides in correlated with thermal
appearing as peaks a sample in weight % decomposition

Figure 3.1: Various characterization techniques used in clay testing

1. X-ray florescence (XRF)

XRF is used to determine the oxide composition of the raw materials. Calcium oxide (Ca0), Silica (SiO,)
and Alumina (Al,0Os) are primarily concentrated while carrying out oxide analysis of the samples. The
presence of silica and alumina in limestone indicates impurities in the form of quartz or clay minerals.
In the case of clays, alumina and silica are the main oxides with minor quantities of CaO. The basic
criteria that is used to select the raw clays is identify those clays that have high alumina and LOI
content. The chemical requirements that are required for clays to be suitable as SCM are listed in
figure 2. This rough screening is made based on the amount of reactive content that is needed so that
limestone calcined clay cement shows similar reactive as that of OPC at 7 and 28 days.
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Theoretical criteria

% Al,O, = 15.8
A0, / Si0,= 0.2
% OH- = 5.6

60% Quartz
40% Kaolinite

Empirical criteria

% Al,O, > 18.0
Al,0, / Si0, > 0.3
%LOl >7.0
% Na,Oy < 3.0

Additional criteria

% CaO < 3.0 (low calcite)

Figure 3.2: Shortlisting criteria for clays using XRF results

2. X-ray Diffraction (XRD)
X-Ray diffraction is one of the important tools that is extensively used to identify the mineral phases
present in the sample. When X-rays interact with a material, they form diffraction peaks of varying
intensity at different characteristics angles that follows Bragg’s law. The position of peaks determines
the unit cell parameters and intensity gives information about the nature of atoms in unit cell. The
major minerals present in the clay samples are kaolinite, quartz, muscovite, illite and montmorillonite.
For our study, the most important mineral is kaolinite. Major kaolinite peaks in XRD analysis are found
at these 26 values: 12°, 19°-22°, 25°, 34°-35°, 38°-39°. Mineral phases that can be present in clay
minerals are listed in table 1 below.

Table 1: Various mineral phases present in clay minerals

Phase group

Relevance

Expected phases

Clay minerals 1:1

Highly reactive when properly calcined. Source of
reactive Al-rich phases.

Kaolin / dickite /
halloysite

Non - kaolinitic
clay minerals

Variable pozzolanic reactivity when properly
calcined, depending on clay minerals. High
chemical and mineralogical variability.

Illite / Montmorillonite /
Muscovite

Silicates &
Aluminosilicates

Usually thermally inert. Some structural
disordered phases or with a high sp. surface (eg:
Zeolites) may present moderate to low pozzolanic
reactivity.

Quartz / Sanidine /
Zeolite / Cristobalite /
Bementite /
Anorthoclase

Iron (hydro)oxides

Colour modification. May be present as very fine
particles.

Hematite / Goethite /
Akaganeite / Magnetite

Others Includes Ti and Mn oxides and other minor Anatase / Birnessite /
phases. Usually inert. Rutile / Gibbsite
Carbonates May react with thermally activated clay minerals. [Calcite / Dolomite

Sulfides & Sulfates

Potential risk of SOx emmissions. May interfere
with proper dehydroxylation.

Jarosite / Natroalunite
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3. Thermo-Gravimetric analysis (TGA)

This technique is used for quantification of various mineral phases that decompose at different
temperature ranges and also serves as a complementary technique for XRD. This technique measures
the weight loss that occurs with increase in temperature. The principle is that the temperature at
which reactions occur in minerals and hydrates are known. The measurements are carried out under
N, atmosphere to prevent oxidation reactions of the specimens. In the case of clays, the typical TGA
curve is shown in figure 3. Thermal degradation of kaolinite conversion starts at ~465 °C. The
percentage of kaolinite content in the clay can be calculated using the formula shown below:

%Kaolinite content = Ay x 7.14

m TGA of Raw Clay

101 1
100 A
99 A
98 -

97 A

Mass loss(%)

96 -

95 A

94

0 200 400 600 800 1000
Temperature (°C)

Figure 3.3: Typical TGA curve for kaolinite clay

4. Loss on ignition (LOI) of clays

This is a simple way to know the percentage of kaolinite content in clays. Percentage kaolinite content
in a clay sample can be found out be measuring weight loss occurring on heating due to
dehydroxylation in the temperature range of 450-650 °C. LOI test is done on the clay samples to find
the weight loss occurring in the temperature range of interest. The approximate kaolinite content can
be found using the formula above.

After the characterization techniques are performed, analysis is done to determine the amount of
kaolinite content present in clay. The selection criteria that is used to find the suitable clays are
summarized below in figure 3.4. The clays that pass the selection criteria are then subjected to
calcination process to activate the pozzolanic activity.

(" . ) 7] B (. . )
Chemical analysis Calcination quality
XRF XRD
(Al,04 > 18%) (kaolinite, mullite)
G l _J \_ _J
( . ) e (o . -
Phase analysis Calcinationin Residual kaolinite Suitabilityin LC3
XRD > | Laboratory scale ~— | TGA e
(kaolinite or ?) (~ 800°C) (< 2% weight loss)
- l J .
f 4 . i N\
Kaolinite quantification Reactivity analysis
TGA Isothermal calorimetry )
.

(kaolinite %)
\§

Figure 3.4: Selection criteria for clay
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3.2 Suitability test on calcined clays

For a material to be classified as a SCM, first essential criteria is the ability of material to exhibit
pozzolanicity. The rate at which calcium hydroxide is consumed by a SCM in presence of water is
considered as reactivity indicator. Various test methods are available for assessing the reactivity
potential of pozzolan based on either physical or chemical characteristics. Several reactivity tests have
been standardized like Frattini test (EN 196-5), Chapelle and Modified Chapelle test (NF P18- 513),
lime reactivity test (IS 1727- 1967), etc. Measurement of strength is one of the most common methods
for evaluating the performance of pozzolan. Other properties like release of heat due to exothermic
reaction, change in volume of hydration product and bound water can also be measured for assessing
the reactivity. The test methods can be classified as direct or indirect methods. Direct methods are
those in which the CH consumption is recorded, usually using XRD, TGA or titration-based methods.
Some of the examples of such tests are such as Frattini test, saturated lime test, modified Chapelle’s
test, etc. The indirect test methods measure physical properties such as cement mortar compressive
strength, heat of hydration, electrical conductivity, strength activity index, lime reactivity test,
chemical shrinkage, bound water test, etc. It has been recommended that at least one each of the
direct and the indirect tests must be performed to assess the performance of an SCM prior to its use
in concrete.

The test methods can also be classified according to the testing duration as shown in table 3.2. The
test methods that require less than one day are referred as short-duration ones whereas those
requiring 1-day to 10 days are identified as medium duration ones and the ones requiring more than
10 days are classified as long duration ones. Determining the reactivity of SCMs can be complicated
since it depends on numerous factors such as temperature, pH and available CH content from clinker
hydration. In one study, it is recommended that the particle size of the SCMs need to be below 45
microns for examining the reactivity. But depending on the type of SCMs, and their application, it may
not be practical to predict their behaviour after altering the fineness, although this approach can be
used to check the variability of the SCM. The testing temperature for the reactivity tests is generally
higher than ambient conditions to reduce the test duration.

Table 3.2: Classification of test methods
Duration Test methods
Short Duration Modified Chapelle’s test
Amorphous content using XRD
Dissolution solubility test
Medium Duration Lime Reactivity
Electrical conductivity
Isothermal calorimetry
Frattini test
Long Duration Cement mortar strength test
Strength activity Index
Chemical shrinkage

3.2.1 Direct testing

In this section, the methods that mainly focus on the CH consumption due to pozzolanic reaction are
presented. Modified Chapelle’s test, Frattini test and CH consumption measured using XRD, TGA,
microscopy or titration methods are explained in the subsections below.

1. Modified Chapelle’s test

This method is standardised in French standard NF P 18-513 and is one of the direct test methods to
measure reactivity of metakaolin. As per the procedure, 250 ml of water with 1 g of calcined clay and
2 g of CaO are mixed and then heated for 16 hours at 90 °C. The excess amount of water and an
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elevated temperature is used to accelerate the dissolution of the SCM in the calcium solution. After
that, the hydrated paste is filtered and the filtrate solution is titrated with 0.IN HCL using
phenolphthalein as indicator to calculate the milligram of Ca(OH)2 consumed per gram of metakaolin.
Chapelle test and modified Chapelle’s test are often used to measure the reactivity of SCMs other
than metakaolin. In the Chapelle test, 1 g of CaO is used with 1 g of SCMs and boiled for 16 hours. In
contrast, the modified Chapelle's test allows for a complete reaction of high purity SCMs by using
higher CaO content at 90 °C for 16 hours.

This test is recommended to be more suitable for calcined clay over other methods, but some studies
report that the high temperature affects the kinetics of the reaction, which ultimately affects the
nature of hydration product formed. Since the hydration of an SCM at 90 °C may not be comparable
to the ambient temperature. Further modification of this test is also attempted by reducing the
temperature to 40 °C and performing the test for a longer duration of 90 days. The presence of alkalis
in SCMs may also affect the results. This test does not give information about the rate of reaction and
only determines the final consumption of calcium (Carter et al. 1996). The crystalline quartz present
as an impurity in SCMs is reported to have pozzolanic potential when tested at such high temperature.
The Chapelle and modified Chapelle’s tests are reported to be unsuitable for SCMs such as slag and
class C FA. Although the Chapelle test and modified Chapelle's test have been tried for many different
SCMs, different studies have reported different test procedures and conditions (Snelling et al. 2018).

Limited studies that investigate the hydration products formed when SCMs hydrate in the accelerated
conditions of modified Chapelle’s test were found. In the Chapelle’s test tried for thermally and
mechanically treated kaolinite clays, the formation of C-S-H, C-A-S-H and C3AH6 observed using XRD,
TGA and Fourier-transform infrared spectroscopy are reported (Fitos et al. 2015). The quartz peak is
reported missing in the XRD data for mechanically activated clay samples either due to the reactivity
of quartz at high temperature or a change in the crystalline structure of quartz during grinding. In
another study, the XRD analysis of the products from the test carried out at 100 °C on MK, FA, natural
pozzolana, slag and quartz show the formation of C-S-H and Hgt phases. Only in the slag sample, silica
rich Hgt is also reported. Around 10% of calcium hydroxide is reported consumed by quartz, but XRD
data does not indicate the formation of C-S-H phase. The minor consumption of CH was attributed to
the carbonation of calcium hydroxide during the test (Snelling and Scrivener 2016 and Parashar 2020).

2. Frattini test

This method is standardised in the British standard BS EN 196-5 and is used for measuring
pozzolanicity of pozzolanic cement. A similar procedure for this test is also standardised in Argentina
IRAM 1651:03. In this test, 20 g of blended pozzolanic cement is mixed with 100 ml of distilled water
and sealed in an airtight container. The sample is then transferred to a 40 °C chamber for testing at 8
and 28 days. At the time of testing, the sample is filtered with the help of a filter paper in a Blichner
funnel under vacuum and then cooled down at ambient temperature. Finally, the filtered solution is
analysed for hydroxyl ions by titrating against dilute HCL and methyl orange as indicator. After that
calcium oxide consumption is measured by re-adjusting the pH of the same solution to 12.5 and
titration with 0.03 M EDTA solution using Murexide or Patton and Reeder’s indicator. This test
measures the Ca2* and OH- ions in the aqueous solution with respect to the solubility curve of CH in
alkaline solution at the same temperature (Tironi et al. 2013). If the concentration of Ca2+ and OH-
ions for cement is lower than saturation concentration, then the SCM is considered to be reactive as
shown in Figure 3.5.
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Figure 3.5: Frattini test results (Tironi et al. 2013)

This method is reported sensitive to chemical characteristics of the pozzolana as well as to the alumina
content of blended cement. The results are also found dependent on the composition of the cement
used (Talero 2005 and Parashar and Bishnoi 2020). As the test is performed with cement, the alkalis
present in cement can also influence the activation of SCMs. It has been noted that since EN-196 only
reports data between 35 to 90 mmol/I at 40 °C, points outside this range would require additional
data for analysis.

3. CH consumption using XRD/TGA and bound water using TGA

The quantity of CH consumed in the pozzolanic reaction is also called fixed lime, which is the amount
of CH that has reacted with SCMs for producing hydration products. CH consumption can be measured
using different techniques such as quantitative XRD, TGA, titration based methods, etc. But each of
these techniques have been found to have limitations. In case of XRD only the crystalline phase can
be quantified and the analysis of the result highly depends on the skill of the operator. A few of the
studies have also focused on the quantification of available CH in the hydrated samples using XRD. In
case of TGA decomposition of other hydration phases could take place in the same temperature range.
Moreover, the sample size, quantity, heating rate, surface area etc., also affects the TGA and DTG
results. The CH consumption or CH fixation can be calculated corresponding to the temperature range
for CH decomposition. The results can be re-normalised for the consumption per g of SCMs/pozzolana
added to the cement/CH paste. In different studies, the CH decomposition temperature range can be
different depending on the instrument parameters and sample properties (Snelling 2016 and Parashar
2020). Also the quantity of phase quantification can depend on the step method or tangent method
used as shown in figure 6.

Similarly, the combined water (also termed as bound water, hydrate water or chemically bound water)
can also be calculated using TGA. Similar to CH consumption measurements, the temperature range
for measuring the bound water is found to vary in different studies. The bound water in hydrated FA
samples has been reported to be used for calculating the rate of reaction of FA at the early ages. In
one of the studies, the same approach has been used for calculating the reactivity of carbonates in a
hydrated cement system. The results from the mass loss data were not found to be reliable due to the
decomposition of other hydration products, such as amorphous products, carbo aluminates, etc.
around 600 °C.
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Figure 3.6: Comparison of step method and tangent method for CH quantification using TGA-DTG
(Scrivener et al. 2018)

3.2.2 Indirect testing

The tests that measure the influence of the reactions of the SCMs, instead of directly measuring the
consumption of CH by the SCM, have been categorised here as indirect tests. Some of the most
commonly used indirect tests are discussed in the sub-sections below:

1. Strength activity index
This test is a performance-based test method that is standardised in many countries. As per ASTM
C311 “Standard test method for sampling and testing FA or natural pozzolans for use in Portland
cement concrete”, 20% of OPC is replaced with a pozzolanic material for preparing a blended Portland
cement. Mortar cubes of 5 cm size are prepared for both the reference OPC and the blended cement.
The water content for 500 g of control OPC is fixed to 242 ml whereas for blends, the water content
is controlled so as to achieve the same flow as that of control mix on a flow table. The cubes are air-
cured at 23 °C for the first day and then cured in lime saturated solution as per ASTM C 109. The
strength activity index (SAl) is calculated using Equation below.

SAl=(A/B)x100
where A is compressive strength of test specimens and B is compressive strength of control specimens
made with plain OPC.

As per British standard, BS 3892, the blended cement must achieve a minimum of 80% of the
compressive strength of plain OPC (CEM1 as per British standard) and as per ASTM C618, the blended
cement needs to achieve minimum 75% of the strength of reference cement. In this test, it is assumed
that the inert nature of SCMs can reduce the strength by more than 20% due to the dilution effect.
One of the advantages of this test method is that it considers the effect of porosity, permeability and
hydration reaction kinetics of an SCM in combination with the cement with which it is planned to be
used. A modification of this test, with the use of identical w/b ratios on mortar with 20% pozzolana
replacement, replacement by volume, other mould types and sizes etc. have been suggested. It is also
recommended by the RILEM TC 73 — SBC that the test should have same amount of water and
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consistency along with similar volume that could be adjusted with sand/binder ratio. Curing at
accelerated temperature (not more than 40-50 °C) after one day is also recommended for next 6 days
to enhance the pozzolanic reaction. The use of water reducing admixtures to control higher water
demand of some SCMs has also been suggested. Along with the reactivity and calcium hydroxide
binding capacity of SCMs, the mortar compressive strength also depends on the fineness, packing
density and water demand. The results from this test will also be relevant only to the reference OPC
since reactivity of SCMs can be different for different cement compositions. Also, the long-term
strength of two systems could be similar indicating similar reactivities, due to the complete
consumption calcium hydroxide by two different SCMs.

2. Heat of hydration

Calorimetry is the science of heat transfer from a system due to chemical, physical or phase
transitions. The use of calorimetry is found helpful in relating the heat of hydration of cement to
compressive strength, optimizing the sulphate content, setting behaviour, etc. Heat of solution,
adiabatic and isothermal conduction types of calorimeters are commonly used for the cement and
concrete. But isothermal conduction calorimetry is the most accurate method to study hydration of
cement and pozzolanic materials. The degree of hydration of a cement can be calculated from the
heat released measured using a calorimeter under controlled conditions.

Depending on the sensitivity of the instruments, modern calorimeters are capable of measuring heat
up to 28 days. The test methods based on isothermal calorimetry are developed for the reactivity
assessment of SCMs by measuring the rate of heat evolution by an SCM in the presence of CH. The
methods reported in different studies use a high calcium hydroxide to SCM ratio to ensure complete
reaction of SCMs and the test conditions are simulated similar to cement pore solution by adding
sulphate, alkalis and carbonates. In order to accelerate the reactivity and shorten the testing duration,
such tests have been suggested to be performed at elevated temperatures of 40 °C or 50 °C. This
approach is also reported to be suitable for testing the reactivity of blend of limestone-calcined clay.
The nature of the curve can also be analyzed for assessing the reactivity of different components of
ternary blends.

3. Case study on reactivity of clay

The aim of this section is to explain and understand the reactivity of the calcined clay. The first step is
to re-characterize the raw clay in order to verify its kaolinite content and to determine the main
impurities present in the clay. Then, the clay calcined in India is characterized and compared with the
calcination at EPFL. Finally, the reactivity of the calcined clay is tested through the R® (Rapid, Relevant,
Reliable) pozzolanic test and the measurements of compressive strengths.

The main phases present in this clay are, besides kaolinite, anatase (TiO;) and gibbsite (Al(OH)s), as
shown by X-Ray Diffraction (XRD) in figure 3.7. Thermogravimetric Analysis (TGA) was used to
determine the kaolinite content of the clay, as shown in figure 3.8. The dehydroxylation of kaolinite
from 450°C to 600°C causes a water loss of 9.9%, corresponding to a kaolinite content of 71.4%.
Gibbsite dehydroxylation is also observed at 300 °C.
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Figure 3.7: XRD pattern of clay. The positions of the main peak of kaolinite (12,3°), gibbsite (18,4°)
and anatase (25,4°) are indicated by dashed lines.

100

\O
(V)]

\O
(e

Mass loss (%)

o0
(V)]

0 200 400 600 800 1000

Temperature (°C)
Figure 3.8: TGA of a clay with kaolinite as the main mineral

Clay samples were calcined in India at 600 °C, 700 °C, 800 °C and 900 °C. In addition to these samples,
static calcination was carried out at EPFL. It consisted of calcining the clay at 800 °C for 1 hour. Samples
were ground at EPFL and then they were analyzed by TGA and XRD to study the efficiency of
calcination. From XRD results in figure 3.9, no remaining peaks of kaolinite are observed from a
calcination temperature of 600 °C onwards. Moreover, the patterns of clays calcined in India and at
EPFL are very similar. This good efficiency of calcination is confirmed by TGA in figure 3.10, where
dehydroxylation is already complete at 600°C.
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Figure 3.9: XRD patterns of raw and calcined clay
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Figure 3.10: TGA of raw clay and clays calcined at 600 °C, 700 °C, 800 °C, and 900 °C.

Reactivity of calcined clay using R3 pozzolanic test

The R3 pozzolanic test consists of quickly predicting the reactivity of calcined clays by monitoring the
heat release of the pozzolanic reaction in portlandite-calcined clay pastes using isothermal
calorimetry. Figure 3.11 shows the heat release for clays calcined in India and at EPFL. This heat is
slightly higher for the clay calcined at EPFL, showing that the calcination can be better optimized in
India. In addition, a significant decrease of reactivity is observed for a calcination temperature of
900°C. For this temperature, rearrangements occur in clay, causing the coarsening of particles.

Compared with the other calcined clays already tested at EPFL, the reactivity of the calcined clay is
slightly lower than expected, as shown in figure 3.12. Indeed, similar heats are obtained with the
calcined clay containing only 50.8% of calcined kaolinite. However, the slope remains higher for
calcined clay 5 from India after 150 hours of test, indicating that the heat release may keep increasing
at later age.
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Figure 3.11: Heat release for clay calcined in India and at EPFL
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Figure 3.12: Heat release for the different calcined clays tested with the R? test. The calcined

kaolinite content of each calcined clay is indicated (Avet et al. 2016)

Compressive strength tests

For compressive strength tests, mortar bars were cast using water to cement ratio of 0.5 according to
EN 196-1. Tests were carried out on mortar cubes of 40x40x40 mm at 1, 3, 7, 28 and 90 days. Only 1-
and 3-day results are available now and they are compared with the other calcined clay systems in
figure 13. PPC30 refers to systems with 30% of clinker substitution by calcined clays, and LC3-50
corresponds to systems with only 50% of clinker, 5% of gypsum, 30% of calcined clays and 15% of

limestone.

Strength results are quite low for the systems containing the calcined clay 5, but they are still
acceptable. Results obtained are very close to the strengths of the systems containing the calcined
clay with 50.8% of calcined kaolinite. This is in agreement with the results obtained by the R* test,

since the heat release was also very close for these two calcined clays.
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Figure 3.13: Compressive strengths of PPC30 (left) and LC3-50 systems (right). Only results at 1 and
3 days are available for systems containing the calcined clay 5.

The raw clay from India has a kaolinite content of 71%. Its main impurities are anatase and gibbsite.
The calcination of clay was properly done, as shown by XRD and TGA. All kaolinite is dehydroxylated
for a calcination temperature of 600 °C onwards. Calcination can perhaps be slightly better optimized
probably by reducing the calcination time to 1 hour, as done at EPFL.

The heat release and the strength results of the calcined clay are slightly lower than expected. This
can be explained by the slower reaction of the calcined clay, as shown by the R test.

4. Lime reactivity

This method is standardized in India (IS 1727 methods of test for pozzolanic materials) and measures
the rate of strength development in CH-SCM mortar cube. For this purpose, mortar cubes are cast in
a ratio of 1:2M:9 (CH: pozzolan: standard sand) where M is the ratio of specific gravity of pozzolana
and the specific gravity of lime. The procedure used for calculating the water demand is based on
mortar flow table test and is similar to that of SAl as per ASTM 311. Mortar cubes of 50 mm size are
prepared and samples are covered with moist jute cloth for first 48 hours at 27 °C and then cured for
next eight days in environmental controller chamber at 50 °C and 90 % RH. The samples are tested for
compressive strength at the age of 10 days.

It is reported that the tests that predict reactivity in cement systems are not reliable because the
composition of cement phases also influences the performance of the SCM. Therefore, the strength
development of an SCM in presence of CH can be more reliable. In addition, the water required based
on the flow also gives an indication of the physical characteristics of the SCM. Due to the difference in
the specific gravity of SCMs, the total volume of the mix will vary with SCMs. The standard lime
reactivity test and other similar approaches (CH mortar strength) are being used for a wide range of
SCMs including calcined clay, rice husk ash, pond ash, etc.

This test method is similar to lime reactivity, which was earlier standardized in the ASTM standard -
C311. For reasons not known, this test method was later removed from C311. A linear correlation of
the measured pozzolanic lime reactivity with the specific surface area of the pozzolan is reported in
the results. This method has also been reported to provide a good reactivity indication for rice husk
ash depending on its burning conditions and unburned carbon particles. A study on the compressive
strength development of calcined clay-lime mortar with varying calcium hydroxide content, water
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content and type of sand has been reported. Being indirect, this test method provides results that also
include the effect of the physical properties of the SCM and, therefore, the influence of the reactivity
of the SCM. A RILEM technical committee found that amongst a set of some chosen test methods for
pozzolanic reactivity, the results from lime reactivity had one of the best correlations with the strength
development in blended mortars, as seen below in table 3.3.

Table 3.3: R? index of linear correlation of the reactivity test results to the relative strength at 7, 28
and 90 days for all SCMs tested (Li et al. 2018, RILEM TC 267)

Standard method R3 model
Relative Frattini Calorimetry (heat released)
rattini alorimetry (heat release

strength Chapelle Modified IS W Reactive Bound CH Y

at P Chapelle 1727 ; silica water consumed 0.5day 1day 3days 7days

reduction

7 days 0.20 0.74 0.39 0.54 0.27 0.93 0.89 095 095 090 0.86
28 days 0.03 0.46 0.62 0.31 0.33 0.86 0.74 0.72 080 091 094
90 days 0.04 0.29 0.82 0.17 0.52 0.43 0.51 031 036 0.50 0.63

Case study on lime reactivity

A set of SCMs was tested using the lime reactivity method to understand the properties of the
hydration products formed with this method. The physical and chemical properties of the SCMs
studied are listed in table 3.4. K1, K3 and K3 are calcined clays. FA1, FA and FA3 are fly ashes. FA3 was
produced by grinding FA1. LS1, LS2 and LS3 are limestone. Q is a quartz produced by grinding standard
Indian sand. S1 and S2 are ground granulated blast furnace slags. OPC1 and OPC2 are ordinary
Portland cements.

Table 3.4: Physical and chemical properties of SCMs used in this study (Parashar 2020).
Oxides K1 | K2 | K3 |FA1| FA2 |FA3| LS1 |LS2| LS3 | Q | S1 | S2 |OPC1|OPC2

SiO; 49.6|56.4/73.9|54.3| 68.6 11.1 | 0.7 |27.01|95.9| 32.3 20.5 | 20.9
Fe 03 15|35|18|59]| 53 1.5 | 0.6 | 5.27 |0.75| 1.93 42 | 3.8
Al,03 46.8/36.8/19.5|31.8| 23.2 | ,| 2.5 | 1.1|9.92 |1.88|23.16 A 7.2
CaO 02]01](04|16| 03 3 45.6 |29.8| 31.5 | 0.7 | 33.9 3 64.2 | 55.9
MgO - (01| 1 |17 0.2 ; 19 |21.8| 0.7 |05 7.1 o121 ) 31
SO3 0.2 1003/01)02)002| o | -- - 1002|02]| -- ol 19 | 44
Na,O -102|--]02]04 | £T| 05| --]102]|--]03 Lz 0.4 | 0.5
K.0 — 02| - 102 16 | ©| 03 | -] 07| | 06 0.2 | 0.9
TiO, 08(25]28]23| 01 --- — | 0.8 |0.2| -- - -
P20s 0.01/0.2| - 04| 0.1 --- —- | —- | -] 06 --- ---
LOI 31/16|091|04 |0.8 0.84/35,5 |42.1|25.2 |0.7 |-04 |-0.5|0.9 |1.8

SG 2.64 (2.6 (2.6 |2.22|2.15 |2.43|12.64 |2.88|2.67 |2.64|2.85 |2.88|3.17 |3.14

PSD, um|Dyv10|1.8 |1.6 [1.6 | 6.1 |0.6 |1.5 |1.7 19 (25 (3.4 |23 |1.7 |3.2 |47
Dvs0|5.8 |5.3 |11.3| 39 |12.2 |11.9|11.1 |11.1|11.6 |(12.4|12.7 |4.9 |17 20.3
Dv90|21.929.7 |40.9 | 150 (48.26 |42 |56.1 |49.8|44.9 |35.5|45.1 |10.8|59.6 |57.5

Along with the individual SCMs, their blends were also tested so as to understand the reliability of the
lime reactivity test to measure the reactivity of blended pozzolans in composite cements. The list of
the blends used is given in Table 3.5. The lime reactivity test was carried out according to the standard
IS1727 and the results are shown in figure 3.14. It is seen that the lime reactivity test can also be used
to assess the reactivity of blended cements. For example, the lime reactivity values for the blends B1
and B4 are similar to the clay K1. Similarly, B6 and B7 are similar to K2 and K3. The result show that
the test can capture the effect of synergy between calcined clay and limestone, due to the sufficient
availability of calcium hydroxide in the system. It can also be seen that for all clays and blends of clays
with limestone a lime reactivity value of 8 MPa and above was obtained. In cases where a higher
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limestone was used, this value was not achieved, clearly showing that the test can also be used to
determine the proportions of clay and limestone to be used in LC® blends. It can be seen in figure 3.15,
that the test is able to assess the synergy between calcined clay and limestone as the formation of
carboaluminate phases takes place in this test as well. The formation of these phases shows that a
reaction between the limestone and the calcined clay is taking place in the system.

Table 3.5: Blends of SCMs and their mix proportions (Parashar 2020)

S. No.|Blend|SCMs used|Blend proportion
1 B1 | K1+LS1 2:1
2 B2 | K1+1LS1 1:1
3 B3 | K1+1LS1 1:2
4 B4 | K1+ LS2 2:1
5 B5 | K1+LS3 2:1
6 B6 | K2 +LS1 2:1
7 B7 | K3+1LS1 2:1
8 B8 K1+Q 2:1
9 B9 Q+1LSs1 2:1
10 | B10 | FA1+S1 2:1
11 | B11 | FA1+S1 1:1
12 | B12 | FA1+S1 1:2
13 | B13 | FA2+S1 2:1
14 | B14 | FA3+S1 2:1
15 | B15 | S1+1LS1 2:1
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K1 | K2 | K3 |FA1|FA2|FA3|LS1|LS2|LS3| Q |[S1|S2|B1|B2|B3|B4|B5|B6|B7|B8|B9|B10{B11|B12|B13|B14|B15
O Strength (Mpa) |11.9(9.12|8.03|1.73|6.89|4.07(0.39|0.51| 0.6 |0.39(11.7|14.8(12.9|9.42|6.46(11.8|10.6| 10 |9.89|9.25(0.62|7.55| 9 | 11 [9.77|11.9|9.78,
SCM content (g)|357 (351|351 (288|291 (328 362|389 (361|357 387|385 (357|357 (357|368 |358 (353|353 (357|357 (320 338|354 323|348 (377

Water (g) 511|491|361|277|304 (302|297 |312|316|279|321|358|427 (427|399 (418|437 (426|343 418 (297|273 |276|287|292 (296|310
Figure 3.14: Lime reactivity strength results for SCMs and blends at the end of 10 days (Parashar
2020).

It can be seen in figure 3.16 that the rate of strength development in the lime reactivity test is much
faster in the case of calcined clay and limestone calcined clay (LC?) blends. This indicates that for a
rough guideline, the duration of the test can be reduced so as to have a faster process of identification
and quality control.

37



Hc

A Mc/
h-AF/r\n ﬁtf‘ﬂ
Str Kalo
A A
e —
S —

5 10 15 20 25 30
Angle (26)
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reactivity testing conditions (Parashar 2020).
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Figure 3.16: Rate of strength development in lime reactivity test at 7, 10, 14 and 28 days (Parashar
2020).

3.3 Summary
The requirements from clays to be suitable for use in LC? were discussed in this chapter. Test methods
for assessing the reactivity of clays and of the blends of clays and limestone were also discussed. More
details about the requirements from limestone will be discussed in a later chapter in this report.
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Chapter 4: Clay calcination - Cement production

This chapter discusses the production of limestone calcined clay cement (LC3). The first part of the
chapter discusses the identification and processing of the clay and limestone for use in the production
of the cement. The second part discusses the production and the properties of the cement.

4.1 Clays for LC3: Suitability and Calcination

Table 4.1 below shows the some typical elemental composition of clays that have been tested for use
in LC® and their kaolinite content. It is seen that along with aluminium and silicon, iron, magnesium
and calcium make the minority elements. Although the reactivity of the clays is influenced more by
the kaolinite content, i.e. the silicon and the aluminium, the minor elements can also impart important
properties to the clay. For example, it has been seen that clays with higher iron contents tend to be
darker in colour. Most ferrous minerals impart a reddish or brownish colour to these clays.

Table 4.1: Typical elemental compositions of clays used in production of LC3

Al,O3 Between 16% and 39%
SiO, Between 35% and 60%
Cao Not more than 10%

Fe 03 Not more than 12%
MgO Not more than 3%

4.1.2 Activation of clays

The activation of clays can be carried out through mechanical, chemical and thermal means. In
mechanical activation, attrition mills are used to break the bonds between the sheets of clays and to
expose more surface of the clay. Alkalis are used in chemical activation to increase the solubility of
the alumino-silicates. However, thermal activation is most commonly used for the use of activated
clays as cementitious materials.

When exposed to high temperatures, the hydroxyl group in the clay minerals can detach and escape
as water vapour. Since the hydroxyl group forms an integral part of the crystalline structure of clay,
its removal breaks the crystals and makes the alumino-silicate chains more amenable to dissolution in
alkaline conditions.

Illite is known to lose its structural water at temperatures above 900°C and illitic clays calcined in this
way have been used in construction. However, it has been seen that the reactivity of calcined illitic
clays is limited. As the temperature is increased above 980°C, the formation of the unreactive spinel,
which is an alumino-silicate phase, starts. This phase is converted into into mullite and cristobalite
upon heating further to temperatures above 1050°C. Mullite is an alumino-silicate that exists as
needle-shaped crystals and cristobalite as octahedral crystals. Cristobalite is a phase of silicon dioxide
that is formed at temperatures above 1400°C end exists in a meta-stable state at lower temperatures,
slowly converting to quartz. Cristobalite is classified as a carcinogen along with quartz. Mullite and
cristobalite are highly stable phases that do not react in the alkalinity provided by cementitious
systems. Due to the narrow window available between calcination of the clay and recrystallization of
mullite, combined with their relatively lower reactivity, illitic clays are have limited applicability in
cements. Smectites are also highly stable clay forms that do not get calcined before the formation of
mullite occurs. Due to the difficulty in calcining other clay minerals and, therefore, their limited
applicability to LC3, only kaolinite and its properties are discussed in more detail in this book.

The figure 4.1 below shows weight loss occurring in kaolinitic clays measured using a
Thermogravimetric Analyser (TGA).
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Figure 4.1: TGA analysis of clays with different kaolinite contents (Krishnan 2019, K1 has around
59% kaolinite content and K2 around 32% kaolinite content)

As can be seen in the above figure, the decomposition of kaolinite starts at around 450°C and is
complete by 650°C. In the process, 14% of the weight of kaolinite is lost as water vapour in this
temperature range, breaking the crystallinity of the kaolinite phase and rendering it amorphous. This
amorphous phase is commonly known as metakaolin. A sintering of the particles of metakaolin in
known to occur at temperatures above 900°C. Upon further heating to temperatures of around 980°C,
metakaolin decomposes into a phase known as spinel, which is a mixture of Y-Al,O5; and SiO,, and
amorphous SiO,. At temperatures around 1100°C, the formation of mullite starts, leading to a sudden
reduction in the reactivity of the clay.

In practice, the calcination of clays can be carried out in a variety of ways. Static calcination of clays
can be carried out in equipment like muffle furnace by heating them to a temperature that is
sufficiently high to ensure calcination throughout the bulk of the clay. In order to improve the
efficiency of calcination, clay must first be pressed into thin and dense pellets to ensure a more
efficient heat transfer and therefore a more uniform temperature in the clay. The presence of excess
air between the particles of clay can reduce the conduction of heat to the inner parts of the pellets
and lead to non-uniform calcination. Although the actual temperature required for calculation would
depend on the clay and the furnace being used, kiln air temperatures of around 850°C to 900°C have
been found to be sufficient for the complete calcination of clays. While lower temperatures can lead
to incomplete calcination, the reactivity can be reduced due to sintering and the formation of mullite
at higher temperatures. To ensure the uniformity of calcination, the clay pellets should be as thin as
possible and must be stacked in a manner that allows the passage of hot air between them. It must
also be ensured that the peak temperature is maintained for a sufficiently long time to achieve the
calcination temperature in the innermost parts of all the pellets. Most static kilns have the advantage
that the clay is isolated from the flame, which allows a more uniform temperature in the air
throughout the kiln and prevents the non-volatile matter and unburned organic materials from the
fuels from getting incorporated in the clay. However, while static calcination has been found to be
useful for laboratory and small-scale trials and productions, it was not found to be useful for industrial
scale production. Firstly, since static kilns usually carry out the calcination in batches, the heat in the
furnace is lost every time a new batch of clay is loaded, making the process inefficient. Secondly, it is
difficult to ensure a uniform temperature distribution inside the clay pellets in larger static kilns,
leading to a reduced efficiency of production. The figure 4.2 below shows a trial of clay calcination
that was carried out using a static shuttle kiln. It was found in this trial that when clays were dry packed
into the containers (known as saggars) before placing in the kiln, while the external air temperature
reached more than 1100°C, the temperature in the middle of the containers was less than 450°C,
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despite almost 12 hours of residence time. Additionally, it was found that the arrangement of the
saggars is crucial to allow a proper flow of hot air throughout the kiln.

Figure 4.2: Saggars arranged in a shuttle kiln

In some static calcination processes, such as vertical shaft kilns, fuel, such as pulverised coal, is mixed
with the clays and then fired in order to achieve a more uniform temperature. Attempts using this
technique have shown that due to the high combustion temperature of coal, it may be difficult to
maintain the temperature of the clay below 900°C. This may lead to a re-crystallisation of the clay and
a reduction in its reactivity.

A continuous calcination of clays can also be carried out in rotary kilns. Rotary kilns are usually hollow
steel tubes with lining of refractory materials, usually bricks, on the inner surface of the tube. The kilns
are generally mounted with a slight slope to allow an easy flow of the materials. While the raw
material is fed at the higher end of the kiln, firing of the fuel is carried out at the lower end. The kiln
is continuously rotated to keep turning the material and also to prevent a deformation of the kiln due
to the high temperatures. The fuel is either pulverised or gasified and then fired at the other end of
the kiln, heating up the air at that end and generating a temperature gradient from the top to the
bottom of the kiln, as shown in figure 4.3 below.
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Figure 4.3: Layout of a rotary kiln along with expected loss in moisture along its length (Hanein et
al. 2022)
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The raw material is generally crushed to lumps of a few centimetres or millimetres size and is
continuously fed into the rotary kiln. The size of the lumps has to be controlled in order to ensure
proper calcination. If larger lumps of clay are fed, the calcination may not be uniform as the heat may
not be able to penetrate throughout the lumps. If much smaller lumps are used, the air in between
the lumps can prevent a uniform thermal distribution. Dust in the feed can also reduce the efficiency
of calcination. The optimal size of the lumps is usually determined through trial and error and depends
on the air temperature, residence time and the rotational speed of the kiln. Figure 4.4 below shows
clay lumps just before being fed into a rotary kiln.
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Figure 4.4: Crushed lumps of raw clay

As the lumps move from the relatively cooler zone at the upper end of the kiln towards the hottest
lower parts, they slowly their temperature slowly increased, The rotary action of the kiln agitates the
materials allowing the entire bulk to be exposed to the hot air. First, as the temperature goes above
100°C, the free moisture content in the clay is lost. Then, as the temperature in the clay goes above
450°C, the hydroxyl groups from the kaolinite crystals start to escape as water vapour, disrupting the
crystal structure. While mostly the calcined material exits the rotary kiln in the form of nodules, at
times, the loss of water can lead to breaking of the lumps into smaller pieces. The calcined material is
collected from openings along the periphery of the kiln. The calcination is generally completed by
around 650°C, but a higher temperature of the range of 850°C to 950°C may be required in the air so
as to achieve complete calcination of the nodules. The rate of fuel injected into the kiln is controlled
in order to achieve this temperature near the exit of the kiln. Care must be taken to not further elevate
the temperature in the kiln or to expose the material directly to the flame as this may lead to an over-
calcination on the surface of the lumps. The hot air generated near the flames travel upwards through
the kiln before exiting from its top end. Due to its continuous nature, the rotary kiln is usually an
efficient calcination technique. The efficiency of the rotary kiln is usually improved by recovering a
part of the heat in the hot calcined clay that exits the kiln using a cooler and by utilising the residual
heat in the air that exits the top end of the kiln. This recovered energy can be used in various ways,
such as for drying or preheating raw materials, generating electricity, etc. Such technologies are widely
available as it is common for cement plants to recover a majority of heat from the waste gases and
the hot clinker.

Although the calcination of clay is almost instantaneous once the required temperature is achieved,
sufficient residence time must be ensured to allow the heat to penetrate throughout the lumps.
Depending on the size of the kiln, the residence time can vary between a few minutes to an hour.
Overall, the length, diameter, rotational speed and the fuel feed of a rotary kiln must be designed in
order to ensure proper calcination by controlling the air temperature and the residence time of the
feed.

Energy fed into a rotary kiln is consumed in 6 major processes:
- Increase of chemical energy of the calcined clay with respect to the raw clay,
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- Evaporation of water and heating of water and its vapour,

- Combustion of volatile materials,

- Increase in temperature of the calcined clay with respect to the raw clay,

- Increase in the temperature of the output kiln gases with respect to the gases fed into the kiln
and

- Heat loss from the surface of a kiln.

The overall energy required for the calcination thus depends on all the above processes. Due to the
relatively lower calcination temperatures and energy required, it is expected that the energy
consumed in the calcination of clay is 40% to 50% lower than that required for the production of
clinker using similar technology. On the basis of trials carried out by the authors and their co-workers,
the energy required for the calcination of clays is of the order of 2.5 to 3 MJ/kg of raw clay.

Flash calcination can also be used for the calcination of clays. The principle behind flash calciners is
similar to that used in pre-heaters and pre-calciners in clinker plants. In this technology, finely
powdered clay is introduced into a stream of air that is heated to temperatures as high as 1100°C.
Depending upon the design of the calciner, the clay can either directly enter the hottest part of the
calciner and flow along with the hot gases or could gravitationally move against the flow of air from
the cooler to the hottest part. In either case, since the residence time of the particles is limited to a
few seconds, the conversion to mullite is significantly reduced despite the high temperatures. The
most efficient designs of flash calciners contain several stages of cyclones where the raw clay is fed
from the top and it slowly falls against the gyrating flow of hot air allowing a residence time of a few
seconds in each stage. The fuel is fired at the bottom, near the exit of the last calciner stage and the
speed of flow of the gases is maintained using propellers. One such flash calciner is shown in figure
4.5 below.
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Figure 4.5: Layout of the process in a flash calciner (image courtesy FLSmidth)

Flash calciners consume energy in processes similar to those in a rotary kiln. However, due to the
possibility of cycling of gases and the short residence time, higher thermal efficiency can be achieved.
For this, flash calciners are generally equipped with pre-heaters that utilise the residual heat in the
exit gases to heat the raw clay and with coolers that extract the excess heat in calcined clay for heating
of the inlet gases. Similar to rotary kilns, most types of fuels, including coal, petcoke, diesel, furnace
oil and alternative fuels can be used to fire flash calciners.
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The calcination of clays could also be carried out in fluidised bed reactors where finely powdered clay
is fluidised in a high velocity current of hot gases. Fluidised bed reactors function in a manner similar
to the flash calciners since they rely on the suspension of the clay particles in hot gases and provide
short residence times. Due to the closed circuit circulation of the gases in circulating type reactors,
such reactors can be highly efficient. However, no information on instances of clays calcined using this
technology were found in the literature.

Smaller scale continuous calcination of clays has also been carried out in vertical shaft brick kilns.
While normally such kilns are used for the production of burnt clay bricks, the process can be modified
to carry out the calcination of clays. In these kilns, pressed bricks of the clay are fed at the top and the
cooled bricks are recovered at the bottom. This process is thermally efficient as it is continuous and
residual heat can be recovered from the bricks.

Various types of fuels can be used for the calcination of clays in continuous calciners. Furnace oil and
natural gas are commonly used for the calcination of clays used in other industries such as paint and
paper. This is because the whiteness of the clay has to be maintained and other solid fuels may leave
dark particles in the calcined material since the ash of the fuel would also be incorporated in it.
However, for use in LC3, a slight darkness in the colour of the clay is not expected to lead to a significant
influence on the properties of the cement. For this reason, fuels like coal and petcoke can be used
after pulverisation for firing the kiln. Also, while the introduction of sulphates from fuels like petcoke
is often of concern to the clay calcination industry, in the case of LC3, the sulphates that are present
in the calcined clay can be compensated for by reducing the sulphates added in the final step of
cement production. Alternative fuels like biomass briquettes made from agricultural wastes have also
been successfully used for the calcination of clays used in LC3.

The colour of the calcined clay is often a reason of concern for the cement industry. It has been
suggested by the industry in most countries that since most of the clays that would be suitable for use
in LC® would contain iron impurities, the calcined clays may be reddish in colour. However, it has been
shown that the calcination of clays with higher iron contents in reducing conditions lead to the
production of grey coloured calcined clays. Reducing conditions can be achieved in kilns either by
adjusting the fuel to air ratio or by introducing reducing gases such as carbon-monoxide into the kiln.
Technologies that control the colour of calcined clay are commercially available from many calcination
equipment manufacturers.

4.1.3 Characterisation and suitability of clays

Clays containing 40% to 60% kaolinite have been found to be most suitable for the production of LC3.
The lower reactivity of clays with lower kaolinite contents has been seen to lead to a reduction in
strength development. It has been observed that, due to the limited availability of portlandite in
cements with lower clinker contents, there is no significant increase in strength or transport properties
of concrete when clays with higher kaolinite content are used. Such clays, however, have been seen
to increase the water demand of concrete. It has also been seen that the hydration of clinker,
especially of belite, is reduced when clays with higher kaolinite content are used. This is also seen to
reduce the long-term strength development of the cement. The ratio of limestone to calcined clay
may, therefore, be increased when clays with higher kaolinite contents are used. This is expected to
reduce the influence of clays on water demand and on the hydration of clinker phases.

Quartz and other clay minerals, which are known to be commonly present as impurities in kaolinitic
clays, are known to not interfere with the performance of the calcined kaolinite in LC3. When present
in minor amounts (up to 10% by weight) expansive clay minerals, e.g. montmorillonite and bentonite,
are not seen to lead to swelling or unsoundness in the cement. However, the presence of calcite and
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dolomite as impurities is known to slightly reduce the reactivity of the calcined clays. Other minerals
that may decompose during the calcination process may also interfere in the hydration of cement.

Iron present in the form of hematite is another commonly found impurity in clays. While most other
industries avoid the use of clays with an iron content higher than 1% to 2%, such clays have been
found to be suitable for use in LC3. As discussed above, while the colour imparted to the clays by the
iron is of importance to many other industries, this colour can be managed during the calcination
process for use in LC3.

Since the clays that are required for the production of ceramics, paints, paper, etc. require clays with
high purity and whiter colour, such clays have a higher commercial value and are not widely available.
However, clays that are not suitable for use in these industries are often discarded or not mined and,
therefore, are available at much lower costs. The lower requirement of purity, thus reduces the cost
and increases the availability of clays that are suitable for use in LC3.

Table 4.2: Composition of raw clays measured using XRF (oxide composition) and TGA (kaolinite
content) (All values as in percent by weight)
Si0; | ALO; | Fe;O3 | CaO | MgO | NaO | K;O | SO; | Cl | Kaolinite content

56.24 | 37.14 | 142 | 0.54 | 1.38 | 0.97 | 0.68 | 0.01 | 0.03 43.1
60.34 | 32.06 | 1.93 | 097 | 1.38 0 0.4710.02 | 0.03 473
86.26 | 9.65 1.02 | 0.55 | 1.22 | 0.33 | 0.21 | 0.07 | 0.05 9.2
5345 | 38.63 | 1.33 1.53 | 1.47 1 0.76 |1 0.02 | 0.03 65.1
5494 | 36.17 | 148 | 248 | 147 | 1.03 | 0.9 | 0.02 | 0.05 543
71.68 | 19.35 | 2.73 | 2.64 | 1.51 | 0.54 | 0.45| 0.04 | 0.05 30.5
56.73 | 35.71 | 1.22 | 1.32 1.4 0.99 | 0.93 | 0.03 | 0.05 53.2
54.46 | 36.5 137 | 254 | 144 | 1.05 | 0.87 | 0.02 | 0.06 522
4994 | 19.17 | 2.42 | 24.07 | 1.58 | 0.58 | 0.62 [ 0.03 | 0.08 18.6
3865 | 47.4 | 092 | 12091 0 0.05 |0.06| O |0.01 <50
61.95( 22.97 | 3.21 | 11.73 0 0.11 |0.01(002| O 50
44.76 | 32.25 | 10.3 | 12.52 0 0.05 | 012| 0 |0.01 51
47.34 | 36.58 | 3.6 | 12.37 0 0.08 |0.03| O 0 76
16.08 | 65.73 | 1.92 | 15.8 0 0.24 | 005|018 O <50
38.15 | 49.89 3 7.98 | 0.72 | 0.15 | 0.04 | 0.07 | 0.01 2
57.3 | 25.44 | 437 | 12.6 0 0.15 | 015| O 0 42
39.01 | 45.87 | 1.71 | 13.19 0 0.15 | 0.04 | 0.02 | 0.01 90
32.37 | 50.41 | 2.74 | 13.59 0 033 | 01 (045 O 83
70.77 | 14.1 | 3.86 | 11.2 0 0 005 0 |[0.01 16
79.11 | 7.69 | 2.79 | 10.29 0 01 |001| O 0 15
57.34 | 26.72 | 2.89 | 11.99 0 0.8 | 005|017 O 41

Calcined and raw clays can be characterised by using both traditional and modern techniques. A
chemical analysis of the clays in terms of its oxide contents can be carried out either by using chemical
analysis techniques such as titration or using the X-Ray fluorescence (XRF) technique. When using XRF,
it must be ensured that the equipment is calibrated for clay specimens. This requires the preparation
of several calibration standards that have to be first characterised using other techniques or using
another XRF equipment that has already been calibrated for clays. The composition of the clays being
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used for the calibration must be wide enough to cover the entire range of chemical compositions of
clay specimens that are expected to be analysed. Table 4.2 below shows the chemical compositions
of some raw clays along with their kaolinite contents.

The chemical analysis results, such as those listed above can be used to estimate the kaolinite content
by comparing the alumina and the silica content in the clay. In pure kaolinite (or metakaolin), around
Al,03 accounts for 40.5% of the mass, while SiO, accounts for 46.5% of the mass; in pure calcined
kaolinite (metakaolin), these numbers are 46% and 54% respectively. The alumina content in the clay
can be used to estimate the potential kaolinite content. However, since the impurities in the clay, such
as clay and other aluminous minerals, may also contain alumina, this method can only provide an
upper limit of the kaolinite content in the clay.

X-ray diffraction (XRD) and thermogravimetric analysis (TGA) provide the most accurate means to
characterise clays that are suitable for use in LC3. Since pure kaolinite is known to lose approximately
14% of its weight as water vapour when its temperature is increased from 450°C to 650°C, the kaolinite
contentin a clay can be estimated by measuring its weight loss between these two temperatures using
a TGA equipment. The ratio of the weight loss in this temperature range to 14% gives the approximate
kaolinite content in the clay. The direct measurement of change of weight in this temperature range
can, however, lead to an over-estimation of the kaolinite content in the clay due to the presence of
other phases that continue to decompose in the background. The influence of these phases may be
eliminated by using the tangent method described in the literature. The temperature range of the
decomposition can also be chosen from the DTG graph as shown in Figure 4.6 below.

‘*:—‘\
100,54 '\/__—,-r—f{)—//;j ‘\\ am (%) 6007 /——’\__/_"\ il
\
\

02
04

-06

dTG (%/min)

o
@

12

14

18

0 100 200 300 400 500 600 700 800 900 1000
Sample Temperature (°C)

Figure 4.6: Calculation of kaolinite content using TGA: The clay has approximately 43% kaolinite
content

The approximate kaolinite content in clays can also be determined using the same principal by static
heating of the clay specimens first to 450°C and then to 650°C in a furnace. The difference in weights
of the specimen at the two temperatures can be used to calculate the fraction of weight lost in the
decomposition of kaolinite and thereafter the approximate kaolinite content by dividing this weight
loss by 14%. Although specimens that are larger, and hence more representative, than those required
for TGA, can be used for this test, it must be ensured that the sufficient time is allowed for a uniform
heating of the entire specimen. This can be ensured by using thin specimens, removing the air in the
specimen by making a pellet and increasing the soaking time.

At times, the decomposition of minerals other than kaolinite can also take place within the same range

of temperatures and additional peaks may be visible in the Differential Thermogravimetry (DTG)
graphs. An example of the DTG of one such clay is shown in figure 4.7 below.
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Figure 4.7: DTG of various clays with difference kaolinite contents: K2 has an impurity that
decomposes in the same temperature range (Krishnan et al. 2018)

Minerals other than kaolinite that decompose in the same temperature range will also be calcined
along with the kaolinite during the calcination process. The decomposition of natural minerals at
higher temperatures generally leads to the formation of other more energetic phases that can display
reactivity in cementitious systems. The reaction of these phases along with kaolinite in cementitious
systems may lead to an influence on the properties of cement. Unless the influence of such impurities
is clearly understood, clays that show a decomposition peak in this temperature range, other than
that of kaolinite, must be avoided for the production of LC3.

Quantitative X-ray diffraction analysis can be used in order to verify the content of kaolinite and other
minerals in the clay. However, depending on the crystallinity and quantity of the minerals other than
kaolinite, they may not be detected in XRD. Such minerals cannot be detected using the static testing
method in a furnace discussed above. The presence of such minerals that decompose in this
temperature range can be easily detected using TGA. Any additional peaks, changes in the calcination
temperature or wider temperature ranges required for calcination could indicate interference in the
calcination process from other minerals present in the clay.

Calcined clays can also be characterised using XRD and TGA. Any residual weight-loss in the
temperature range of 450°C to 650°C using TGA or the static heating method, as a fraction of the
original weight loss in this temperature range before calcination represents the uncalcined fraction of
the specimen. The figure 4.8 below shows an example of the TGA of an improperly calcined clay,
compared to that of a properly calcined one.
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Figure 4.8: TGA of properly and improperly calcined clays
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The figure 4.9 below compares the X-ray diffraction (XRD) patterns of uncalcined and calcined
kaolinitic clays.
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Figure 4.9: X-ray diffractogram of uncalcined (a), undercalcined (b and c), properly calcined (d) and
over-calcined clays (e and f) (Krishnan et al. 2018)

It can be seen from the figure above that the quality of calcination of the clays can be assessed using
XRD. The table below lists the diffraction angles for some important clay minerals, as observed in X-
ray diffraction. It can be seen in the first diffractogram above that that, as is usual, the clay tested
contains quartz and some other minerals as impurities. In the diffractogram of the uncalcined clay,
the peaks of kaolinite can be observed at 12.326° and 24.872°. As can be seen in the diffractogram for
the calcined clay, instead of peaks that were clearly visble earlier, a wide hump is present. The wide
hump of diffraction indicates a material that has no well-defined inter-planar distance and is,
therefore, amorphous. It can also be observed that there is little influence of the calcination process
on the other peaks. The presence of both the amorphous hump and residual peaks of kaolinite
indicates incomplete calcination in the third diffractogram. The fourth diffractogram is of a clay that
has been exposed to temperatures high enough to cause recrystallization and the formation of
mullite. The peaks of mullite can be observed at 25.984° and 26.297°. The absence of the kaolinite
peaks in this diffractogram clearly shows that it is the kaolinite that has converted to mullite.
Furthermore, the absence of the amorphous hump, which is observed in the second diffractogram,
indicates that no amorphous content is remaining in this clay. It can be seen that this clay is over-
calcined and is expected to demonstrate no reactivity in cementitious systems.

While the methods discussed above analyse the calcined clays from the chemical point-of-view, their
potential performance in LC? can be better quantified by looking at either their rate of reaction or
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their rate of developing strength. While most of the tests that exist for the assessment of SCMs can
also be used for calcined clay and LC?, a RILEM technical committee [Reference] has found that some
tests perform much better than the others. Such tests can either be carried out on the clays or on the
blends of the clays with the limestone with which it will be blended in LC3. The blends of limestone
and calcined clay are called limestone calcined clay, or LC? in short. Since most SCMs do not react with
water on their own, the tests methods require their mixing with alkalis and/or sulphates to activate
their hydration.

The figure below shows the chemical composition of cements and SCMs on a ternary phase diagram
with Ca0, SiO; and Al,Os at the nodes.
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Al,O;

Figure 4.10: Ternary phase diagram for SCMs including LC?

As can be seen in the figure above, calcined clays and other natural pozzolans lie along the Al,05-SiO;
axis and have a relatively low CaO content. Quartz being one of the most commonly found materials
on the earth’s crust, is also the most common impurity in all SCMs. Despite having both alumina and
silica in the same crystalline structure, clays are known to react in a non-stoichiometric manner, such
that the rate of the reaction of the alumina is independent of the rate of reaction of the silica. The
absence of calcium in clays implies that calcium must be provided along with the clay in the test
method.

The RILEM technical committee [RILEM TC 267-TRM, Li et al. 2018] has identified two types of tests
that give the most reliable correlations with strength potential of an SCM, especially calcined clays.
In the first of these tests, known as the R3 (Rapid, Relevant and Reliable) test, the calcined clay or LC?,
is mixed with calcium hydroxide, potassium sulphate, potassium hydroxide and water and the
hydration in the paste is followed using an isothermal microcalorimeter. The calcium hydroxide is
added since it is expected to react with the alumino silicates in the calcined clay. Potassium sulphate
is added to stimulate the reactions of the aluminates and potassium hydroxide is added to increase
the pH to levels similar to those found in cements. Upon mixing these components together, an
exothermic reaction that is similar to the reaction of the SCM in cement starts and the heat evolved
from the reaction can be measured using a calorimeter. [Avet et al. 2016] presents a detailed study
on arriving at the optimal proportions of materials to be mixed in order to obtain the best correlation
between the test results and the strength development in mixes containing the clay or LC2. As can be
seen in the figure 4.11 below, the total heat evolved from the paste after one day of hydration has
been found to correlate well with the strength development.
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Figure 4.11: correlation between heat evolved in the R3 test and mortar compressive strength (Li
et al. 2018)

Although the R3 test is convenient to carry out, it would not be possible to perform without an
isothermal calorimeter. A simplified version of the R3 test, that measures the bound water in place of
heat of hydration, can be carried out when an isothermal calorimeter is not available. In this test, a
paste is prepared in a manner similar to that in the calorimetry method. Thin slices of the paste are
cut after 1 day of hydration and the slices are dried at 110°C to remove all the free water in the paste.
The heating is stopped when the weight loss in the specimen is less than 0.5% during the previous 24
hours. The weight of the specimen is then taken and it is heated and kept at 400°C for 2 hours and
then cooled back to 110°C. The percentage weight of the bound water is then calculated assuming
that it is only the bound water that is lost between 110°C and 400 °C. This method is also presented
in detail in the literature [Avet et al. 2016].

The strength potential of SCMs is also commonly characterised by measuring the development of
strength in pastes containing a blend of the SCM with lime or a cement with standard composition,
cured at higher than usual temperatures to accelerate the test. The Indian standard lime reactivity
test [IS1727] is one such test. In this test, a paste of lime and the SCM is prepared and 5 cm cubes of
the paste are cast. The ratio of lime to SCM is kept as 1:2M, where M is the ratio of the specific gravity
of the SCM to the specific gravity of lime. The quantity of water added to the paste is decided by
carrying out the flow table test in order to obtain 70% flow after 10 drops of the flow table in 6
seconds. The cubes are left covered with a wet cloth at 27°C for 48 hours and then demoulded and
moved to a chamber with 50°C temperature and more than 90% relative humidity for 8 days. At the
end of 8 days in these conditions, the cubes are cooled back to ambient conditions and their
compressive strength is measured. The average compressive strength of three such cubes is called the
lime reactivity of the SCM. The suitability of a mixture of limestone with calcined clay (or LC?) can also
be assessed by following the same procedure as above. It has been shown that this test is also able to
include the influence of the reaction of the limestone with the calcined clay. Lime reactivity values
higher than 6.0 MPa are recommended for clays and LC? to be used in LC3.

Variations of these test methods where cement is used in place of lime are also available. One such
test [ASTM C311] recommends measuring the strength activity index, which is the ratio of strength of
a mortar with 20% of OPC replaced by the pozzolan with the strength of a control mix without the
pozzolan. However, since the results of these tests will be affected by the physical and chemical
properties of the cement used, it is difficult to compare the results against defined benchmarks. A
more detailed comparison of the performance of various test methods has been presented by Li et al.
[2018].

The importance of proper characterisation of a clay before its use in an LC® blend cannot be

overstated. Not only do the test methods discussed above help in establishing the suitability of a clay,
but also in identifying the causes for issues that may be observed once the calcined clays are blended
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with cements. The interaction of various components of LC3 and the characterisation of LC? blends will
be discussed in Chapter 6.

4.2 Limestone
This section discusses the geology of limestones, their natural availability and suitability for use in LC3.
Test methods to assess their composition and suitability are also discussed.

4.2.1 Geology and use of limestone

Limestone is a sedimentary rock of which at least 50% is calcium carbonate. Limestone is generally
formed form the deposition and cementation of the calcareous skeletons and shells of organisms in
shallow-water conditions. For this reason, most limestones are of bio-chemical origin. In some cases,
chemical limestone can also be formed from the direct precipitation of calcium in water. While the
largest deposits of limestone occur in shallow-sea conditions, significant quantities are also present
on land. Calcium is the fifth-most abundant element in the earth’s crust, making around 3.6% of it.
Limestone is the most common form in which this calcium is present.

Depending on their composition, morphology, texture and formation, limestone can be classified into
various varieties such as chalk, oolite and tufa. Silica and clay are two of the most common impurities
found in limestone.

Although calcium carbonate has three main polymorphs, most of the limestone is present in the form
of calcite. Calcite has a hexagonal structure and is stable in the conditions that exist on the earth’s
crust. Aragonite, an orthorhombic polymorph, is usually associated with metamorphosis of calcite
under high pressure and is metastable, and therefore, rare on the earth’s crust. While vaterite also
has a hexagonal structure, it is the least stable of the three polymorphs in the earth’s atmosphere.
The specific gravity of pure limestone is of the order of 2.7.

Itis common for magnesium to be included in the structure of limestone during its lithification, leading
to the formation of dolomite. Although the formation of dolomite is not well understood, it is generally
thought that a partial replacement of calcium takes place by magnesium present in the ground water
under slightly acidic conditions, leading to a twinning in the structure of calcium carbonate and the
formation of calcium magnesium carbonate (CaMg(COs);). The metamorphic recrystallization of
limestone and dolomite leads to the formation of marble. Calcite, dolomite and quartz are the main
minerals in marble.

Limestone is used for a variety of purposes ranging from medicinal to construction. While high-purity
limestone or chalk is used as a calcium supplement for humans and animals, lower purity limestone,
along with dolomite and marble, having the important properties of hardness and strength, are used
as blocks in load-bearing walls, partition walls and as dimensional stones for flooring, etc. Limestone
is also the most important raw material in the production of cement and is the main source of calcium
in clinker. Dolomite and limestones with dolomite content are usually avoided for the production of
clinker. This is because upon their decomposition, the magnesium in dolomite gets converted to
magnesium oxide or periclase. If present in large quantities in clinker, periclase can cause later-age
expansion and cracking in cement, known as unsoundness.

Limestone, dolomite and marble are also added as mineral additives to cements and concrete, where
they are powdered and mixed with without calcination. It has been shown that there is no risk of
unsoundness in cement if magnesium is present in the form of dolomite and not in the form of
periclase. Limestone is known to improve the flow of concrete and reduce segregation. As discussed
in Chapter 2, limestone also participates in the hydration reactions to a small extent, influencing the
microstructure and phase assemblage. Although it has been shown that limestone with calcium
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carbonate content lower than that required for clinker production can be used as mineral additives,
few standards currently allow this.

4.2.2 Reaction of limestone in Portland cements

Limestone is known to have both physical and chemical effects on cement hydration. A partial
replacement of clinker with limestone leads to what is known as the dilution effect, where more water
becomes available per unit clinker. Additionally, there is a filler effect where the physical presence of
the limestone particles increases the rate of hydration of the clinker phases. A similar effect is also
observed with other inert fillers like quartz and rutile.

Despite being sparingly soluble, limestone is known to be reactive in Portland cements (Bonavetti et
al. 2001). The presence of calcium carbonates limits the pore-solution concentration of carbonates to
a few mmol/I. The availability of carbonates in the solution prevents the conversion of ettringite to
monosulphate and any remaining aluminates react to form carboaluminate phases takes place
instead. The amount of limestone that reacts depends on the SOs, Al,053 and CO; available in the
system (Figure 2.26) (Matschei et al. 2007a). The CsA and C,AF phases present in the clinker can act
as a source of reactive alumina for the reaction of limestone. Hemicarboaluminate (C4ACosH12) is
observed to form first during the early ages of hydration and subsequently get converted to
monocarboaluminate (CsACosHi2) at later ages (Ipavec et al. 2011). A complete transformation of
hemicarboaluminate to monocarboaluminate has been observed by 90 days in portland-limestone
cements.

The formation of carbonate AFm phases prevents the conversion of ettringite into monosulphate
(Figure 2.28) in cements incorporating limestone. The stabilisation of low-density ettringite increases
the total volume of the solid phases leading to an improvement in compressive strength (Lothenbach
et al. 2008b). The impact of limestone on the Ca/Si ratio of C-S-H is still not very clear. However, it
has been reported that limestone slightly increases the Ca/Si ratio of the C-S-H compared to the C-S-
H formed in OPC (Chowaniec 2012; Péra et al. 1999).

While limestone is known to improve the one day strength of Portland cements, no significant
improvement is observed beyond one day when compared to control OPC systems. The strength of
the cements is affected by the formation of a well-refined microstructure and the stabilising effect of
carboaluminates on the low-density ettringite (Matschei et al. 2007a; Tsivilis et al. 2000).

Limestone is also known to improve the rheology of the concrete mixes and has been used extensively
for the production of self-compacting concretes (Alexandra et al. 2018; Elgalhud et al. 2016; Gesoglu
et al. 2012). Limestone is also seen to improve the durability characteristics of portland limestone
cement systems due to the refinement of pore structure (Dhir et al. 2007; Elgalhud et al. 2016;
Pipilikaki and Beazi-Katsioti 2009).

It has been reported that this prevention of conversion of ettringite increases the solid volume in the
microstructure, reducing porosity and increasing strength. The phase changes that occur in the
microstructure due to the presence of 4% calcium carbonate are summarised in the results of
thermodynamic simulations shown in figure 4.12 below. Due to the limited availability of carbonate
ions, hemicarboaluminate (CsACosH1;) is known to form in the early ages and convert to
monocarboaluminate (CsACosH12) with time as more carbonate becomes available.
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Figure 4.12: Formation of carboaluminate phases in Portland limestone cement due to presence of
calcite (Lothenbach et al. 2008)

Due to the limited quantities of alumina available in ordinary Portland cement, the carboaluminate
phases usually make a minor contribution to the microstructure. However, the increased availability
of alumina from the calcined clay in LC? increases the proportion of carboaluminates in the
microstructure.

4.2.3 Suitability of limestone for LC?

The role of limestone in LC3 is more important than its role as a filler in Portland cements. Not only
does it help in reducing the water demand of the cement, it also reacts with calcined clay in alkaline
conditions to produce hydration products that contribute to microstructural development.

Despite its limited reactivity, limestone has a complex and important role in LC3. First, the presence of
a third component allows LC3 to have a wider particle size distribution, which helps in achieving a
better packing of the cement particles and reducing water demand. The smoother surface of the
limestone particles also compensates for the increase in water demand due to clay. Secondly, the
dissolution of limestone at the higher pH in cement increases the availability of carbonate ions in the
solution. This leads to the formation of carboaluminate phases and prevents the conversion of
ettringite into monosulphoaluminate.

Although only a limited amount of limestone is known to chemically react in LC® systems, an
assessment of their characteristics is nevertheless important. In the context of LC3, the term limestone

covers all the carbonate sources discussed above including limestone, dolomite, marble, etc.

Limestones with a total carbonate content as low as 65% have been used in the production of LC3.
Quartz is one of the most commonly found impurities in limestone. The inclusion of quartz in cement
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has been widely studied and it is found to be predominantly unreactive material that serves as a hard
filler. In LC? as well, quartz has been found to neither react nor interfere with the hydration reactions.
Therefore, the presence of quartz in limestone is unlikely to have a significant influence on the
performance of LC3. Clays are also commonly found as impurities in limestone. Clays of the smectite
type can swell in the presence of water in concrete leading to cracking. However, no swelling has been
observed with limestones containing up to 10% of expansive clays.

Like in the case of clays, limestones can also be characterised using chemical analysis techniques such
as titration and XRF. Since pure limestone contains 56% CaO by weight, the calcium content in a
limestone can be used to estimate its purity. This estimation may be inaccurate due to the presence
of impurities such as dolomite. Similar to clays, a proper calibration of the XRF equipment is required
in order to obtain reliable chemical composition of limestone containing impurities.

Table 4.3 below shows the composition of some of the limestones that have been used in trial
productions of LC3. Some of the materials listed here are dusts of stones such as marble and quartzitic
limestone used as building materials.

Table 4.3: Composition of limestones used in LC?
Na.O MgO AlL,O; SiO, SO; Cl KO Cao Fe;O0; | LOI
Limestonel | 0.32 | 1.13 | 851 | 2431 | 0.06 | 0.019| 0.62 |[33.29| 4.8 | 26.9
Limestone2 | 0.23 | 0.035| 12.8 | 31.63 | 0.02 | 0.02 | 0.835 | 27.65 | 6.75 | 22.1
Limestone2 | 0.2 | 0.735|9.925|27.01 | 0.02 | 0.019 | 0.685 | 31.5 | 5.275 | 26.1
Limestone 3 | 0.255 | 0.79 | 9.585 | 25.94 | 0.105 | 0.019 | 0.81 | 31.9 | 4.96 | 25.9
Limestone4 | 0.24 | 0.055 | 12.83 | 32.25 | 0.06 | 0.02 | 0.925 | 27.37 | 6.195 | 21.8
Limestone5 | 0.29 | 1.055 | 10.12 | 25.84 | 0.045 | 0.019 | 0.825 | 31.95 | 4.805 | 25.9
Limestone 6 | 0.625 | 0.805 | 6.44 | 20.61 | 0.305 | 0.017 | 0.575 | 36.72 | 3.68 | 29.1
Limestone?7 | 0.27 | 1.39 | 3.83 | 13.33 | 0.19 | 0.017 | 0.44 | 42.85| 2.31 | 35.6

Like in the case of clay, XRD and TGA are the most suitable techniques for the characterisation of
limestone. Figure 4.13 below shows the XRD pattern of clinker grade limestone. Figure 4.14 shows the
XRD pattern of a low-grade limestone with quartz and clay impurities.
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Figure 4.13: XRD patterns of a clinker grade limestone, with quartz, muscovite and ankerite
impurity
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Figure 4.14: XRD patterns of calcitic limestone, with quartz and clay impurity

Rietveld analysis of limestone can not only help in the estimation of its purity, but also in the
identification and quantification of the impurities in the limestone. Although Rietveld analysis can be
used to quantify the calcite content in a limestone, it is generally easier to measure using TGA. Figure
4.15 below shows the TGA analyses of a pure limestone and a dolomitic limestone, and a low-grade
limestone with various other impurities. Figure 4.16 shows the TGA and DTG analysis of a limestone
with impurities.
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Figure 4.15: TGA analyses of calcitic limestone and dolomitic limestone (Krishnan 2019)
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Figure 4.16: TGA and DTG analysis of a limestone with impurities

55



It can be observed in the figures 4.15 and 4.16 that the decomposition of limestone occurs between
700°C and 950°C. Pure calcium carbonate loses 44% of its weight as CO, escapes from the molecule,
converting it into calcium oxide. The calcium carbonate content in a limestone can be approximately
determined by dividing the fraction of weight lost in this temperature range by 44%. This content is
approximate since other minerals, such as dolomite, also decompose in the same temperature range.
Dolomite loses approximately 47.7% of its weight when it loses its CO, molecules. Some studies have
reported that amorphous particles of calcium carbonate may decompose at temperatures as low as
400°C, however, it is not clear if such limestone occurs in nature.

Given the errors in determining the carbonate content in limestone, a combination of chemical
analysis, XRD and TGA is usually used required to assess its suitability for LC3. Usually, limestones with
more than 65% carbonate content have been found to be suitable for use in LC3. Dolomite and
limestones with dolomite impurity have been seen to react more slowly than calcite in LC? systems.
While some studies have advised against the use of dolomite in concrete due to the occurrence of the
so-called alkali-carbonate reaction, recent studies have shown that the reaction of dolomite in alkaline
conditions does not to expansion or cracking in concrete. More details on the role of carbonates and
their influence of hydration and strength development will be discussed in the later chapters.

4.2.4 Summary

Limestone is not only a raw material for the production of clinker, but also an important additive
widely used in Portland cements. Despite what has been assumed earlier, limestone is now known to
react in cements and to lead to the formation of a finer microstructure. Limestone is also known to
contribute to improvind the rheology of cements and concrete. The relatively smaller quantity of
aluminates in Portland cements reduces the contribution of limestone to hydration and
microstructural development. This report describes the properties of limestone calcined clay cement
(LC3?), where the larger quantities of alumina available in calcined clay allow higher reaction of
limestone.

4.3 Production and properties of LC3

The production of LC3, while similar to the production of Portland and blended cements, requires
additional processes to accommodate for its additional components. This chapter discusses the
production of LC3 and its important properties. The design of LC? blends and the influence of the
constituents on its properties will be discussed later in Chapter 6.

4.3.1 Grinding and blending of LC?

The production of LC? requires the grinding and mixing of the components to yield a homogenised
cement. Although the most common way to produce blended cements is to grind all the components
together in a mill, also called inter-grinding. For example, PPC can be produced by inter-grinding
coarser particles of clinker, fly ash and gypsum using various types of mills such as ball mills, vertical
roller mills and roller presses could be used for this process. In such a grinding process, it is usually
desirable that all components are ground to a similar particle size and are mixed uniformly. This may,
however, be difficult if the relative hardness of various components is different. Given the larger
number of components in ternary cements, the likelihood of having different hardness of different
components is higher, leading to the preferential grinding of some of the components while the others
remain relatively coarser. While the differential hardness of the components can help in achieving a
wider particle size distribution, which improves packing of particles and reduces water demand,
insufficient grinding of some phases can negatively influence the performance of the cement.
Additionally, since clay particles tend to coat the grinding media, the efficiency of grinding has been
reported to be reduced.
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In the case of LC3, clinker is generally expected to be harder than limestone and calcined clay. This
may result in a cement with fine calcined clay and limestone and coarse clinker. Since the hydration
and strength development in LC? relies on the hydration of clinker phases, insufficiently ground clinker
would result in a significant reduction in the performance of the cement. Closed-circuit mills with air-
classifiers, which send back the coarser particles to the inlet of the mill for further grinding, generally
provide a better control over the particle size distribution of cements than normal mills.

In order to optimise the properties of LC3, it is desirable that the clinker grains are ground to a fine
state, whereas the clay particles are slightly coarser. While the fine clinker grains will lead to a faster
strength development and build up the calcium hydroxide content in the microstructure, a reduction
in the fineness of the calcined clay particles will reduce the water demand of the cement and allow
for a higher strength development after 7 days of hydration. Figure 4.17 shows the influence of
additional grinding on the rate of hydration of LC3. Figure 4.18 shows the influence of additional
grinding on strength development of LC3.
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Figure 4.17: Influence of additional grinding on rate of hydration of LC? (Krishnan 2019)
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Figure 4.18: Influence of additional grinding on strength development of LC? (Krishnan 2019)
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In the above results, the base LC? blend has coarser clinker particles and finer clay particles. Further
grinding of the cement was carried out in a laboratory ball mill in order to further grind its coarser
clinker particles. As can be seen in figure 4.19 below, a further grinding of the cement makes the
coarsest of the particle finer, with little effect on the finer particles.
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Figure 4.19: Influence of grinding on PSD of LC?

The results above demonstrate the importance of ensuring that the clinker phases in LC® are well
ground. In cases where there is a large difference between the hardness of the components, it may
be desirable to separately grind clinker and LC? and to then blend them together. Gypsum can either
be ground along with the clinker or partially in both LC? and clinker. This type of blending is common
in Portland slag cements, when blast-furnace slags are much harder than the clinker. The Moh’s scale
of hardness can be used to characterise the relative hardness of minerals on a scale of 1 to 10, where
1 represents the hardness of talc and 10 represents the hardness of diamond. In order to determine
the harness of a material, minerals or needles of known hardness are used to scratch the surface of
the material. While harder materials leave a scratch, softer ones don’t, making it possible to classify
the material in between two known standards. Generally, if the hardness of materials is different by
more than 2 points on the Moh'’s scale, it is preferable that they be ground separately and blended
together after grinding.

Although there may be some difficulty in blending the pre-ground materials leading to some
inhomogeneity in the cement, technology to blend fine powders on the industrial scale is available.
The possibility of separately grinding OPC with gypsum and LC? and then blending them together
creates the potential of the use of LC? as a separate mineral admixture in concrete.

When LC?is blended separately with OPC or ground clinker, the quantity of sulphates in the final blend
must be ensured. This can be done either by adding more gypsum at the time of blending or by inter-
grinding gypsum along with calcined clay and limestone at the time of production of LC2. As discussed
earlier, the quantity of gypsum has an influence on the rate of hydration and strength development.

4.3.2 Quality control of LC?

A series of measures are required in order to ensure the quality of the raw materials, the production
conditions and the cement produced. A summary of the tests to be carried out on individual
components of LC® and the final product are listed in Table 4.3. Figure 4.20 shows a simplified sketch
of some of the important parameters to be checked at the time of production.

Table 4.3: Quality control tests carried out during the production of LC? and their significance

Test on Test method Comments
Clinker Chemical composition |To compare with usual composition. Clinkers with higher
Clinker XRD calcium content perform better with LC3.
Clinker TGA To chtick Lol for quality control. No special requirement
for LC.
Clinker Hardness To mee?sure grlndat?lllty. Softer clinkers are easier to
intergrind with calcined clay.
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Strength potential by

To check strength potential. It is usually possible to

Clinker making OPC obtain similar 28-day strength as OPC.
. CH content in hydrated |To ensure potential for pozzolanic reaction. Clinkers with
Clinker . . . . 3
OPC of clinker higher calcium content perform better with LC°.
Limestone Chemical composition [To ensure minimum carbonate content and identify
Limestone XRD impurities. Although requirements in standards may
recommend higher contents, around 65% carbonate
Limestone TGA content is seen to be required. Large amount of clay
impurities may be undesirable.
To measure the grindability of the limestone. Harder
Limestone Hardness limestones will give coarser particles on intergrinding and
help in reducing overall fineness of LC3.
Raw clay Chemical composition |To measure kaolinite content and identify impurities.
Raw clay XRD 40% to 60% kaolinite content is recommended in clays.
Raw clay TGA In addit.ion to measuring ka'olinite content and to
determine optimal calcination temperatures.
E::E;:E: z::z ?I'(Zi To assess quality and degree of calcination.
To measure grindability of clays and the influence of
Calcined clay |Hardness impurities. The results may be misleading due to coating

of grinding media by clay particles.

Gypsum Chemical composition
Gypsum XRD To measure sulphate content and to identify impurities.
Gypsum TGA
LC? XRD
Lc3 TGA To verify composition and uniformity of cement.
Lc3 Chemical composition
3 S To measure fineness of cement. This test is not
LC Blaine’s fineness 3 .
recommended for LC® due to unreliable results.
LC3 Laser diffractometry T? ef\sur'e proper g'rmdlr.1g of the cement and a good
distribution of particle sizes.
To carry out quality control of grinding. Less than 3% is
Lcd Sieve analysis usually retained in 90pum sieve and less than 15% in
45um sieve.
To measure water demand and assess particle size
. distribution. The standard consistency is usually higher by
LC? Standard t
andard consistency up to 0.05 compared to an OPC produced using the same
clinker.
To measure setting time and gypsum optimisation. The
Lcd Setting time setting time is usually shorter than OPC produced using
the same clinker.
To optimise sulphate content and study compatibility of
Lcd Isothermal calorimetry |[components. The sharp aluminate hydration peak should
be after the relatively gentle alite hydration peak.
. For quality control. LC? can be designed to achieve a
LC? C trength
ompressive streng similar 28-day strength as an OPC with the same clinker.
To assess the risk of cracking. Risk of cracking is usually
Lcd Soundness lower compared to OPC due to dilution of clinker with

calcined clay and limestone.
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Figure 4.20: Key steps in the process of quality control during the production of LC3

Once the cement has been produced, various physical and chemical tests have to be carried out on
LC3 in the same manner as they are performed on OPC or PPC for quality control. While most of the
physical and chemical properties of LC? can be tested and interpreted in the same manner as they are
for conventional cements, special attention has to be paid to the particle size distribution of the
cement.

The Blaine’s air permeability apparatus is commonly used as a quality control method to ensure
proper grinding of cements in cement plants. In this test, a bed of cement with a standard void ratio
is prepared and air is passed through it. However, since this method only represents average fineness
of the particles and not their particle size distribution, it is less appropriate for blended cements. In
the case of LC3, although the overall fineness of the cement may meet the target range, a possible
differential grinding of the cement cannot be identified using this test. The quality of grinding can be
checked by either measuring the particle size distribution of the cement or by carrying out a chemical
analysis of various fractions of the cement.

Due to the wider particle size distribution of the cement and the nature of the calcined clay particles,
the Blaine’s fineness of the LC? cements is generally 50% to 70% higher than OPC made using similar
cements. However, the Blaine’s fineness should not be interpreted as an indicator of the water
demand of the cement. It has been observed that the water demand of LC? is lower that what is
expected from conventional cements with a similar specific surface area. The measurement of
standard consistency has been found to be a more reliable measure of the water demand of the
cement. Due to the plate-like morphology of calcined clay particles, the packing of the particles may
lead to very high values of Blaine fineness being measured. These values are found not to be
representative of the true fineness or particle size distribution of the cement.

The interpretation of the loss on ignition (Lol) measurements of LC? should also be carried out with
care. Usually, Lol measurements require measuring the fraction of mass loss in a specimen when
heated from just above 100°C to 1000°C. Lol represents the amount of volatile materials and materials
that decompose releasing gases when heated to higher temperatures. The specimens are pre-
conditioned at temperatures slightly above 100°C to allow for the free water to escape. The Lol values
are often used to assess the presence of unfired material or pre-hydration in cements. However, due
to the presence of un-calcined limestone, the Lol of LC? is expected to be higher than that of OPC. The
theoretically expected Lol of LC3 can be calculated by multiplying the Lol of the individual components
with their proportion in the cement, with the majority of the contribution coming from limestone.
While the measurement of Lol up till 1000°C can be useful to assess the uniformity of blending of the
cement, measurements up till 400°C can be more useful to check if a cement is pre-hydrated. More
reliable measurements of mass loss in different temperature ranges can be measured using TGA.
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Chapter 5: Limestone mineralogy, purity, effect on properties

5.1 Introduction

This chapter provides a discussion about the geology and mineralogy of the limestone, the effect of
limestone on OPC and LC® cement hydration mechanism, and characterization techniques for
limestone, then moving on to discuss the suitability of limestone use in LC3, and finally its natural
availability across India,

5.2 Geology and Mineralogy of Limestone

Calcium, which is the fifth most abundant element in the earth’s crust (after oxygen, silicon,
aluminum, and iron) is found mostly in form of the limestone. Limestone is a sedimentary type of rock,
primarily consisting of more than 50% calcium carbonate. Impurities in limestone compromise a
spectrum of silica, dolomite, gypsum, siderite, iron and manganese oxides, clays, organic matter, etc.
Most limestone deposits are formed by organic route, by the accumulation of calcareous remains such
as shells and skeletons of organisms at the seabed in shallow water, which was then cemented by the
process of diagenesis over the centuries. Another way of formation of limestone deposits is by a
chemical process that is by precipitation of calcium carbonate from marine or freshwater. The
biological origin limestone deposits are cemented by the precipitation of calcium carbonate from the
calcium saturated water which moves through the sediment masses. Depending on their composition,
morphology, texture, and formation, limestone can be classified into various varieties such as chalk,
oolite, travertine, marble, tufa, etc.

Table 5.1 Minerals commonly associated with limestones (Selley et al. 2005).

Mineral Formula Crystal System Occurrence
S hells and mud table duri
Aragonite CaCos; Orthorhombic orr‘1es €lls and mud, unstable aunng
burial
S hells and mud, relatively stabl
Calcite CaCos; Hexagonal orr'1e >he ,S and mud, refatively stable
during burial
Magnesite MgCOs; Hexagonal Rare surface mineral
Rarely at th f
Dolomite CaMg(COs)s Hexagonal arely at the surface, more common as
a subsurface replacement
Ankerite Ca(MgFe)(CO0s); Hexagonal A rare cement
Siderite FeCO; Hexagonal As ooliths and cement

Limestone makes 10% of the total volume of the sedimentary rocks and is found across the majority
of the countries. Although calcium carbonate has three main polymorphs, most of the limestone is
present in the form of calcite. Calcite has a hexagonal structure and is stable in the conditions that
exist on the earth’s crust. Aragonite, an orthorhombic polymorph, is usually associated with the
metamorphosis of calcite under high pressure and is metastable, and therefore, rare on the earth’s
crust. While vaterite also has a hexagonal structure, it is the least stable of the three polymorphs in
the earth’s atmosphere. Limestone is relatively soft, having a Mohs hardness of 2 to 4 depending on
the conditions of formation. Density of limestone varies in a range of 1.5 to 2.7 g/cm3 depending on
its porosity which varies from 0.1% to 40% (Oates 2008). The specific gravity of pure limestone is of
the order of 2.7.

During or after the formation of limestone, a certain percentage of magnesia gets added in places of

calcium, giving rise to magnesium limestone. When magnesium and calcium limestone are combined
in equal molecular proportions, the resulting mineral is called dolomite. Although the formation of
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dolomite is not well understood, it is generally thought that a partial replacement of calcium takes
place by magnesium present in the groundwater under slightly acidic conditions, leading to twinning
in the structure of calcium carbonate and the formation of calcium magnesium carbonate
(CaMg(COs)z). Dolomite is a little more stable than calcite, the crystal density of dolomite is about 10
% higher than that of calcite, and dolomitization is accompanied by an increase of porosity. Further,
metamorphic recrystallization of limestone and dolomite leads to the formation of marble. Calcite,
dolomite, and quartz are the main minerals in marble.

Other Minerals
(mostly insolubles)

impure impure
calcitic calcitic
dolomite | limestone

olo- " _— lime-
/?me/ Calcitic limstone | Dolomite limestone \‘mn:\
0,

Dolomite 90% 50% 90% Calcite

Figure 5.1 Mineralogical classification of carbonate rocks. (Carr and Rooney 1975)
5.2.1 Types of Limestone
Limestone is available in different forms, following is the list of the general form of limestone
deposits:
e Chalk is a soft, fine grain, and contains very little terrigenous material composed of plates of
algae and foraminifera.
e Marble is formed by the metamorphosis of limestone under heat and high pressure, resulting
in recrystallization. Marble formed from pure limestone consists of white calcite.
e Dolomite deposits occur between the limestone beds and sometimes can occur as thick-
bedded units, having magnesium present in a crystal lattice of calcium carbonate.
e Qolitic limestone is calcite cemented tiny spherical grains formed by algal action, having a
resemblance to mass of a fish roe under a lens.
e Travertine is calcite deposits formed by chemical precipitation from natural hot springs along
their course.
e Tufa is calcite deposits formed by chemical precipitation from natural springs water, which is
more or less compact.

5.2.2 Limestone in Cement

Limestone is the most important raw material in the production of cement and is the main source of
calcium in the clinker. Raw materials comprising limestone, clay, etc. are homogenized by grounding
together, which are then heated to a temperature of up to 1450°C forming clinker minerals. After
rapidly cooling the clinker, it is mixed with a small percentage of gypsum and grounded together to
form the final ordinary Portland cement. Limestone containing dolomite is generally avoided to
produce clinker, as upon decomposition the magnesium in dolomite gets converted to magnesium
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oxide or periclase. If periclase is present in significant quantities in clinker, it can result in later-age
expansion and cracking of cement paste, known as unsoundness.

Limestone, dolomite or marble powder is also added as a mineral additive to the cement, where they
may or may not be calcined before. Studies have shown that if the magnesium is present in form of
dolomite rather than periclase, it doesn’t have the unsoundness effect in cement. Limestone addition
as a mineral admixture in cement up to 15% had been allowed in different standards such as European
standard: EN 197-1, America standard: ASTM C-595, Canadian standard: CSA A 3001, New Zealand
standard: NZS 3125, etc. all around the world. The benefit of imestone addition as a mineral additive
can be seen as reducing the clinker factor of cement which in turn reduces the carbon footprint of
cement without losing any desirable properties Effect of limestone addition on the hydration process
has been discussed in the subsequent sub-sections.

5.2.2 Effect of Limestone addition in Portland cement

Limestone is known to have both physical (filler effect, nucleation effect, and dilution effect) and
chemical effects. The filler effect of the limestone is related to its particle size, packing density is higher
when limestone is finer than cement is used as it occupies the voids between the cement particles.
Thus, reducing the water requirement and increasing the compressive strength and durability of
concrete (Martin et al. 2006). However, having very fine limestone can leads to a reduction in
flowability as its specific surface area is very high. Additionally, fine limestone particle provides
nucleation sites for hydration products to precipitate, accelerates the hydration reaction, and
improves the degree of hydration of cement, known as the nucleation effect (Soroka and Setter 1976,
Vance et al. 2013, Dale et al. 2015). On limestone addition, keeping the water to binder ratio constant,
it increases the amount of available water to react with cement particles as limestone doesn’t have
cementitious or pozzolanic properties, known as the dilution effect. A higher degree of hydration is
observed in cement owning to extra water available for addition. The dilution effect is attributed to
the percentage addition of the limestone in the cementitious matrix.
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Figure 5.2 XRD pattern of carboaluminate phases in hydrated calcite-containing cement at
different stages of hydration. (Ipavec et al. 2011).
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Limestone is known to be sparingly soluble but still has been found to be reactive in Portland cement
(Bonavetti et al. 2001). With the increase in the particle size of limestone, the dissolution rate of
limestone increases. As a result, the presence of calcium carbonates increases the pore-solution
concentration of carbonates to a few mmol/Il. Carbonate ions present in the solution react with the
reactive aluminate present in the CsA and C4AF phases of the clinker to form hemicarboaluminate
(C4ACosH12) and monocarboaluminate(C,ACH.1) The formation of carboaluminate phases stabilizes the
ettringite and stops its conversion to monosulphate (Kakali et al. 2000). The stabilisation of low-
density ettringite, and formation of hemi- and mono-carboaluminate increases the total volume of
the solid phases leading to pore refinement, a decrease in porosity, and an improvement in
compressive strength (Lothenbach et al. 2008). Hemicarboaluminate (C4ACosH12) is observed to form
first during the early ages of hydration and subsequently get converted to monocarboaluminate
(C4ACH11) at later ages (Ilpavec et al. 2011), see figure 1.2. A complete transformation of
hemicarboaluminate to monocarboaluminate has been observed within 90 days in Portland-limestone
cement.
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Figure 5.3 Calculated amount of reactive CaCO; in dependence of the initial amount of a) initial
solid Al,O3 content, and b) initial solid SO; and bulk SOs/Al,Os-ratio of the paste (data are
expressed in weight units) (Matschei et al. 2007)

The amount of limestone that reacts depends on the SOs, Al,O03 and CO, available in the system, see
figure 1.3 (Matschei et al. 2007). Incorporation of limestone has also changed the morphology of C-S-
H into shorter and thicker fibers of C-S-H (Nehdi and Mindness 1996). Although, the impact of
limestone on the Ca/Si ratio of C-S-H is still not very clear. However, it has been reported that
limestone slightly increases the Ca/Si ratio of the C-S-H compared to the C-S-H formed in OPC
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(Chowaniec 2012; Péra et al. 1999). Since the aluminate phases in the ordinary Portland cement are
limited, the chemical effect of the limestone is generally small, however, additional aluminates from
SCMs can increase this chemical effect.

While limestone is known to improve the early strength of Portland cement, no significant
improvement is observed beyond seven-day when compared to control OPC systems. The strength of
the cement is affected by the formation of a well-refined microstructure and the stabilizing effect of
carboaluminates on the low-density ettringite (Matschei et al. 2007; Tsivilis et al. 2000; Tsivilis et al.
2002). Limestone addition has been also observed to improve the rheological behavior of the
concrete mixes and has been used extensively to produce self-compacting concretes (Alexandra et al.
2018; Elgalhud et al. 2016; Gesoglu et al. 2012).

5.3 Limestone in LC?

LC3is a ternary blend of clinker, calcined clay, and limestone. Hydration mechanisms in the LC3 system
involve a synergetic reaction between clinker, calcined clay, and limestone, it can be divided into two
steps. Firstly, with the addition of the water to the system, alite and belite phases from the clinker
starts to react to produce C-S-H and portlandite. Available sulphates from the gypsum, starts reacting
with the aluminates from clinker to form ettringite, with the ferrite phases to form hydrogarnet,
portlandite and ferrous hydroxide. Initial step of LC3 hydration can be considered similar to the
hydration mechanism of the ordinary Portland cement. Here, limestone presence allows having a
wider range of particle size distribution which helps in achieving a better packing of the cement
particles and reducing the water demand. Additionally, smoother surface of the limestone particles
also compensates for the increase in water demand due to addition of calcined clay. Thus, limestone
have two roles to play in first step, filler effect which provides better packing density, and nucleation
effect which enhances the hydration process.

In the second step, portlandite produced from clinker hydration reacts with the calcined clay and
limestone to form an additional C-A-S-H gel and hemi-/mono-carboaluminates, see equation below:
AS; + CC+CH+H - CeAySHy + CLACH,1/C4AC) 5Hy;

Here, the chemical effect of limestone addition becomes more prominent, the dissolution of
limestone at the higher pH in cement increases the availability of carbonate ions in the solution. This
results in reaction of carbonate ions with aluminates from calcined clays to form carboaluminate
phases. Hemi-carboaluminate which is known to meta-stable phase in ordinary Portland cement,
doesn’t completely convert to mono-carboaluminate even after 90 days in the LC? systems (Krishnan
et al. 2019). Consumption of aluminates results in the stabilization of the low-density ettringite and
formation of carboaluminates, resulting in refining the pore structure, and compressive strength
enhancement at early age. More details on the role of carbonates and their influence of hydration and
strength development will be discussed in the later chapters.

5.4 Characterization of limestone

Although only a limited amount of limestone is known to chemically react in LC® systems, an
assessment of their characteristics is nevertheless important. In LC3 system limestone is not calcined,
used simply for inter grinding or blending in already grounded state. Hence, covering all the carbonate
sources and making it possible to use even dolomite, marble, etc. without having any detrimental
effect on the cement paste. Just like clays, limestone can be characterized by using chemical and
mineralogical techniques like, X-ray fluorescence (XRF), X-ray Diffraction (XRD), and Thermo-
gravimetric analysis (TGA).
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Table 5.2 XRF data for the composition of limestones that have been used in LC3.

Limestone Na,0 MgO Al0O; SiO, SO3 cl KO Ca0 Fe,0; LOI
Limestone 1 - - - 1.21 0.3 - 0.09 54.64 - 42.54
Limestone 2 0.05 1.46 2.79 9.38 0.04 0.11 0.24 47.46 1.45 36.50
Limestone 3 0.79 1.43 853 2742 0.14 0.10 1.85 34.62 3.94 20.47
Limestone 4 - 0.81 1.90 889 0.05 0.02 0.61 47.32 1.03 38.85
Limestone 5 - 0.41 0.68 399 0.03 0.07 0.15 5430 0.66 39.61
Limestone 6 0.09 1.45 3.35 6.20 0.11 0.05 042 4471 4.20 39.40

XRF can be used to determine the oxides present in the raw materials. Primarily oxides of focus are
calcium oxide (Ca0), Silica (SiO,), and alumina (Al>Os). Presence of silica and alumina in limestones,
indicates the possibility of quartz and clay mineral impurities in the limestone. Pure limestone is
known to have 56% CaO content by weight. By knowing the calcium oxide content in the limestone
helps us to determine the overall calcium carbonate content and its purity. Although, this estimation
may be inaccurate sometimes due to the presence of impurities such as dolomite. Hence, to obtain
reliable chemical composition of limestone, it is crucial to first properly calibrate the XRF equipment
with limestone samples having varying calcium carbonate and impurities in it.
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XRD is another suitable technique for the characterization of the limestone, which helps in qualitative
and quantitative estimation of the mineral impurities present in the limestone. XRD is performed on
the powdered raw materials to find the minerals present in it. Major mineral forms present in
limestone are calcite, aragonite, dolomite, and magnesite, while minor minerals are siderite, ankerite,
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quartz, muscovite, and kaolinite, etc. Rietveld's analysis of limestone can not only help in the
estimation of its purity, but also in the identification and quantification of the impurities in the
limestone.

Although Rietveld analysis can be used to quantify the calcite content in limestone, it is generally
easier to measure using TGA. It is well known that the decomposition range of limestone occurs
between 700°C to 950°C. Calcium carbonate in pure form is composed of 56% CaO and 44% CO; by
weight. Thus, heating pure calcium carbonate up to 1000°C under inert atmosphere results in the loss
of 44% of weight as carbon dioxide molecules escape from the system, converting it to calcium oxide.
The calcium carbonate content in limestone can be approximately determined by dividing the fraction
of weight lost in this temperature range by 44%. Dolomite loses approximately 47.7% of its weight
when it loses its CO, molecules. Some studies have reported that amorphous particles of calcium
carbonate may decompose at temperatures as low as 400°C, however, it is not clear if such limestone
occurs in nature.
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Figure 5.5 TGA of limestone and dolomite (Krishnan 2019).

Given the errors in determining the carbonate content in limestone, a combination of chemical and
mineralogical analysis, XRF, XRD, and TGA is usually required to assess its suitability for LC3. Quartz is
one of the most found impurities in limestone. The inclusion of quartz in cement has been widely
studied and it is found to be a predominantly unreactive material that serves as a hard filler. In LC® as
well, quartz has been found to neither react nor interfere with the hydration reactions. Therefore, the
presence of quartz in limestone is unlikely to have a significant influence on the performance of LC3.
Clays are also commonly found as impurities in limestone. Clays of the smectite type can swell in the
presence of water in the concrete leading to cracking. However, no swelling has been observed with
limestones containing up to 10% of expansive clays. Magnesium carbonate is another impurity found
in the limestone. If magnesium is present in periclase form it causes unsoundness of cement, however,
in the dolomitic form it doesn’t have any such effect. Generally, limestones with dolomite impurity
have been seen to react more slowly than calcite in LC? systems. While some studies have advised
against the use of dolomite in concrete due to the occurrence of the so-called alkali-carbonate
reaction, recent studies have shown that the reaction of dolomite in alkaline conditions does not lead
to expansion or cracking in concrete. Limestones up to 65% of calcium carbonate content have been
suitably used in the production of LC3.
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5.5 Suitability of Limestone for LC?

We know that only a small part of calcium carbonate reacts chemically in the system to form
carboaluminates and the rest of it predominantly acts as inert filler material. This indicates the fact
that not a very high grade of limestone is required to produce LC3. Additionally, carbonate sources are
easier to replace than clinker or clay, provided there are no deleterious effects caused by the addition
or replacement. Two different studies which have been performed to check the suitability of using
low-grade limestone for LC3 production are described in the subsequent sub-sections.

5.5.1 Study I: Natural limestones of different grade

From major cement manufacturers in India, 4 different types of limestone have been procured
namely, old mine reject (heap of limestone discarded from use in clinkerisation for years), new mine
reject (recently discarded limestone from the bulk of sample being used from clinker production), low-
grade limestone (used to adjust lime saturation factor when high purity limestone is being used for
clinker production), and feed grade (used in clinker making process). Oxide composition of these four
grades of limestone is provided in table 1.3. XRD scan of raw limestone samples is provided in figure
1.6. TGA curves for the different limestone grades are provided in figure 1.7.

Table 5.3 Oxide composition of limestone samples in study |

Limestone Na,0O MgO Al0O; SiO; SO; Cl KO Cao Fe,03 LOI
Old Mine Reject 0.2 0.74 9.93 27.01 0.02 0.02 0.69 31.50 5.28 26.10
New Mine Reject 0.29 1.06 10.12 25.84 0.05 0.02 0.83 31.95 4.81 25.9

Low-grade 0.63 0.81 6.44 20.61 0.31 0.02 0.58 36.72 3.68 29.1

Feed-grade 0.27 1.39 3.83 13.33 0.19 0.02 0.44 42.85 2.31 35.6
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Figure 5.6 XRD scan of old mine reject (top-left), new mine reject (top-right), low-grade limestone
(bottom-left), and feed grade limestone (bottom-right). (Q-Quartz, K-Kaolinite, C-Calcite, M-
Muscovite, Mn-Montmorillonite and A-Ankerite).
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Figure 5.7 TGA of old mine reject (top-left), new mine reject (top-right), and low-grade limestone
(bottom-left).
5.5.1 Isothermal calorimetry of LC3 blends
The composition of LC® used in carrying out isothermal calorimetry was 50% clinker, 30% calcined clay,
15% limestone, and 5% gypsum. The paste was prepared using water to binder ratio of 0.45. Four
different LC3 blends were prepared using different types of limestone while keeping the same clinker,
calcined clay, and gypsum.

Calorimetric results for the blends are provided in figure 1.8, irrespective of the limestone type, the
hydration curve for LC3 blends doesn’t change much. Although the peak corresponding to aluminate
reaction is higher in low grade and feedable grade limestone as compared to old and new reject
limestone, the difference in heat evolution is relatively less. The cumulative heat evolution curve
shows that the mix containing old mine reject has the highest heat evolution whereas feedable grade
contributed to the lowest. The total heat evolution is majorly contributed by the reaction of
aluminates in the system, and it can be observed that the difference in the heat is contributed by the
aluminates present in each limestone mix and not due to the difference in the calcite content in the
limestones.
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Figure 0-8 Calorimetry result for LC3 blends with different grade of limestone, left — Heat of
hydration curve, right — cumulative heat released.
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Compressive strength of LC? blends

The compressive strength of LC® blends prepared with four different grades of limestone having the
same clinker, calcined clay, and gypsum in the standard proportion described above, was measured
on mortar cubes cast at a water to cement ratio of 0.45 with sand to cement ratio of 3:1. The
compressive strength results show that the highest strength is obtained in the LC? sample cast using
feedable grade limestone. However, there is little difference in the compressive strength obtained in
LC3 mixes cast using different limestone grades. The results indicate that high-quality limestone does
not significantly increase the strength and even lower-grade limestone contributes to similar strength.
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Figure 5-9 Compressive strength of the LC3 made with the different grades of the limestones.
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Figure 5-10 XRD scan of hydrated LC3 at different ages cast using feed grade limestone (top-left),
low-grade limestone (top-right), old mine reject (bottom-left), new mine reject (bottom-right). (E-
Ettringite, cHc: Hemicarboaluminate, Q-Quartz, C-Calcite)
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Progress of hydration in LC3 blends using XRD

XRD was employed to understand the effect of limestone on the presence of the hemi- and mono-
carboaluminates phases in the cement paste. Paste samples were cast using LC3 with different grades
of limestone at a water to cement ratio of 0.45. XRD was done on hydrated samples at ages 1, 3, 7,
and 28 days. Figure 1.10, shows the XRD scans at different ages for the LC3 mixes cast with different
limestone samples. The XRD scans of hydrated LC3 samples show that irrespective of the type of
limestone used the carboaluminate phases are formed at all ages. This indicates that calcite quantity
in the limestone doesn't affect the formation of hydration products and even lower grade limestones
having a lower quantity of calcite can be used in preparing LC3.

Study Il: Blended Low-grade and High-grade limestone

From a major cement manufacturer in India, 2 different types of limestone have been procured
namely, high-grade limestone (having high calcium carbonate percentage) and low-grade limestone
(basically reject limestone which can’t be used for clinkerization). Two different grades of limestone
were mixed in different ratios to form 5 different grades of limestone i.e 100%HG, 75%HG + 25%LG,
50%HG + 50%LG, 25%HG + 75%LG, and 100%LG. Material characterization results of these two grades
of limestone is provided in table 1.4.

Table 5-4 Limestone characterization results using XRF, XRD and TGA
XRF Na.O MgO Al,O; SiO; SO; K.O Cao Fe;0; LOI CaCOs;

Low-grade 0.31 234 884 2209 0.05 0.89 3220 5.03 261 575
High-grade 0.08 4.09 193 1040 0.03 0.44 4464 1.04 356 79.71

XRD Major minerals Minor Minerals CaCO:
Low-grade Calcite, Quartz Kaolinite, Muscovite 79.54%
High-grade Calcite Quartz, Dolomite 60.25%

TGA Mass loss (750-950°C) CaCoO;
Low-grade 19.39% 54.73%
High-grade 35.31% 80.24%

Isothermal calorimetry of LC3 blends

The composition of LC3 used in carrying out isothermal calorimetry was 52.8% OPC, 28.8% calcined
clay, 14.4% limestone, and 4% gypsum. The paste was prepared using water to binder ratio of 0.4.
Five different LC3 blends were prepared by mixing two different types of limestone in various ratios
while keeping the same clinker, calcined clay, and gypsum.

Calorimetry results for the 5 different blends prepared are provided in figure 1.11, irrespective of
ratios in which limestones were mixed, the hydration curve for LC3 blends doesn’t change much.
Although the peak corresponding to aluminate reaction is higher in 100% low-grade and 100% high-
grade limestone as compared to other ratios of mixing, the difference in heat evolution is relatively
less. The cumulative heat evolution curve shows that there isn’t much significant difference in
cumulative heat at the end of 24 hours. The highest cumulative heat is observed in 100% high-grade
and 100% low-grade limestone, while others show a marginally lower cumulative heat. The difference
in the heat arises from the reaction of the aluminates phases in the system rather than the calcite
present in the limestone.
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Figure 5-11 Calorimetry result for LC3 blends with different mixing proportions of limestone, left —
Heat of hydration curve, right — cumulative heat released.

Compressive strength of LC3 blends

The compressive strength of LC3 blends prepared with five different mixing proportions of limestone
having the same clinker, calcined clay, and gypsum in the standard proportion described above, was
measured on mortar cubes cast at a water to cement ratio of 0.52 with sand to cement ratio of 3:1.
The compressive strength results show that the highest strength is obtained in the LC3 sample cast
using low-grade limestone. However, there is little difference in the compressive strength obtained in
LC3 mixes cast using different mixing proportions of limestones, as all the results lie within the error
bar of each other. The results indicate that high-quality limestone does not significantly increase the
strength and even lower-grade limestone contributes to similar strength.
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Figure 5-12 Compressive strength of the LC® made with the different mixing proportions of the
limestones.

5.6 Systematic study on the influence of limestone purity

In this section, the effect of using different grades of limestone (by blending low-grade and high-grade
limestone in different proportion) on strength development and hydration characteristics has been
investigated. Details of the study which have been performed to check for the suitability of using low-
grade limestone in LC® production has been described in the subsequent sub-sections. The work
undertaken covers limestones with CaO contents in the range of 32.2% to 44.64%.

5.6.1 Experimental Work

Materials

Composition of LC® used to carry out the current study was 50% clinker, 30% calcined clay, 15%
limestone, and 5% gypsum. 2 different types of limestone have been procured namely, high-grade
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limestone (HG) (having high calcium carbonate percentage) and low-grade limestone (LG) (basically
reject limestone which can’t be used for clinkerization). Study performed involved intermixing of low-
grade and high-grade limestone to achieve the different calcium carbonate content for limestone,
which has been used to make LC3. Oxide content of various raw materials used in the study is given
in table 5-5.

Table 5-5 Oxide composition from XRF for different raw materials used in the study
Oxides Calcined Clay Gypsum OPC-53 HG Limestone LG Limestone

Sio, (%)  47.73 19.65 19.18 10.40 22.09
Fe, 0 (%) 135 2.10 6.38 1.04 5.03
ALO_ (%)  38.85 4.04 449 1.93 8.84
Ca0 (%) 1.81 23.75 6234 44.64 32.20
MgO (%)  3.79 144  1.33 4.09 2.34
SO, (%) 0.13 2821 253 0.03 0.05
Na 0 (%)  0.99 0.13  0.15 0.08 0.31
K.,0 (%) 0.00 0.58 0.51 0.44 0.89
Tio, (%) 0.67 023 084 0.00 0.46
LOI (%) 4.49 18.24 1.32 37.17 27.14

Additionally, calcium carbonate percentage obtained from thermogravimetric analysis for high-grade
limestone was 80.24%, and for low-grade limestone was 54.73%. Protocol for making LC? involved
limestones ground in laboratory ball mill using charge to ball ratio of 1:5 for 6000 revolutions.
Grounded low-grade and high-grade limestones were blended in together to have 5 different grades
of limestone, i.e 100%HG, 75%HG + 25%LG, 50%HG + 50%LG, 25%HG + 75%LG, and 100%LG.
Grounded raw materials were blended together in as above-mentioned ratios to make LC? blends
having different calcium carbonate content. Particle size distribution curve for the raw materials is
shown in figure 1 and 10%, 50%, and 90% percentage passing fraction is given in table 5-6.

Table 5-6 Particle size at different passing fractions for raw materials used in the study

Raw Material D10 (nm) Dso (nm) Dyo (um)
Ordinary Portland cement (OPC) 4.01 16.7 42.4
High grade Limestone (HG) 1.92 11.2 55.9
Low grade Limestone (LG) 2.92 16.3 62.4
Calcined clay (CC) 2.46 8.03 30.9
Gypsum (G) 2.38 16.6 72.0
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Figure 5-13 Particle size distribution of various raw materials used in the study.

Experiment methods

Normal consistency and Setting time — IS 4031 has been used to determine the standard consistency
of the blends, followed by initial and final setting time determination. Water demand is affected by
the fineness of the calcined clay used.

Isothermal calorimetry - Calorimetry studies were carried out to understand the effect of limestone
grade on the heat of hydration and cumulative heat realized up on hydration at 27°C. Tests have been
performed on the paste samples made at water to binder ratio of 0.40 up to 24 hrs using Calmetrix I-
Cal 8000. Isothermal calorimetry is useful in understanding the reaction kinetics as it records the heat
release signature of the hydrating cement paste and process involved in hydration are well known to
be exothermic.

Compressive strength development - Compressive strength of the blends was measured on 70.6
mm*70.6 mm *70.6 mm mortar cubes with a fixed water/binder ratio of 0.52. Standard sand
conforming to IS 650 was used to prepare the mortar. The ratio of cement to sand was kept 1:3 by
weight. The cubes were demoulded after one day and stored under water till the time of testing.
Average of three cubes were taken as the compressive strength at that age.

Results

Normal consistency and setting time for different blends is given table 5-7. It can be observed that
there has been no difference in the normal consistency of the all the 5 blends. Although consistency
values for all blends have come high, which can be attributed to the higher water demand of the
calcined clay which has been used, as it has very high kaolinitic content and was fineness. Additionally,
initial setting time for all blends has been between 112-118 minutes and final setting time has been
between 187-201 minutes. As, it can be seen there is no effect on the setting behaviour and dormant
period of the cement blends upon addition of different grades of limestone.

Table 5-7: Normal consistency and setting time of different blends.

S. No. Blend Sp. Gravity |Normal Consistency(IST (hr:min)|FST (hr:min)
1. 100HG 2.96 40% 1:52 3:07
2. 75HG + 25LG 2.96 40% 1:55 3:12
3. 50HG + 50LG 2.96 40% 1:58 3:21
4, 25HG + 75LG 2.96 40% 1:52 3:15
5. 100LG 2.96 40% 1:55 3:14
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Calorimetry results for the 5 different blends prepared are provided in figure 5-14, irrespective of
ratios in which limestones were mixed, the hydration curve for LC? blends doesn’t change much.
Although the peak corresponding to aluminate reaction is higher in 100% low-grade and 100% high-
grade limestone as compared to other ratios of mixing, the difference in heat evolution is relatively
less. The cumulative heat evolution curve shows that there isn’t much significant difference in
cumulative heat at the end of 24 hours. The highest cumulative heat is observed in 100% high-grade
and 100% low-grade limestone, while others show a marginally lower cumulative heat. The difference
in the heat arises from the reaction of the aluminates phases in the system rather than the calcite
present in the limestone.
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Figure 5-14: Calorimetry result for LC® blends with different mixing proportions of limestone

Table 5-8: Chemical composition of clinker, calcined clay, limestone and dolomite used in the
study (Krishnan and Bishnoi 2018)

Oxide composition Clinker Calcined Clay Dolomite Limestone
(%)

CaO 65.16 0.06 29.68 44.24
SiO, 21.07 54.93 0.75 11.02
Al,03 4.65 39.75 1.02 2.53
Fe;03 4.32 4.16 0.64 1.55
MgO 2.13 0.02 21.26 1.96
Na,O 0.38 0.18 0.1 0.5
K20 0.20 0.17 0.05 0.28
SOs5 0.77 0.1 - -

LOI 0.96 0.24 46.09 36.96
Specific gravity (g/cm®) 3.1 2.60 2.88 2.64
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Table 5-9: Properties of materials used in the study with stone dusts (Krishnan et al. 2018)

Oxide OPC | Calcined Clay Banswara Kishangarh Kota stone
(%) limestone (BA) limestone (KG) dust (KS)
SiO, 22.07 55.11 4.99 7.45 21.96

Fe;0s 4.69 4.18 1.55 0.47 0.76

Al;0s 3.75 39.89 0.32 0.62 2.98
Cao 63.35 0.09 31.89 42.29 39.40
MgO 1.08 0.02 27.15 5.44 0.67
SO; 2.09 0.104 0.84 0.10 -

Na,O 0.32 0.18 0.09 3.57 0.90
K0 0.71 0.19 0.09 0.18 0.67
LOI 1.14 - 42.85 39.32 32.94
Dso 18.6 19.8 8.13 10.2 7.58
(rm)

The XRD measurements on hydrating pastes in both systems show the formation of carboaluminate
phases, similar to the systems containing calcitic limestone. The results can be seen in figures 5-17
and 5-18. It can be seen in figure 5-19 and 5-20 that LC? prepared with limestone or stone dust
containing a large amount of dolomite impurity, or even pure dolomite have a similar strength
development as the one using a relatively pure calcite limestone. It can also be seen in figure 5-21 that
there is very little influence of the replacement of limestone by dolomite on the pore-refinement of

the cement and therefore on the durability performance of the cement.
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Figure 5-17: XRD measurements on pastes prepared using LC? containing limestone (PCL),
dolomite (PCD) and quartz (PCQ) (Krishnan and Bishnoi 2018)

76




Hc
Hc
E Mc Hc
| M £ ” s E | m
{ v | <E CF
{ : \
- — - " ’W'A‘/ — ¢’.f\_<*__ | i
' \\w{‘w‘._,/ - N\ A T
i |
A | 1‘ ! "
\ i\ |
p— \-\,.J| R __‘J‘\\J, \‘/\ A w\
| W

T T T L T ol

8§ 9 1011 121324 3 9 1011 1213 146 7 8 9 1011 12 13 14
Angle 28 (°) Angle 26 (%) Angle 26 (°)
LC3-KS LC3-KG LC3-BA

Figure 5-18: XRD measurements on pastes prepared using LC® containing Kota stone (KS),
Kishangarh (KG) and Banswara (BA) stone dusts (Krishnan et al. 2018)
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Figure 5-19: Compressive strength measurements on mortars prepared using LC® containing
limestone (LC3), dolomite (DC3) and quartz (QC3) (Krishnan and Bishnoi 2018)
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Figure 5-20: Compressive strength measurements on mortars prepared using LC? containing Kota
stone (KS), Kishangarh (KG) and Banswara (BA) stone dusts (Krishnan et al. 2018)
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Figure 5-21: Critical pore-entry radius (MIP) measurements on pastes prepared using LC?
containing limestone (LC3), dolomite (DC3) and quartz (QC3) (Krishnan 2019)

The above results clearly demonstrate the potential of the use of impure limestone containing
dolomite impurity in LC3. It may be noted here that since this limestone is not calcined, there is no risk
of formation of periclase (MgO) that may lead to unsoundness in the cement. The de-dolomitisation
reaction has also been shown to not lead to expansion or unsoundness.

5.8 Availability of Limestone in India

The economics and growth of the cement industry depend entirely on the easy availability of cement-
grade limestone. Fortunately, India has large deposits of limestone and calcareous materials.
Geologically they range from Archean to Recent in the stratigraphic sequence and geographically
occur in almost 23 states of India. However, the distribution is not uniform. The total
reserves/resources of limestone of all categories and grades as per national mineral inventory (NMI)
data based on the United Nations Framework Classification for Resources (UNFC) system as of 2015
have been estimated at 203,224 million tonnes, of which 16,336 MT (about 8%) are placed under the
reserves category.

Karnataka is the leading state having 27% of the total resources. This is followed by Andhra Pradesh

and Rajasthan (12% each), Gujarat (10%), Meghalaya (9%), Telangana (8%), Chhattisgarh, and Madhya
Pradesh (5% each), and the remaining 12% by other states (Soni and Nema 2021). Cement grade has
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a leading share of about 70%, followed by unclassified grades at 12%, and BF grade at 7%. The
remaining 11% are various different grades. As per IBM, the total cement grade limestone resources
is 124,539.551 million tonnes, out of which the total cement grade limestone reserves is 8948.926
million tonnes (UNFC), and the total remaining resources is 115,590.625 million tonne. As per a study
conducted by National Council for Cement and Building Materials (NCCBM), 97% of total cement-
grade limestone resources is concentrated in only 10 states. Marly and miliolitic limestone are found
near the seacoast, and karsty limestone is mined at some places of north-eastern India, where
different geological ages of rock have been reported. Seabeds (marine topography) and lake beds also
contain significant limestone and carbonate rock.

A brief on the limestone availability (Indian Bureau of Mines 2014) in emerging states are given below.

Andhra Pradesh: Majority of limestone deposits are concentrated in the district of Adilabad, Kadapa,
Guntur, Kurnool, Nalgonda, Khammam and Krishna. The total cement grade limestone resources of
Andhra Pradesh is 34,281.763 million tonnes.

Rajasthan: Cement grade limestone deposits are mainly available in the districts of Ajmer,
Chittorgarh, Jaisalmer, Jhunjhunu, Pali, Sirohi, Nagaur, Jaipur and Udaipur. Deposits of Bundi and Kota
districts are reportedly of low grade limestone. The total cement grade resources of the state is
estimated at 18,537.900 million tonnes.

Karnataka: The limestone deposits are mainly distributed in the districts of Gulbarga, Belgaum,
Bijapur and Chitradurga. The total cement grade limestone resource of the state is 25,614.440 million
tonnes.

Himachal Pradesh: Cement grade limestone is available in the districts of Bilaspur, Chamba, Kangra,
Kullu, Mandi, Sirmaur, Shimla, Solan, Lahul & Spiti, and Kinnaur. The total cement grade limestone in
the state as estimated is 3,617.220 million tonnes. The geographical condition and general topography
has restricted the growth of cement industry in the state. However, due to continued scarcity of
cement in the northern states and rapid growth of construction activities in neighboring states, there
is enough potential for the growth of cement industry in the state for utilizing the available limestone
reserves.

Gujarat: Cement grade limestone is available in the districts of Amreli, Banaskantha, Bhavnagar,
Junagarh, Kutch, and Jamnagar. The total cement grade limestone resource is 8,958.119 million
tonnes.

Meghalaya: Major limestone deposits are reported in three districts of West Garo Hills, East Khasi
Hills and Jaintia Hills. The total cement grade limestone resource of the state are 13944.435 million
tonnes.

Jammu and Kashmir: The limestone deposits are mainly distributed in the districts of Anantnag,
Srinagar, Kathua, Baramula and Rajauri. The total cement grade limestone resources in the state are
601.932 million tonnes.

Chhattisgarh: Limestone bearing districts of Chhattisgarh are Bastar, Bilaspur, Janjgir, Durg, Raipur
and Raigarh. The total cement grade limestone resources of the state are 7903.208 million tonnes.

Madhya Pradesh: Majority of limestone deposits are concentrated in the districts of Damoh, Dhar,

Neemuch, Sheopur, Rewa, Satna and Sidhi. The total cement grade limestone resources of the state
are 4326.3 million tonnes.
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Maharashtra: Limestone-bearing districts of Maharashtra are Chandrapur and Yavatmal. The total
cement grade limestone resources of the state are 1361.244 million tonnes.
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Figure 5-22 Map of India showing geological horizons containing limestone deposits (source:
NCCBM)

5.9 Summary

Limestone is not only a raw material for the production of clinker but also an important additive widely
used in Portland cement as a performance enhancer. Despite what has been assumed earlier,
limestone is now known to chemically react with aluminates in cement and leading to the formation
of a finer microstructure. Limestone is also known to contribute to improving the rheology of cement
and concrete. The relatively smaller quantity of aluminates in Portland cement reduces the
contribution of limestone to hydration and microstructural development. However, in limestone
calcined clay cement (LC3), where the larger quantities of alumina available in calcined clay allow
higher reaction of limestone and finer microstructure. Additionally, only a small part of limestone is
consumed for chemical effect, and the rest of it acts as filler. This further provides an opportunity to
use low-grade limestones in the production of LC® without having any detrimental effects on the
strength and durability properties of concrete. Finally, a discussion about the wide availability of
limestone reserves throughout India is provided, which makes it possible to produce LC? in different
regions.
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Chapter 6: Hydration and microstructural development of LC3

6.1 Introduction

Cement cannot act as a binding material without the addition of water in it. Cement acquires adhesive
properties with the addition of water, due to which the chemical reaction between the cement and
water takes place that results in the formation of various hydration products This chapter discusses
the hydration mechanisms, and microstructure development, as well as phase assemblage of the
hydrating LC3 system.

Hydration of Portland Cement is a complex process where several ionic species react in an aqueous
medium. The addition of SCMs makes the process more complex and changes the properties of the
products that are formed. lonic species from each of the components in LC? interact with the species
from the other components, creating a synergistic system. The process of hydration in the LC? occurs
in two steps; in the first step, the alite and aluminates from the cement clinker react with water to
produce C-S-H, portlandite and ettringite, as shown in Equations 1&2. Once a significant amount of
clinker phases had reacted, the calcined clay and limestone start to react. The silicate in the calcined
clay reacts with portlandite to produce calcium alumino-silicate hydrate (C-A-S-H). While some of the
alumina in the clay is seen to get incorporated in this product, the remaining alumina reacts with the
carbonate phases to form carboaluminates.

CsS+5.3H > C17SH, + 1.3 CH (1)
C,S+4.3H-> C17SHs+ 0.3 CH (2)

The ettringite that is formed from the hydration of aluminate and gypsum (eq. 3) gets converted to
monosulphate (eq. 4) upon the exhaustion of the sulfates (in the case of OPC) but in LC® presence of
carbonate ions from limestone prevents this conversion. Free aluminate ions from the clinker phases
and the calcined clay react with the carbonate ions producing the carboaluminate phases (eq. 5).

3CSH; + C3A + 26H > CAS3H3; (3)
CeAS3H3, +2C5A + 22H = 3C4ASH1, (4)
CH + AS; + CB +H = C-A-S-H + C;ABH11 + C4ABosH1, (5)
3C4ASH12 + 2CB + 18 H = CsAS3H32 + 2C4ABH11 (6)

S= Sulphates, C=Calcium oxide, S= Silicate, B = Carbonate, A = Aluminate, H= Water
(H20)

CH= Calcium Hydroxide (Portlandite), C4ABH;;=Mono Carboaluminate
C4ABgsHi,=Hemi  carboaluminate,  CeAS3Hsp=  Ettringite  (Aft), 3C4ASHi=
Monosulphate(Afm)

The consumption of the aluminate ions for the production of the carboaluminate phases prevents the
conversion of ettringite to monosulphate. Mature LC? pastes, therefore, contain a higher volume of
ettringite and carboaluminates than other cement (equation 6).

6.2 Hydration Products

AFt, AFm, Ettringite and C-A-S-H are the major hydration products that are formed because of the
hydration reaction of the LC3. XRD graphs have shown the evolution of these hydration products with
the passage of time. Aluminates from the clinker in LC? react with sulphates to produce ettringite (an
AFt phase), the ettringite content depends only on the initial amount of sulfate and the availability of
sufficient reactive alumina in the cement clinker. The amount of C3A present in the clinker is usually
sufficient to consume the gypsum present in the blends, Once the availability of sulfates in the solution
reduces, the aluminates start to react with the carbonates present in LC3 The presence of CO3% ions
further modifies the hydration reaction, with the monosulphate phase combining with the CO3% ions
to produce monocarboaluminate and additional ettringite. Therefore, the presence of the
carboaluminate phases stabilizes the ettringite (Equation 6).
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The hemicarboaluminate and monocarboaluminate are the carboaluminate phases that are formed
in the LC? because of the reaction of the carbonates from the limestone and aluminates of the clinker
and calcined clays. The development of AFt/AFm phase assemblage was studied by XRD
measurements and as shown in figure 6.1 at 1, 7, 28, and 90 days of hydration, as the hydration
proceeds the reduction of ettringite peak intensities was observed as well as the formation of
monosulphate peaks observed in the diffractograms of LC3-55(K:Q). In the calcite-containing blends,
the formation of the carboaluminate phases prevents the conversion of ettringite to monosulphate.
It was observed that the complete conversion of hemicarboaluminate (Hc) to monocarboaluminate
(Mc), was not observed in the LC? system, Minor peaks of Mc were visible in the diffractograms after
28 days. However, it was observed that Hc peak intensities were significantly higher than that of Mc.
As the Hc-Mc transformation is subject to the availability of the carbonate ions (CO3?%), the partial
conversion of the Hc to Mc indicates reduced reactivity of calcite in the LC3-55 blend. In the blend LC3
—55(Q: L) where there is no calcined clay, the complete transformation of the Hc phase to Mc phase
with time is clearly visible. Hc is the dominant carboaluminate phase in the system for up to 7 days
The Hc to Mc conversion has already started by this time, with minor peaks of Mc being detected in
the diffractograms. The transformation is, for the most part, complete by the end of 28 days, which
was confirmed by the significant reduction in the peak intensity of the Hc phase.

By the end of 90 days, the Hc peak was seen to vanish entirely with Mc being the dominant
carboaluminate phase. The complete transformation of the Hc to Mc in the blend LC3-55(Q:L), as
shown in figure 6.2, suggests that a higher amount of calcite can react in LC3-55(Q:L). It has been
reported that the amount of alumina available for the formation of the carboaluminate phases (Zajac
et al. 2014b, 2018) controls the reactivity of calcite. The results suggest that there are parameters
other than the aluminate content that affects the kinetics of calcite dissolution, as there is sufficient
alumina available in the LC3-55 for the Hc to Mc conversion. Hydrated gehlenite (stratlingite or C;ASHs)
was seen to form instead of carboaluminates in the absence of COs% ions in the blend LC3-55(K: Q);
Stratlingite was observed at 28 days and remained stable even after 90 days. Stratlingite is a low-
density AFm phase that improves the space-filling in cementitious systems.
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Figure 6.1: XRD Spectra of LC3at 1, 7, 28, and 90 days of hydration
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Figure 6.2: XRD Spectra of LC3-55, LC3-55(Q:L), and LC3-55(K:Q) at 90 days of Hydration

Ettringite and monosulphate are sulfate-based AFt/AFm phases formed from the reaction of SO3%
available in the hydrating cement systems, whereas the carboaluminates are formed by the reaction
of CO3% ions. The most common source of SO ions is the gypsum, which is added as a set regulator,
while the COs% ions come from the calcite added as a performance enhancer. The solubility of the
gypsum (2.4g/L) is significantly higher than calcite (0.014g/L) (Klemm and Adams 1990). Therefore,
the sulfate ions will go to the solution rapidly and precipitate as ettringite by combining with the CaO,
Al,O3, and OH ions. Ettringite has the least solubility among the AFt/AFm phases and hence would be
the most stable phase. The ettringite formed will combine with the reactive Al,Os (if available) to form
monosulphate. The presence of COs? ions further modifies this reaction, with the monosulphate
phase combining with the COs* ions to produce monocarboaluminate and additional ettringite.
Therefore, the presence of the carboaluminate phases stabilizes the ettringite. It is clear that the
monocarboaluminate and ettringite combination would be the most favoured among various
possibilities, In the absence of calcite, hydrogarnet and stratlingite were formed in the portlandite and
calcined clay system, there is no reaction between the calcite and portlandite in the absence of
calcined clay.
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Figure 6.3 DTG of LC? at various ages

Figure 6.3 shows the DTG curves of the hydrated LC3-55 specimens after 2, 7, and 28 days confirming
the observations made using X-ray diffraction. No portlandite decomposition peak was observed
between 400°C and 550°C at 7 and 28 days by thermal analysis. In LC3-55 (K: Q), the complete
consumption of portlandite was observed only after 28 days. The portlandite present in the LC3-55 (Q:
L) was lower than OPC-Q at all ages, which is due to carboaluminate formation and the Hc-Mc
transformation.

6.3 Nature of C-A-S-H in LC3

C-A-S-H is the hydration product that is formed because of the reaction of additional alumina from
the calcined clays. The composition of C-A-S-H in hydrated LC? differs from OPC depending on the
degree of hydration, metakaolin content of clay, and content of limestone and clay. The
microstructure of OPC and the LC3-50 (17.0%), LC3-50 (50.3%), and LC3-50 (95.0%), blends is shown in
figures 6.4 and 6.5 in Bright Field (BF) mode and in High Angle Annular Dark Field (HAADF) mode, in
all systems, a fibrillar C-A-S-H morphology is observed. These images show that neither the reaction
of the calcined clay nor the calcined kaolinite content of the calcined clay influences the morphology
of C-A-S-H. In addition to C-A-S-H, ettringite (AFt) is also observed in the LC3-50 (17.0%) and unreacted
metakaolin in the case of LC® (95%).

Table 6.1 Al/Ca and Si/Ca atomic ratios of C-A-S-H obtained by SEM-EDS and STEM-EDS [Avet et al.

2018]

SEM-EDS STEM-EDS

Al/Ca Ca/Si Al/Ca Ca/Si

0.06 £+0.01 | 1.96%0.06 | 0.08+0.01 | 1.89+0.10
PC
LC3-50 (17%) 0.07+£0.02 | 1.61£0.05 | 0.08+0.03 | 1.75%+0.08
LC3-50 (50.3%) | 0.13+0.02 | 1.49+0.05 | 0.16+0.01 | 1.54+0.07
LC3-50 (95.0%) | 0.26+0.03 | 1.49+0.10 | 0.24+0.01 | 1.374#0.12

Figures 6.6 and 6.7 show the SEM-EDS analysis of the C-A-S-H in hydrated OPC and LC® OPC systems
after 1 and 28 days of hydration [Krishnan 2019]. The compositions of the C-A-S-H are very similar for
OPC (C1.98A008SHx and LC3 (C1.96A0.008SHyx) after 24 hours, indicating that it is mostly the clinker that
reacts in all these systems during the initial stages. However, the C-A-S-H compositions of OPC, and
LC3 are seen to differ significantly after 28 days. At 28 days, these compositions are found to be close
to C1.61A023SHyx, and Ci1.76A0.095SHx for LC3, and OPC respectively. LC? has a higher Ca/Si ratio and lower
Al/Ca ratio compared to OPC. The higher alumina content in the case of LC3is due to higher aluminium
content in the pore solution incorporated by the dissolution of metakaolin at later ages. Therefore,
the alumina uptake increases with increasing metakaolin content and increasing calcined clay content.
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The lower Ca/Si ratio in LC3 can be attributed to the pozzolanic reaction that consumes calcium-rich
portlandite. A comparison of Figures 6 and 7 also shows a higher scattering of the data points in the
case of LC3. This indicates that the C-A-S-H is more intermixed with other products in the case of LC3.
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Figure 6.4: Microstructure of PC and LC3-50 (17.0%) at 28 days of hydration in Bright Field (BF) and
High Angle Annular Dark Field (HAADF) modes. [Avet et al. 2018]
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Figure 6.5: Microstructure of LC3-50(50.3%) and LC3-50 (95.0%) at 28 days of hydration in Bright
Field (BF) and High Angle Annular Dark Field (HAADF) modes. [Avet et.al. 2018]
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Figure 6.6: The SEM-EDS analysis of the C-A-S-H in hydrated OPC paste at 1 day and 28 days. The
average composition of the C-A-S-H was estimated to be Ci.03A0.04SHx and C1.76A0.0475SHx [Krishnan
2019]
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Figure 6.7 The SEM-EDS analysis of the C-A-S-H in hydrated LC? paste at 1 day and 28 days. The
average composition of the C-A-S-H was estimated to be C1.96A0.049SHx and C1.61A0.115SHx
respectively [Krishnan 2019]

Table 6.1 summarizes the Al/Ca and Si/Ca atomic ratios obtained for the different systems using both
SEM-EDS and STEM-EDS techniques. Similar aluminium incorporation is observed for the reference PC
and LC3-50 (17.0%). The aluminium incorporation in C-A-S-H significantly increases with the calcined
kaolinite content of the calcined clay. According to [Avet, Scrivener (2018)] This increase in aluminium
incorporation is due to the increase of the aluminium concentration of the pore solution with the
increase of the calcined kaolinite content. The Si/Ca ratio is higher for the LC? -50 blends than for PC.
This can be due to the pozzolanic reaction of the metakaolin in the calcined clay, providing aluminium
and silicon to the system. This leads to the consumption of portlandite and a decrease in the calcium
concentration in the pore solution [Lothenbach, et.al 2011]. It is observed that the Si/Ca ratio
increases with the calcined kaolinite content for STEM-EDS results.
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Figure 6.8: C-A-S-H density for WPC and WLC3-50 blends: plain and hollow symbols, WPC-White
Portland cement, WLC3-White. LC® [Avet et al. 2018]

The solid density of C-A-S-H (excluding gel water) slightly decreases from about 2.9 gm-cm™ to 2.7
gm-cm~ from 1 to 28 days of hydration. There is a spread between the different systems, but the
variations are in the range of error. Thus, there is no major change in C-A-S-H solid density for
reference WPC and for the WLC3-50 blends. The slight decrease of the solid density observed with
time for all systems is because of the increase of the C-A-S-H layers with time [Muller AC et al. 2012].
The water present at the C-A-S-H surface is in direct contact with the gel water and shows a longer
relaxation time than the interlayer water. For a number n of calcium silicate layers, n-1 interlayers of
water are detected by 1H NMR [Avet et al. 2018]. Thus, with the increase of the number of layers n of
the C-A-S-H, the average solid density slightly decreases since the ratio n/n-1 decreases with n. The
determination of the bulk density of C-A-S-H (including gel water) also shows very similar results for
WPC and for WLC3-50 blends. The values slightly increase from 1.85 gm-cm™ at 1 day to 1.92 gm-cm™
at 28 days of hydration. The small variations observed between the different systems are in the range
of error. Thus, neither the calcined clay nor the calcined kaolinite content of the calcined clay impacts
the density of C-A-S-H significantly. The slight increase in density with time observed for all systems
corresponds to the densification of the C-A-S-H, with the slowing down/stopping of gel pore formation
from 1 to 7 days, depending on the system.

Statistical nano-indentation and quantitative electron dispersive spectroscopy (SNI-QEDS) confirms
the high levels of inter-mixing of the products and a denser microstructure in LC3. The space between
the anhydrous cement grains and calcined clays was found to be filled with hydration products which
partially embeds the anhydrous calcined clay, limestone, and quartz with Al-rich AFt/AFm phases
displaying higher mechanical properties than C-A-S-H gel.
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Figure 6.9 SNI-QEDS analysis of the hydrated LC3 paste (Wilson et al. 2018)

6.4 Rate of Hydration

The cement clinker reacts with water to acquire stable, low-energy states, and this process of
acquiring low-energy states results in the release of energy in the form of heat, this release of heat is
known as the heat of hydration, in the case of supplementary cementitious materials (SCMs) this heat
of hydration was found to be lower because they have finer particle size and increased surface area.
SCMs are known to increase the rate of clinker reaction, which aids in nucleation and growth
reactions, SCMs accelerate the hydration of clinker phases due to the filler effect (Lothenbach et al.
2011), which provides an additional surface area for the C-S-H gel to nucleate. A reduced induction
period was observed in blends with limestone and calcined clay, which is due to the acceleration of
the clinker hydration; it has been reported that limestone contributes additional Ca*" ions to the
hydrating cement systems, which accelerate the hydration of clinker phases and shorten the induction
period. Figure 10 (a) shows isothermal calorimetry measurements of LC> and OPC measured at 27°C.
After the initial rapid dissolution, a gentle acceleration reaching a peak within a few hours is seen,
which is similar to that of alite in OPC. Within a few hours after the first peak, a second, sharper peak,
similar to that of aluminate hydration in OPC is observed. A comparison of the heat of hydration of
OPC with LC? indicates that most of the hydration during the first day is that of C3S and CA. Similar to
OPC, a third broad peak, associated with the formation of AFm phases, is observed around 48 hours
to 60 hours in LC3. However, compared to OPC, this peak in LC? signifies the synergic reaction of
limestone and metakaolin that converts ettringite to carboaluminates.
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Figure 6.10: (a) Typical Heat of Hydration of LC3, (b) Influence of sulfate content on hydration
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A lower degree of hydration of alite and belite was observed at later ages in blends that incorporate
calcined clay when compared with other blends as shown in fig. 6.12 and 6.13. The lower degree of
hydration was more for belite compared to the other phases. There is higher reduction in the
hydration of belite when limestone was present with calcined clay than when quartz was present
along with calcined clay. In fact, there is no significant hydration of alite and belite after 7 days in
blends LC3-55 and LC3-55(K:Q), which implies that the major strength development is expected to
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happen during the early ages. The reduction in the belite hydration as shown in fig. 13 was said to be
caused by the formation of a dense CSH gel layer that covers the belite particles, which prevents the
further reaction of belite. Figure 10 (b) compares the heat of hydration of LC? pastes produced with
different sulfate contents. An increase in the sulfate content does not appear to significantly influence
the hydration of CsS, as the first peak appears to be mostly unchanged. The second peak, however,
gets delayed with the increase in the sulfate content. The above observation can also be used to
optimize the sulfate content in LC3. It has been observed that in order to have proper hydration of the
clinker phases in LC3, the sharper peak of alumina hydration must be sufficiently delayed so that it
occurs only after the deceleration of the CsS hydration has started. Systems with lower sulfate content
tend to develop lower early and long-term strengths.
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Figure 6.11 shows the isothermal calorimetry results of the LC? systems with additional alkalis. A
typical calorimetry curve of LC® has two distinct peaks during the first 24hr of hydration, i.e., silicate
peak and aluminate peak that appear after the induction period (Krishnan et al. 2019b ; Scrivener et
al. 2018). The aluminate peaks in the LC?systems are more intense and easily distinguishable when
compared to OPC systems. The cations (Na* and K*) appear to have similar effects on the reaction
kinetics of LC3. In contrast, the anions (OHand SO42") seem to affect the hydration curves significantly,
which is similar to the hydration behavior observed in the OPC systems. Identical hydration curves are
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observed for KOH and NaOH as well as K;SO4 and Na,SO. at the same Na,O¢q values. As the alkalinity
increases, a reduction in the induction period is observed irrespective of the alkali used. The reduction
in the induction period is more apparent in the case of LC> when compared to the OPC systems.
Reduction in the induction period can lead to faster setting times, which can be undesirable in many
applications. Acceleration of the silicate hydration is observed as the alkali content increases, with a
higher value for silicate peak found for alkali sulfates compared to alkali hydroxides at similar Na;Oeq
values. Therefore, early age hydration of the calcium silicate phases in LC3appears to be similar to the
trends observed in OPC when alkalinity is increased, The addition of the calcium sulfate appears to
have a different effect on the LC® hydration curves compared to the addition of alkali sulfates.
Increasing the calcium sulfate content in the LC? systems does not seem to affect the silicate peak.
However, a significant delay in the occurrence of the aluminate peak has been reported (Krishnan et
al. 2019a)

6.5 Pore structure Evaluation in LC?

Pore size distribution is an important factor that affects the permeability and moisture diffusion
properties of cement-based materials. The development of pore structure in the cementitious system
depends on many factors, such as water-cement ratio, reaction kinetics, degree of hydration,
temperature, curing, volume efficiency of hydrate products, and amount of Supplementary
Cementitious Materials (SCMs). The OPC system results are shown in Fig. 6.14 (a), The total intruded
volume reported as permeable pore volume in percentage decreases with the hydration period due
to continuously decreasing pore space with the hydration, critical pore size shifts with age, and
further, the total pore size range is continuously reduced to a narrow range of pore sizes with an
increase in curing duration. The continuous space-filling occurred throughout the system until a
specific inter-particle (or interhydrate) space was attained. The use of supplementary cementitious
materials is known to influence the reaction process from an early age and hence, alter the kinetics of
microstructure development. The effect can vary depending on the dissolution rate and amount of
the replacement materials. Fig. 6.14 (b) shows that FA30 (PPC) is having a higher threshold than the
OPC at an early age because of a less amount of clinker, which is an actively participating constituent
in the reaction process to produce hydrates. In contrast to FA30 (PPC) and OPC, the LC? system showed
a greater reduction in the threshold size Fig 6.14 (c) and critical pore size at an early age because of
the early reaction of the alite and aluminate phases present in the LC.

The total intruded pore volume of LC3, OPC, and PPCas shown in figure 6.15, it was observed that the
volume of pore in the LC* was found to be comparable to FA30 but higher than OPC. Concretes with
fly ash showed lower strength gain at early ages and better durability at later ages; as seen from the
pore structure development, a major part of the pores is reduced in the paste phase only beyond 14
days. In the case of LC? the pore sizes were certainly shifted in the system, The pore volume up to 1
mm was nearly 5 mm?3/g in LC?® compared to about 60 mm3/g in the OPC at 3 days. The early drop in
pore size is mainly associated with the better hydration characteristics of the LC? system, apart from
the fineness of materials and packing. The pore structure results indicate that the LC® system could
potentially have higher resistance against ionic/fluid transport due to reduced permeability caused by
the finer pore structure.
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6.6 Design of LC® blends

Understanding the hydration and microstructural development of LC3?, Krishnan and Bishnoi (2020)
proposed a simple numerical method to design LC® blends. Based on the stoichiometry of the reactions
that take place in LC3, the amount of calcined clay and limestone that can react in the cement was
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calculated on the basis of the alite and belite content in the cement (figures 6.16 and 6.17).
Assumptions regarding the composition of C-A-S-H are made to arrive at these relationships. At the
same time, it is recognised that not all phases can be present at the same location and therefore the
actual amount of phases required will be higher than those calculated from the figures below.
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The above calculations also take into account the reduction in the hydration of alite and belite phases
that take place upon the increase in calcined kaolinite content in the cement. In general, it can be seen
that when clays of higher kaolinite content are available, a higher limestone content can be used in
LC3. This is because, the calcium hydroxide available for reaction with the calcined clays will be limited
by the amount of alite and belite available in the cement. Also, since calcined clay has a higher
embodied energy and increases water demand, its quantity should be minimised based on the amount
that can react in the system. The relationships discussed above can be used as thumb-rules to design
the initial blends for carrying out a trial-and-error based optimisation of LC3 blends.

6.7 Summary
This chapter presents the hydration and microstructure development in the limestone calcined clay
cement (LC3). The key points reported in this chapter are listed below:

e The critical pore size evolution and conductivity suggest that the LC? binder system reaches
greater refinement in the pore structure by 7 days. X-ray diffraction confirms a higher
portlandite consumption at an early age due to the high reactivity of calcined clay during the
same period. Further, monocarboaluminate and hemicarboaluminate phases were also
observed within 3 days contributing to the progressive microstructure development.

93



In terms of morphology, STEM provides unique information on the morphology of the C-A-S-
H, where a fibrillar morphology is observed for all systems. There is no significant influence of
the calcined clay or of the calcined kaolinite of the calcined clay on the C-A-S-H morphology.
A reduction in the long-term clinker hydration was observed in the LC3. Among the clinker
phases, it is seen that the hydration of belite is affected the most. It has been shown that the
reason for the slow-down is due to the presence of calcined clay.

The maximum strength development in LC® systems takes place during early ages with no
significant strength gain beyond 28 days due to the reduction in the degree of hydration of
clinker.

Alkali addition accelerated the early-age hydration of clinker but reduced the long-term
clinker hydration in both OPC and LC3 systems.
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Chapter 7: Workability of LC3

7.1 Introduction

Workability of fresh concrete is crucial for transportation, pumping, placement, and proper finishing
of the cast surfaces. With the increasing utilization of high-strength concrete to build massive block-
type structures, concrete with very low water-to-cement ratios needs to be produced. In such cases
the workability is severely affected, and chemical admixtures must be added in order to facilitate
comfortable handling of the concrete. Even in the cases where concrete in small amounts is manually
transported and placed, the concrete must be sufficiently workable in that duration to ensure that it
can be easily placed within the reinforcement grid and thoroughly compacted. There are two broad
aspects of workability of fresh concrete viz. consistency and slump retention. Both of these aspects of
workability are vital to safeguard the structure from issues related to strength and durability arising
out of poor workmanship and improper finishing.

7.2 Workability & LC3

As mentioned in the previous chapters, Limestone Calcined Clay Cement (LC3) is a ternary blended
cement produced using calcined clays, limestone, clinker and gypsum. Even though with a clinker
factor of as less as 0.5, it portrays comparable mechanical performance with that of Ordinary Portland
Cement (OPC) as well as other blended cements. However, it is a well-known fact that the use of LC3
poses a difficulty in achieving desired workability in concretes and mortars. The primary reason for
reduction of workability of LC3 is the morphology of calcined clay. The clay particles are flaky and
angular in nature provide greater resistance to interparticle movement during the concrete mixing
process. Moreover, the high fineness, the sheet-like microstructure and the narrow particle size
distribution in clays causes an increase in the water demand (Cassagnabere et al. (2013)). Therefore,
to obtain the desired workability, the superplasticizer dosage has to be enhanced (Batis et al. (2005),
Paiva et al. (2012), and Perlot et al. (2013)). Clay particles can have positively charged edges and
negatively charged faces that contribute to the flocculation (Lorentz et al. (2020)). As a result, clays
have a tendency to readily exchange cations in order to balance the inherent electrical charges on the
surface. When chemical admixtures are added to cement systems containing clays, the cations in the
clay particles get exchanged with the organic chains present in the admixture molecules. This results
in a reduced dispersion and facilitates the adsorption of the admixture molecules on the surface of
the clay. Therefore, a large part of the admixture added is consumed by the clay particles and higher
dosages are required to attain the required workability. The high admixture requirement not only
increases the cost and but also results in a longer setting time, delay in strength gain and removal of
formwork (Nehdi et al. (2014)). The following sections discuss the various phenomena influencing the
workability and rheology of LC3 systems in more detail.

7.3 Compatibility with chemical admixtures

The interaction between clays and poly-carboxylate ether (PCE)-based chemical admixtures has been
widely studied owing to the severe loss of dispersion efficiency that is observed which leads to the
requirement of higher dosages of these dispersants. It has been found that, especially in the case of
aggregates which are not washed thoroughly and contain natural clays, the workability of concrete is
severely affected (Nehdi et al. (2014), and Lei et al. (2014)). Studies suggest that polycarboxylate-
based superplasticizers (PCEs) in particular, are more sensitive to clays than poly-condensate
superplasticizers (Nehdi et al. (2014)). PCE superplasticizers are a group of cement dispersants that
exhibit a comb or brush like structure. Their structure consists of a trunk chain carrying carboxylate
groups and of pendant chains that comprise of polyethylene or polyethylene/polypropylene glycols
(Lei et al. (2014)). These PCE molecules get incorporated within the interlayer spaces of the clay
minerals and depending on the type and amount of clay contaminant in the aggregates, the dispersing
ability of PCEs can be vigorously hindered or even totally inhibited (Lei et al. (2014)). The effect of
various clay minerals on workability and water demand varies widely. It has been reported that

95



montmorillonite has a more pronounced negative effect on concrete fluidity as compared to other
clay minerals such as kaolinites owing to the expansion of lattices of montmorillonite enabling
intercalation, swelling and cation exchange (Jeknavorian et al. (2003)). Table 7.1 shows the water and
superplasticizer demand of variety of naturally occurring clay minerals and that of similar sized
particles of non-clayey nature (Nehdi et al. (2014)). The water or superplasticizer requirement is
obtained for mortar samples which had a constant flow of 110 + 5.

Apart from natural clays present as impurities in aggregates, calcined clays have been popularly used
as supplementary cementitious materials in the recent times. They are obtained by high temperature
calcination and dehydroxylation of argillaceous minerals of clays, and consist of amorphous
aluminosilicate phases (AS2, AS4) (Alujas et al. (2015)). These amorphous phases, when substituted in
cement, can react with Portlandite or calcium hydroxide (CH), which a cement hydration product, to
form compounds with cementitious properties like C-S-H. The reactivity of calcined clays is governed
primarily by their specific surface, and the chemical and mineralogical composition of the amorphous
phases (Tironi et al. (2013), & Plank et al. (2015)).

Table 7.1: Water and superplasticizer demand of clay minerals and similar-sized non-clayey
particles (Nehdi et al. (2014))

Type of Mineral Water Demand | Superplasticizer dosage (mL)
(b/c requirement) (b/c=0.42)

Control: Granite sand 0.47 4.5
Clay mineral
1% Kaolinite 0.50 6.0
4% Kaolinite 0.60 8.0
1% lllite 0.49 5.5
4% lllite 0.51 10.0
1% Montmorillonite 0.62 18.5
4% Montmorillonite 0.90 186.0
Clay sized particles
1% Fine calcium carbonate (60% < 2 um) 0.48 -
4% Fine calcium carbonate (60% < 2 um) 0.48 4.0
1% Ultrafine calcium carbonate (90% < 2 um) 0.49 -
4% Ultrafine calcium carbonate (90% < 2 um) 0.49 4.0
1% Ground silica (96% < 5 um) 0.47 -
4% Ground silica (96% < 5 um) 0.47 2.5

Clays samples in which dehydroxylation is not properly achieved, could experience some of these
same incompatibility issues. The primary mechanism of PCE consumption has been widely attributed
to the intercalation of macromolecules in the interlayer space of phyllosilicates, also named as
chelation mechanism (Alt-Akbour et al. (2015), & Ng (2012)). Even if small amounts of surface
adsorption could be measured, it appears that intercalated PCE induces a deformation of the clay
sheet-like structure, easily observed by X-ray diffraction through increasing the interlayer thickness.
This indicates that the clay platelet stacked structure deforms to accommodate large molecules.

Most authors observed that only the side grafts of the PCE macromolecules, namely poly(ethylene
oxide) (PEQ) chains, produce an intercalation effect. However, a study reported in demonstrated that
this intercalation induces a decrease of the interlayer water amount, according to a dehydration-like
mechanism (Alt-Akbour et al. (2015)). It has also been proposed that the units of the PEG chains
interact with interlayer cations in a crown-ether-like fashion, replacing the hydration water of the said
ions. It was shown that intercalation is more pronounced for longer PEO chains than for the shorter
ones, which led to the design of very short sidegraft PCE molecules to improve clay tolerance. Other
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modifications involved the insertion of amide groups or substitution of PEO by B-cyclodextrin, leading
to mixed results in mitigating the intercalation, the total polymer consumption and the cementitious
material workability. No intercalation of PCE was reported for kaolinite and illite; it is argued that their
structure naturally leads to such behavior. The kaolinite interlayer space is devoid of any cation, which
eliminates the basic PEO chelation mechanism described previously. This leads to the conclusion that
most PCE interactions with kaolinite or illite would merely involve surface adsorption. It was indeed
shown that PCE molecules are efficient dispersants of kaolinite suspensions.

Intercalations are controlled by many factors, such as polymer structure, molecular weight and charge
density of PCE, types of clays and so on (Ma et al. (2020)). Reduction in the number of active sites of
clays and optimization of structure of PCEs are the main methods for the enhancement of the
tolerance of PCEs to clays.

Interaction of PCE superplasticizers with raw and calcined clays are dominated by two mechanisms
namely, physisorption and chemisorption and is determined by the internal structure of clays.

7.3.1 Physisorption
The structure of PCEs is anionic in nature which can get adsorbed onto the clay surface with positive
charges through uptake of Ca?* cations. They have large adsorption capacity and form an adsorption
layer on the surface of clays simultaneously (Plank et al. (2015)). Physisorption exhibits (a) hydrogen
bonding or/and (b) electrostatic adsorption, as illustrated in figure 7.1 and plays an important role at
low PCE dosages (Ma et al. (2020)).
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Figure 7.1: lllustration of physisorption of PCEs on clays (Ma et al. (2015))
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Interactions of PCEs with kaolinite and illite are predominantly electrostatic adsorption due to their
non-expandable structure and internal stability (Lei et al. (2014)). They adsorb much more PCEs in
contrast with Portland cement. It was reported that about 45% of PCE is adsorbed by kaolinite while
that by Portland cement is only 11% (Wang et al. (2014)). The strong electrostatic interactions
between PCE and clays cause a partial depletion of superplasticizers available for cement dispersion.
However, the PCEs absorbed on clays still have dispersion and water-reduction capability provided by
steric hindrance of side chains.

The adsorption behavior of PCE onto calcined clay is determined by the presence of multivalent
cations in the medium (Akhlagi et al. (2014)). To achieve the same flowability, the dosage of PCE
required for calcined clay cement system has been observed to be greater than that for pure Portland
cement system. Dhandapani et al. reported that the optimum superplasticizer dosage was related to
the fineness of calcined clay (Dhandapani et al. (2012)). More calcium sulphoaluminate hydrate (AFm)
was produced with the addition of metakaolin. It meant that electrostatic adsorption favors the
interactions between PCE and metakaolin. Calcined clay (¥metakaolin of 42%) hardly interacts with
PCE directly due to the absence of multivalent cations (e.g., Ca**) and its low negative zeta potential
(-21 mV) in water. It can be concluded that the amount of PCE getting physisorbed into the clay layers
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after calcination is reduced, however, interactions are fairly similar as that with the slightly different
structure prior to calcination.

7.3.2 Chemisorption
Chemisorption refers to chemical intercalation of side chains of PCEs into the interlayer region of clays.
This phenomenon is takes precedence when PCE side chains with high affinity for the aluminosilicate
layers comes in contact with clay, without destroying the structure of silicate and aluminate layers
(Nehdi et al. (2014), Tan et al. (2016) & Tan et al. (2015)).

Due to the structural characteristics in layers of kaolinite, montmorillonite and illite, intercalation
cannot occur between PCE and kaolinite or illite. The negative charge of the basal surface in
montmorillonite generated by extensive isomorphous substitutions of Si** by AI** need to be balanced
by intercalation and adsorption of cations. The d (0 0 1) value of montmorillonite in the presence of
PCE solution (~1.863 nm) is higher than that of original montmorillonite (~1.43 nm) and the increment
is consistent with width of side chain unit (EQ) in PCEs, meaning that montmorillonite has strong
intercalation effects besides surface adsorption (Antoni et al. (2012)), & (Wang et al. (2014)). Partially
polarized oxygen atoms inside chains bond with water molecules that are anchored by the silanol
groups in the aluminosilicate layers, then side chains enter into interlayers and results in intercalation,
as shown in Fig. 7.2 (Ma et al. (2020)). There are three types of montmorillonite in the system, i.e.,
partially intercalated, fully intercalated, and non-intercalated montmorillonite. Both the partial or full
intercalation of montmorillonite leads to the invalidation of PCEs, thereby negatively affecting the
workability of cement and concrete seriously (Lei et al. (2012)).
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Figure 7.2: lllustration of chemisorption of PCE onto clays (Ma et al. (2015))
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Calcined montmorillonite can also interact with PCEs by the chemisorption apart from physisorption
according to the intercalation mechanism. The formation of hydrogen bond between interlayer is
related to the OH groups of clays and partially polarized oxygen atoms of the side chain in PCE. Such
groups can be provided by interlayer and absorbed water of montmorillonite, because the absorbed
water still remains in its interlayers even after the complete dehydroxylation due to its water-
absorbing tendency. It means that intercalation of side chain of PCE is hardly affected by the
calcination.

7.4 Effect of clay content and clay type

The rheological performance of Portland cement-based systems containing clay have been have
studied in the past by various researchers, however, that of LC3 systems with varying clinker
substitution has been little explored. Kawashima et al. investigated the effect of small additions of
highly purified attapulgite clays on the rheology of cement pastes. From the trend of the peak force
of the tack test, it was inferred that clay increases the cohesion and viscosity of the pastes. In another
study, Kawashima et al. reported that purified attapulgite clays significantly accelerate the rate of
recovery of pastes, especially at early ages, and that this accelerating effect diminishes at longer
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resting times as hydration of cement begins to dominate. Li et al. (2021) evaluated the increase in
water demand of OPC blended with increasing substitution levels of calcined clay. At first, the fluidity
of the pastes was measured at a constant water-to-binder ratio of 0.5 and compared. Fig. 3 (a)
compares the flow spread at a constant w/b ratio of 0.5 while Fig. 3 (b) compares the w/b ratio
required to achieve a particular slump spread for cement blends with calcined clay content increasing
from 0% to 40% by weight. No superplasticizer was used to study only the water demand specifically.

It was found that increased additions of CC significantly affect paste fluidity. For example, already at
a clinker substitution rate of 30% the paste flow had decreased from ~19 cm to 8 cm (Fig. 3 (a)) which
signifies a complete loss of fluidity since the diameter of the Vicat cone is 8 cm. This effect was
attributed to the much-increased specific surface area of the composite cements. It is in line with
findings from other literature that the yield stress of a cement paste increases exponentially with the
increase of the specific surface area. Furthermore, also the solid volume fraction of the composites
will influence the vyield stress of the cement paste. Here, as the water-to-binder ratio was kept
constant at 0.5, the solid volume fraction in OPC and the OPC-CC blends varied from 38.99% (for the
neat OPC) to 40.04% (for the 60:40 OPC/CC composite). However, such an increase is relatively minor
and therefore of limited impact on workability.
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Fig. 7.3: (a) Spread flow of OPC/CC blended cements representing different substitution rates for
the clinker, w/b ratio = 0.5, no PCE polymer added, (b) Water demand of composite cements
containing OPC and CC at different substitution rates; no PCE polymer added (Li et al. (2021))

The results from Fig. 7.3 (a) suggest that the water demand of CC is much higher than of OPC. To
confirm, the water demand of thxe different OPC/CC blends was determined. In this series of tests,
the w/b ratios at which a paste spread flow of 18 + 0.5 cm was obtained for different OPC/CC blends
were determined. The results are displayed in Fig. 7.3 (b). There it can be seen that the amount of
water required increases linearly with ascending substitution rate for the cement clinker. For example,
at 40% replacement of cement clinker by CC (OPC:CC 60:40), the water demand had almost doubled
from 0.5 for neat OPC to 0.93 for the 60:40 blend. For the neat calcined clay sample, the water demand
raised to an even much higher value of 1.2 to achieve the targeted spread flow. This indicates that the
water demand of the CC sample investigated here is particularly high, presumably resulting from the
high content of fine meta kaolin.

In another similar study, Li et al. (2021) investigated the fluidity retention by the variation of mini-
slump spread with time for OPC as well OPC substituted with increasing amount of calcined clay
mixtures. A ready-mix HPEG PCE was used to study the slump retention. Fig. 4 below shows the mini-
slump spread variation of the cements with time.
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Fig.7.4: Fluidity retention of mortars prepared from neat OPC or OPC/CC blends admixed with
different dosages of a commercial benchmark ready-mix HPEG PCE (w/b ratio = 0.4) (Li et al.
(2021)

As is shown in Fig. 7.4, in neat OPC the ready-mix HPEG PCE produced excellent slump retention over
a period of ~90 min, and then fluidity gradually decreased over a period of 2 h until it reached the
spread flow value of the non-treated mortar. It was highlighted that, the mechanism behind the slump
retaining effect of this PCE relies on continuously produced carboxylate groups as a result of ester
hydrolysis occurring under the highly alkaline conditions of the cement pore solution.

However, with increasing content of calcined clay in the composite cement, the slump retaining ability
of this ready-mix PCE deteriorated steadily. For example, at 20 wt % substitution rate (clinker factor
0.8), fluidity retention lasted only for 60 min as compared to 90 min for the neat OPC sample.
Moreover, for the 30 and 40 wt % calcined clay blended cements, workability could be retained for 45
and 30 min only, respectively, thus signifying an extremely negative effect of the calcined clay on
fluidity retention. In the 60: 40 OPC/CC blend, even an increase in the dosage of PCE to 0.8% could not
remedy the problem. The results signify that when a threshold value of ~20 wt % of this calcined clay
in the binder is exceeded, then slump retention becomes a serious issue for such concretes, and
conventional PCE admixtures fail to solve this problem.

To alleviate this issue, Li at al. (2021) used sodium gluconate retarder along with the commercial
ready-mix PCE to study the efficacy of this combination on the fluidity retention of OPC as well as
OPC-calcined clay composite cement. Fig. 5 (a) and (b) show the comparison between the effect of
only PCE addition and PCE+gluconate addition on fluidity of OPC and OPC+30% CC combinations
respectively.
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Fig. 7.5: Fluidity retention of mortars prepared from (a) neat OPC or (b) OPC:CC 70:30 blend
admixed with an industrial benchmark ready-mix PCE (RM-PCE), with or without sodium gluconate
(w/b ratio = 0.4) (Li et al. (2021))

As is shown Fig. 7.5 (a), in neat OPC at a dosage of 0.7% of this PCE a spread flow of 19 cm is reached
and initial fluidity is maintained for around 60 min. Dosing in of additional 0.03% of sodium gluconate
(such addition rate is commonly used in practice) prolonged the fluidity retention time from 60 to ~
100 min, thus demonstrating the well-known synergistic effect between the PCE and this retarder.
Such slump retaining effect of sodium gluconate has been studied extensively before and was found
to rely on postponed ettringite formation. However, as is evident from Fig. 7.5 (b), the presence of
calcined clay severely impedes slump retention, for the system based on the individual PCE as well as
for the PCE/gluconate combination. Moreover, the effect of sodium gluconate as auxiliary slump
retaining admixture is almost completely lost.

The results signify that in calcined clay blended cements fluidity retention is difficult to achieve when
using the conventional concepts established on OPC. However, a solution to this problem is crucial to
enable a more widespread use of calcined clay blended cements in the future.

Muzenda et al. (2020) carried out rheological measurements of cement pastes with varying
composition of limestone, calcined clay and clinker content to study the individual and combined
effect of substitution of these SCMs. A total of 7 blends and 1 reference Portland cement were
characterized for rheological performance by preparing cement pastes at a w/b ratio of 0.45. Fig. 7.6
compares the statis yield stress variation of these blends with time of resting between trials. The
nomenclature can be read as ‘REF’ meaning 95% clinker and 5% gypsum while for the blends, it can
be read as ‘Cx/Ccy/Lz’ meaning x% of clinker, y% of calcined clay and z% of limestone.
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calcined clay on SYS at (b) 80 wt% substitution and (c) 65 wt% substitution (C65/Cc30/L0 did not
flow at the rheometer’s maximum torque of 200 mNm). (Muzenda et al. (2020))

A clear increase can be noticed in the static yield stress (SYS) from the REF to C50/Cc30/L15, with the
SYS of C50/Cc30/L15 being over 15 times that of the REF. SYS increased with resting time for all
samples (Fig. 6a) but at different rates which reflects the different mechanisms at work in the different
systems. In generalized terms, the SYS of C80/Cc10/L5 and C65/Cc20/L10 were greater than that of
C80/Cc0/Cc30/L0 at all resting times, respectively. Therefore, in general, it is calcined clay that is
responsible for the increase in SYS with increase in SCM content in the LC3 system. However, there
was an exception when C80/Cc10/L5 was greater than C80/Cc15/L0 at 60 min resting time. This is
likely because the combined effect (synergy) of CC and LS on cement hydration supersedes that of
calcined clay and limestone when employed separately, resulting in greater increase in SYS for
C80/Cc10/L5. The authors further investigated the flow curves of these different LC3 and REF samples
at different resting times were obtained and used to determine the Bingham model parameters,
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namely dynamic yield stress (DYS) and plastic viscosity as shown in Fig. 7.7. Results show that DYS and
plastic viscosity both increase with increase in SCM content and resting time. Clays are well known to
act as viscosity modifiers to enhance flocculation strength, therefore an increase in calcined clay
content is expected to increase both DYS and plastic viscosity. Additionally, although limestone can
act as afiller to increase viscosity at certain addition levels, from the results of the SYS measurements,
it is expected that the effect of calcined clay governs here. Also, the increase over time for all mixes is
consistent with REF, as this is primarily tied to the progression of cement hydration. In addition to the
above observations, clays can exhibit significant shear thinning, as seen in Fig. 7.7 (b).

It is interesting to note the sharp increase in plastic viscosity for REF as compared to the other three
blends (Fig. 7.7b), similar to SYS and DYS. Plastic viscosity changes by 183%, 136%, 129% and 125%
from 2 min to 60 min for REF, C80/Cc10/L5, C65/Cc20/L10 and C50/Cc30/L15, respectively. Even
though the plastic viscosity of REF at 60 min was still far lower than that of C50/Cc30/L15, the increase
from 2 min for each of the REF shows that, for early ages, its hydration process is faster than that of
the LC3 system. This is due to the relative amounts of clinker in each sample and the fact that calcined
clay is not very reactive in the early stages of cement hydration. It has been reported that LC3 blends
usually have a low 1- or 3-day compressive strength than that of REF. This is also mirrored in the lower
effect of resting time (and hence the hydration mechanism) on the plastic viscosity for high clinker
substitutions. This reflects that the increasing effect of calcined clay on static and dynamic yield stress,
as well as plastic viscosity, does not primarily hinge on their hydration effect but instead on their high-

water adsorption, or possible interaction between the clays and hydration products like ettringite.
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Fig. 7.7: Effect of resting time on (a) dynamic yield stress and b) plastic viscosity, as determined
from the flow curves. (Muzenda et al. (2020))

7.5 Effect of limestone filler

Limestone has been known to be used as a SCM to produce blended cements like the Portland-
limestone cement and even LC3. Apart from the filler effect resulting from the addition of limestone,
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which results in the pore structure refinement in LC3 systems, limestone also provide nucleation sites
for cement hydration as well as participates in the reaction leading to the formation of carboaluminate
phases. Although very limited studies have been conducted to study the effect of limestone on the
workability and flow characteristics of LC3 systems, researchers have suggested that limestone can
have a neutral-to-positive impact on the cement paste and concrete rheology. Santos et al. (2017)
studied the effect of limestone on the segregation resistance. It was highlighted that limestone filler
alone is not able to assist in enhancing the segregation or bleeding resistance, and no difference was
found between the rheology of cement pastes with limestone filler and that of OPC pastes. On the
other hand, Muzenda et al. (2020) reported that, apart from its contribution to hydration, limestone
also moderately affects statis yield stress (SYS) increase over time due to dissolution-precipitation
processes leading to the formation of links between grains. A case in point is that only C65/Cc20/L10
and C65/Cc0/L30 are shown in Fig. 6¢ because the torque required to reach the SYS for C65/Cc30/LO0,
even after a short resting time (2 min), exceeded the rheometer’s maximum limit of 200 mNm. This
highlights the marked effect of CC on SYS. C50/Cc30/L15 has the same content of CC as C65/Cc30/L0
(30%) but the former flowed while the latter did not. This can be attributed to the 15% LS content in
C50/Cc30/L15. At 2 min resting time, C80/Cc15/L0 yielded a 67% increase in SYS while C80/Cc0/L15
yielded a 69% decrease in comparison to C80/Cc10/L5. Therefore, it could be concluded that
limestone significantly reduces SYS, while calcined clay has an opposite effect. One reason for this
observation is the difference in the particle shapes of the two SCMs. Limestone has a somewhat round
or circular shape that provides a ‘bearing effect’ in the paste and thus increasing flowability whereas
calcined clay has a layered structure which contributes to its high-water demand.

In another interesting study, Vance et al. (2013) evaluated the rheological properties of ternary
binders containing Portland cement, limestone, and metakaolin or fly ash. Combinations of OPC,
limestone (10 and 20% replacement with different particle sizes of 0.7, 0.3 and 15 mm) and metakaolin
(5 and 10% substitution by mass) with volumetric water-to-solid ratio (w/s) of 0.40 and 0.45 were used
in the study. The rheological studies of binary blend combination of coarser limestone of size 15 mm
(5% replacement) and OPC showed that there was reduction in yield stress and plastic viscosity with
respect to the control mix (Fig. 7.8). For limestone particles coarser than cement, there was a decrease
in particle packing and specific surface area. This reduced the ability of the paste to resist shear, thus
explaining the reduced yield stress. When fine limestone powder (0.7 and 0.3 mm) was used as
replacement and OPC, there was increase in yield stress and plastic viscosity. Therefore, replacement
with limestone particles coarser than OPC decreased the yield stress and plastic viscosity, whereas
particles finer than OPC increased the vyield stress and plastic viscosity. In the case of metakaolin
replaced Portland cement paste, yield stress and plastic viscosity were significantly increased because
of the high surface area and the tendency of particles to agglomerate. The rheology of the ternary
blend combination of limestone and metakaolin is quite complex. For ternary blends with fine
limestone addition and metakaolin, with increase in limestone content, the plastic viscosity also
increased, similar to that of binary blend with fine limestone particles and OPC (Fig. 7.9). However, for
ternary blend with coarser limestone addition, the plastic viscosity remained unchanged, as the
viscosity is predominately affected by the fine metakaolin particles. The plastic viscosity increased
with an increase in metakaolin content and was invariant with the limestone content. On the other
hand, in the case of ternary blends with the increase in finer limestone additions at fixed metakaolin
content, there was decrease in yield stress. Even though the addition of fine limestone reduces the
particle spacing and increases the yield stress, the electrostatic attraction between the negatively
charged metakaolin and positively charged limestone particles increased the interparticle spacing and
thereby reduced the yield stress.
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Figure 7.9: Influence of limestone dosage on the measured rheological properties of metakaolin
blended pastes for: (a) 5% metakaolin, (b) 10% metakaolin. (Vance et al. (2013))

7.6 Effect of binder content and water-to-binder ratio

The workability of LC? cement pastes have been compared with that of OPC and the pastes of other
blended cements to understand the water and superplasticizer demand of the LC® systems without
the influences of aggregates. Nair et al. (2020) compared the saturation dosage of two types of
commercially available superplasticizers, viz., SNF and PCE for OPC, PPC and LC?® cement pastes
prepared at varying w/b ratios. The w/b ratios were varied between 0.35 to 0.45. Marsh cone flow
and mini-slump spread tests were carried out for the various paste samples by increasing the
admixture content to arrive at the saturation dosage required for each admixture for a given type of
cement and w/b ratio. Table 2 below lists the saturation dosage as well as the corresponding marsh
cone flow time and mini-slump spread obtained for OPC, PPC and LC? paste samples.

It was observed that the w/b ratio has significant influence on the flow time. The flow time was found
to decrease with the increase in w/b ratio as expected. It was highlighted that at low w/b ratios, the
availability of water is less, which decreases the relative fluidity and increases the flow time.
Comparing the behavior of cement types, it was reported that OPC showed much lower flow times at
saturation dosage for all w/b ratios. At w/b ratios of 0.35, 0.40, and 0.45, PPC and LC3 showed
comparable flow times at saturation dosage. As for the performance of the types of superplasticizers,
it was observed that, the saturation dosage saturation was higher for SNF as compared to PCE for all
w/b ratios. This effect was attributed to the mechanism of action of both the superplasticizers. For
PCE admixtures, the dispersion is caused by both steric and electrostatic repulsion mechanisms,
whereas for SNF based admixtures, the dispersion is only due to electrostatic repulsive forces. Due to
this reason, higher dosage of SNF is required for better dispersion. Apart from this, it was also noted
that the saturation dosage required for LC? is greater compared to OPC and PPC at all w/b ratios. This
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was attributed to the intercalation of superplasticizer molecules between layers of clay and to the
higher fineness of LC3 particles as compared to that of other cement types. The mini-slump spread
values were found to increase up to saturation dosage. Beyond the saturation dosage, there was no
significant change in the spread value. Bleeding was observed at very high dosages of superplasticizer.
It was understood from the results that LC3 can achieve similar spread as OPC at the saturation dosage
at higher water-to-binder ratios.

Table7.2: Summary of saturation dosage determined from Marsh cone tests and mini-slump
spread. (Nair et al. (2020))

Typeof | w/b SP saturation dosage Flow time at Mini-slump spread at
Binder | ratio (%b) saturation dosage (s) saturation dosage (mm)
PCE SNF PCE SNF PCE SNF
OPC 0.35 0.15% 0.40% 26 21 165 200
PPC 0.35 0.20% 0.50% 47 43 180 200
LC3 0.35 0.40% 0.70% 50 49 180 175
OPC 0.40 0.10% 0.20% 11 8 180 150
PPC 0.40 0.15% 0.30% 16 19 200 150
LC3 0.40 0.30% 0.40% 14 16 180 175
opc | oa4s [ SPnot - SPnot - - . :
required required

PPC 0.45 0.05% 0.10% 11 10 150 160
LC3 0.45 0.20% 0.30% 10 8 150 170

Full scale concrete workability studies have been undertaken by various researchers to understand
the actual rheological behaviour of LC? for use in concrete. In an elaborate study, Nair et al. (2020)
evaluated the influence of water content reduction with respect to the superplasticizer dosage and
the variation in water content and PCE superplasticizer requirement for each of the different LC3
concrete mixes as listed in Table 7.3 (Nair et al. (2020)). Fig. 8 shows a plot of the water and
superplasticizer requirement for these mixes.

Table 7.3: Summary of concrete mix proportions for evaluating the influence of mix water on LC3
concrete (Nair et al. (2020))

Mix ID Binder content|Water content|w/b ratio
(kg/m?) (kg/m?)
MIX 1 300 180 0.60
MIX 2 350 175 0.50
MIX 3 370 167 0.45
MIX 4 400 160 0.40
MIX 5 420 147 0.35
MIX 6 450 135 0.30

It was observed that for a reduction in water content from 180 kg/m? (MIX 1) up to 167 kg/m3 (MIX
3), there was no increment in the SP dosage required to produce the target workability. However, for
water content lesser than 167 kg/m3 (i.e., for MIX 4, MIX 5 and MIX 6), the PCE dosage required
increased drastically with the reduction in water content.
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Fig. 7.11: Correlating saturation dosage of PCE superplasticizer from paste studies with the
finalized dosages from concrete (Nair et al. (2020))

In terms of the water-to-binder (w/b) ratio, this issue of workability and the massive increase in
superplasticizer requirement is noticed between 0.4 to 0.3 w/b ratio, which is in conformity with the
LC3 cement paste studies as well. Furthermore, the admixture requirement in LC? concrete and cement
paste were correlated as shown in Fig. 7.11. From Fig. 7.11, it can be observed that in both LC> cement
paste and concrete studies, when the w/b ratio was reduced below 0.40, there was a sudden increase
in the requirement of superplasticizer. As seen from Fig. 7.11, while the saturation dosage of PCE
superplasticizer in the paste increases steadily with a decrease in the w/c, the corresponding dosage
to produce a high slump of 180-200 mm in concrete does not significantly change until a w/c of less
than 0.40. Below this w/c, there is a major increase in the PCE dosage required for achieving the target
slump. Apart from this, it was also mentioned that the requirement of SNF to achieve the target slump
was significantly higher compared to PCE. At w/b ratio of 0.30 and 450 kg/m? binder content, the SNF
superplasticizer dosage was even greater than 1.6% by weight of cement and the target slump was
not achieved. Therefore, the LC> — SNF combination for w/b ratio below 0.40 was deemed
incompatible. From the slump tests, it can be concluded that PCE based admixture is better suited for
LC3 systems as compared to SNF (Nair et al. (2020)).
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In another similar study by researchers at IIT Delhi, the variation of the mini slump spread and the
Marsh cone flow time of LC3 cement pastes prepared at varying water-to-cement (w/c) ratios was
evaluated. The corresponding superplasticizer requirement was also obtained. As shown in Fig. 12,
the slump spread values decreased with the decreasing w/c ratio of the paste samples. Apart from
this, the superplasticizer requirement increased significantly while moving from 0.45 to 0.35w/c ratio.
As can be seen in Fig. 13., the flow times achieved at higher w/c ratios like 0.5 to 0.6, are quite low
and the SP demand is less, which indicate that a good workability can be achieved. However, a drastic
increase in the flow times can be observed for the pastes with w/c ratios between 0.45 and 0.35.
Additionally, at 0.35 w/c ratio the flow time varies abruptly with the increasing SP dosage and no clear
trend can be found. Therefore, it can be understood that, the workability of LC? systems can be similar
to that of other cement when sufficient water is available, however, this severely hampered as we
move towards lower w/c ratios, especially below 0.45.
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Figure 7.12: Variation of mini-slump spread with admixture dosage for LC* cement pastes at
different w/c ratios
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Figure 7.13: Variation of Marsh cone flow time with admixture dosage for LC3 cement pastes at
different w/c ratios

7.7 Summary

The workability of LC3 systems is influenced by a variety of factors. From the previous sections, it can
be understood that PCE superplasticizers are better suited and more effective with LC3 systems as
compared to the other commercially available admixture types. However, the intercalation of PCE
superplasticizer in the clay interlayers is higher which raises concerns. Admixture formulations better
suited for LC3 systems need to be produced in order restrict the intercalation and adsorption effect.
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It can be understood that the issues with achieving desired workability in both concrete as well cement
pastes of LC3 are more pronounced at lower water-to-cement ratios, i.e., below 0.45. Apart from this,
the calcined clay content substituted in the blends seems to be a factor dominating the rheological
characteristics of LC3. With increase in calcined clay substitutions both yield stress as well as viscosity
tend to shoot up. Even though limestone filler provides a ball-bearing effect and aids in alleviating the
workability issues, the fineness of limestone can play a role in this respect.
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Chapter 8: Mechanical properties of LC3> mortar and concrete

8.1 Introduction

To establish the acceptability of LC? cement as an alternative binder system in comparison to widely
adopted OPC and fly ash based PPC cementitious systems, the mechanical performance is the key
parameter. The influence of the kaolinite content, effect of particle size of the individual components
and different types of limestone on the compressive strength are already covered in the previous
chapters of clay testing, grinding and limestone respectively. Also, how microstructure of a cement
matrix in LC> mortar and concrete affects the compressive strength is also covered in the previous
chapter.

This report includes the detailed investigation on the comparison of LC® mortar and concrete with OPC
and PPC systems, the composition of the clinker, curing temperature, relative humidity, alkali content
on the mechanical performance of the LC? systems.

8.2 Compressive strength

Compressive strength is the most crucial parameter among all other parameters necessary for
achieving the required mechanical performance of a structure. The mechanical performance of LC3?
systems with low clinker factor of 40% to 50% is comparable with the OPC and Fly ash based systems.
The LC3 mixes has marginally lower 3-day strength in comparison to OPC mixes but it is higher than
that of fly ash or slag based blended cements and at 7 and 28 day, LC? mix achieves similar strength
as OPC mix (Yuvraj et.al. 2018). Fig. 8.1 shows that after 28 days, the compressive strength increase
in the LC3 system is negligible (Zunini 2020, Krishnan et. al. 2019), due to suppressed alite and belite
hydration in the presence of calcined clay (Krishnan 2019).
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Fig. 8.1: The compressive strength development in the LC? and OPC systems

Whereas, Yuvraj et.al. reports that similar to fly-ash based system (FA30), 28-day strength of LC3 mixes

increases between 28 to 90 days (Figure 8.2). He also reported (Figure 8.3), that if we keep the mix

proportion same i.e. same binder content and w/b ratio for LC?>, OPC and FA30, LC3 mixes shows
highest compressive strength at all ages.
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Krishnan et. al. 2018 highlight that fineness of individual components is dominant in case of low alite
clinker, here clinker fineness is of prime importance in comparison to clay and limestone fineness, this
will lead to faster hydration rate of clinker and thereby availability of calcium hydroxide for reaction
with clay and limestone. Calcium ions are rapidly consumed during second hydration reaction which
increases the early clinker hydration rate, hence reduces the unhydrated clinker in the system which
leads to strength development reduction at later ages.

8.3 Elastic modulus

The static elastic modulus of the different concrete mixes is shown in Figure 8.4(a). The results indicate
that the elastic modulus was similar for concretes wth all the binder systems. This indicates that
concrete made with LC® can have similar mechanical performance characterisics for structural
applications as the other conventional binder systems. The correlation between elastic modulus and
compressive strength (presented in figure 8.4(b)) shows a linear trend (R%= 0.89), independent of the
binder used for the concrete. For reference, the predicted moduli from the Indian standards (IS 456
2000) and FIB Model Code 2010 (Fédération Internationale du Béton 2010) are also plotted (Yuvraj
et.al. 2018). Figure 8.5 also shows that portland cement and LC3-50 have similar trend (Scrivener,
Avet, Maraghechi et al. 2019)
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8.4 Shrinkage

The autogenous and drying shrinkage influence cracking in concrete structures, as the binder phase
continues to deform amidst the restraint offered by the aggregates in the hardened concrete.
Autogenous shrinkage is controlled by the change in the internal RH (due to consumption of free
water) of the system due to self-desiccation at low water-cement ratio, whereas the loss of moisture
(due to drying) from the concrete leads to drying shrinkage. Bissonnette et al. 1999 reported that the
influencing parameters affecting the shrinkage measurement were water-cement ratio, size of
specimen, relative humidity, and paste volume. A more detailed classification of factors are listed in
ACI Committee 209 2005.

The evolution of shrinkage strains in cylindrical and prismatic specimens are shown in Figure 8.6 to
8.8. The autogenous shrinkage strains measured for all the concretes were lower compared to the
values reported in literature. In this study, the specimens were wrapped with aluminum adhesive tape
only after 28 days of curing. The autogenous shrinkage from casting until 28 days (t.) is neglected in
this measurement. The drying shrinkage is presented as total shrinkage as it also includes a part of
autogenous shrinkage.

For M30 concrete mixes, the measured autogenous shrinkage strains after 28 days were comparable
for the OPC and LC3 systems (figure 8.6). However, FA30 showed a higher shrinkage (autogenous) due
to lower water-cement ratio in the concrete mix. In contrast, for the same reason of the lower water
content, drying shrinkage results suggest that FA30 has lower shrinkage than the OPC and LC3
concretes. Figure 8.7 reports the results of the M50 grade concretes, and it is seen that the drying
shrinkage of FA30-M50 concretes was comparatively lower (than M30 concretes) due to the lower
water-binder ratio (0.35) opted for the FA30-M50 concrete mixes. The initial shrinkage of FA30-M50,
which occurs at a faster rate was also found to be lower in both types of specimens. In the C-mix (with
the same binder content and w/b), the measured shrinkage strains in the different binder systems
were comparable (figure 8.8). From the results, it is seen that the influence of water-cement ratio
dominates the effects of shrinkage development in concrete, which is evident from the difference in
the shrinkage strains noted in the two sets of equivalent grade concrete mixes. However, the
concretes with the same binder content and w/b ratio showed minimal difference between the
different binder systems.

The shrinkage behaviour can be further rationalised by dissociating the effect of water-binder ratio,
pore sizes, and degree of hydration at varying water-binder ratio for the three binder systems. The
governing mechanisms causing shrinkage in the different cementing matrices are controlled by these
factors. First and foremost, a lower water-binder ratio (typically less than 0.4) leads to reduced
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hydration degree due to a more packed capillary space. This causes a reduction in the amount of
hydrates and thereby, the medium which is shrinking in the concrete is also reduced. Alternatively, at
lower water-binder ratios, there is an increase in the amount of the finer pores (more specifically in
the blended systems) which increases the shrinkage per unit mass loss due to higher capillary pressure
during drying.

This difference can be explained by taking a closer look at the shrinkage strain and mass loss of the
different binder systems (figure 8.9). The shrinkage performance in fly ash mixes can be attributed to
the lower hydration degree, lower water-binder ratios and coarser pores in FA30 systems from the
slow reaction of fly ashes which reduces the amount of hydrates. This results in lower shrinkage strain,
even at similar amount of mass loss due to drying. In contrast, a higher water content, finer pores
(details of pore sizes are discussed in Table 6) and higher hydration extent due to early reactivity of
calcined clay in the LC? systems (M30 and M50 mixes) collectively increases the shrinkage strain
(marginally), despite lower or similar amount of mass loss from drying (figure 8.9).

In previous studies on metakaolin addition on shrinkage evolution, Brooks and Megat Johari 2001,
reported that increasing metakaolin content from 5% to 15% lowered the early age autogenous
shrinkage and drying shrinkage, and increased the long term autogenous shrinkage. Metakaolin has
been reported to reduce free drying shrinkage (Ding and Li 2002; Giineyisi et al. 2007). Literature on
limestone addition also shows that increasing amounts of limestone replacing the Portland cement
results in similar (or lower) drying shrinkage for up to 10% substitution (Camiletti et al. 2013; Dhir et
al. 2007), whereas higher replacement level (20% or above) can lead to increase in the drying
shrinkage (Bederina et al. 2011; Varhen et al. 2016). From this study, it can be concluded that
combined substitution of limestone and calcined clay resulted in similar or marginally higher shrinkage
in concretes as compared to OPC and FA30. The effect of water-binder ratio (the amount of free water)
and mixture proportioning (paste volume) had a more dominant effect on the evolution of shrinkage
strains between the different binders.
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Figure 8.6: Shrinkage strain in M30 concretes (a) Cylindrical specimens and (b) Prismatic specimens
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Figure 8.8 Shrinkage strain in equivalent binder content and w/b concretes (a) Cylindrical
specimens and (b) Prismatic specimens

The measured shrinkage strains and the prediction by existing shrinkage models are summarized in
table 8.1. From the results, it can be seen that the shrinkage strains predicted by B4 model (Bazant
2015) were nearly consistent with the experimental observation for the three binder systems (except
for LC3- M50). FA30 mixes had a higher deviation from the predictions with ACl model (ACI 209R-92
1997) and FIB - Model code (Fédération Internationale du Béton 2010) in all the cases. The deviations
were comparatively less in LC3 than FA30 concrete mixes in equivalent strength category. This is mainly
due to the lower water-binder ratio opted for FA30 mixes to achieve the target 28 day strength. In the
case of C-mix, B4 model could give a closer prediction to the experimental values with the three binder
systems.

To explain the difference in the shrinkage performance observed in the three binder systems, the
evolution of the total shrinkage strain is plotted against the mass loss observed (as weight loss %) in
figure 8.9. It is noted that the maximum weight loss (%), at the drying period of 400 days, was higher
in the prismatic specimens than cylindrical specimens. The prismatic specimens have a greater surface
area (per unit volume) leading to faster rate of weight loss in these specimens. However, the observed
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shrinkage strains were similar (or marginally lower in cylindrical specimens) between both the
specimens.

Table 8.1 Comparison of experimentally measured shrinkage with available models

Concrete grade M30 M50 C-Mix
Binder OPC | FA30 | LC® | OPC |FA30 |LC® |opc |FA30 |LC?
Cylindrical 450 | 430 |490 |450 [330 [520 |390 |380 |430
specimens
Prismatic 500 | 450 | 490 470 330 540 420 420 430
specimens
Cylinder (‘_”0 370 | 410 |390 |380 | 360 | 430 |410 | 430
s s0) | 60 | (80) | (-60) | (+50) | (-160) | (+40) | (+30) | (0)
o)
S .. 430 ' 390 430 |410 400 |3 |60 |a20 | as0
= [Pms ) O ooy | 60) | (60) | (+70) | © (+40) | (0) (+20)
2 70) 160)
Cylinder ?_40 ?:10 430 | 450 (180 470 | 450 | 450 | 470
S - -
_ 0) |10 | £69 | (© 150) | (50) | (+60) | (+70) | (+40)
= é o | 500 [500 |480 | 500 (st 520 |500 |500 (5+30
5| g ©) | (+50) | (10) | (60) | .o | (-20) | (+80) | (+80) |00
£
Z | 8 | Cylinder ?Zl (530 490 450 ?:10 450 480 ?fo 460
(o]
S| € |s ]
21 5 20) |90) | © (0) 110) | ©70 | #9301} 11, | (+30)
= | 8
EP g Prisms (5-:‘0 ?-?0 560 510 5(?-0 510 5(?-0 5(46-0 5(?-0
< o _
N a0) |150) | 70 | (4001 4060 | 300 130y [ 140) | 100)

Note: The values in the parenthesis indicate the difference between the experimental and predicted
shrinkage strain.
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Figure 8.9: Relationship between Total shrinkage and Weight loss (%) for the different binder
systems (Mass losses in the prismatic specimens are higher due to higher surface area)

In the case of cylindrical specimens, the ultimate weight loss is higher due to higher water-binder ratio
and lower binder content in M30 and M50 concrete mixes of LC? than OPC and FA30. This confirms
that the amount of free water predominantly affects the shrinkage development in the equivalent
grade concretes mixes, despite the variation in the capillary pressure (which leads to shrinkage) due
to difference in the pore sizes. Results also suggest that for the same extent of moisture loss, LC3?
binders showed lesser shrinkage at an equivalent strength level. However, the concrete made with
similar mixture proportion shows that the mechanism of shrinkage development due to loss of
moisture can be similar between concretes made with the three binder systems.

The results of the prismatic specimens suggest that drying was marginally higher for the LC3 concretes
in all the categories, which in turn, results in higher shrinkage strain of the LC? as observed in table

8.1.

8.5 Influence of Curing Conditions on Strength Development
Curing temperature is one of the critical factors that determine the early and later age performance
of cement-based construction materials. In real field conditions, the curing temperature differs from
the normal laboratory conditions significantly. The construction industry often uses various heat
curing methods for maintaining the project schedule. Due to global warming, the rise in atmospheric
temperature is also a concern, especially in tropical countries. During mass concreting, the

116



temperature of the fresh concrete often rises due to the heat evolution from cement hydration.
Hence, it is imperative to understand how the temperature and time of exposure influence the
performance of cement.

In general, the increase in temperature accelerates the cement hydration and subsequently increases
the early age strength. However, it is observed that the high temperature curing adversely affects the
later age performance (Kim et al. 1998; Saul 1951). Although the ultimate degree of hydration (DoH)
of clinker is found to be independent of curing temperature (within 5°C to 60°C), the density of the
main hydration product, C-S-H increases with temperature which subsequently increases the porosity
of the microstructure that leads to reduction in strength (Escalante-Garcia and Sharp 2001; Gallucci
et al. 2013). The temperature regime also has a significant impact on the performance of the blend
(Sajedi 2012; Zhang 2007).

Hydration of cement requires water for the hydration reactions to take place. The process of curing
ensures the presence of water in the system during the hydration process, by providing moisture
externally or stopping evaporation of water from the specimen. Generally, the rate of hydration is
high at early ages and then decreases, making the early age critical from the curing point of view. The
curing requirement may be different for different types of cement. It is expected that cements with
high early age strength demand a high amount of water. Ternary cements using alternative raw
materials may influence the curing requirements. Many studies have shown that the effect of curing
conditions is more influential on blended cements. A study on fly ash based cement indicated that
effect of curing depends on physical and chemical properties of clinker and w/b ratio rather than that
of fly ash properties and replacement factor (Termkhajornkit et al. 2006).

In this study, the effect of curing temperature and relative humidity were tested for LC? and compared
to that of OPC, FA30 and composite cement (CC).

8.5.1 Materials

Raw materials for this study (clinker, calcined clay, limestone, fly ash, slag and gypsum) were procured
and ground individually in a laboratory ball mill. The particle size distribution of the raw materials is
shown in figure 8.10. The blends were prepared by interblending the ground raw materials in a turbo
blender. The composition of the blends is shown in Table. Three different temperatures: 10°C, 27°C
and 50°C were selected for the experiment.
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Figure 8.10: The particle size distribution of raw materials
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Table 8.2. The raw material composition of blends (weight %)

Blend Clinker Fly ash Slag Calcined Limestone  Gypsum
Clay

OPC 50 - 45 - - 5

FA30 65 30 - - - 5

LC? 50 - - 30 15 5

CcC 50 15 30 - - 5

8.5.2 Methods

Isothermal calorimetry

Rate of heat evolution was measured using isothermal conduction calorimetry. Before the start of
the experiment, materials, and accessories: the dry blend, deionised water, calorimetric cups, mixing
cups, spoons were preconditioned by placing the samples inside a temperature-controlled chambers
set at the required temperature for 24 hours. A fresh paste of blends was prepared by thoroughly
with water for three minutes using a paste mixer. The mixed paste was then weighed in calorimetric
cups up to 72.5 gms and placed in an |-Cal HPC-2000 from Calmetrix. The same weight of dry powder
(50gm) with constant water to binder ratio of 0.45 was used for all the calorimetric experiments.

Mercury Intrusion Porosimetry (MIP)

MIP was performed using Thermo Fischer Pascal 440 porosimeter. At the age of testing, i.e. 28 days
in this study, the paste slice samples were immersed in isopropanol for 5 days and then stored in a
vacuum desiccator till 28 days. About 1.5 to 2 grams of samples were cut from the slices after removing
the edges. MIP was carried out by measuring the volume of mercury intruded in the specimen as the
pressure was incrementally increased to 400 MPa. A contact angle of 120 degree assumed for the
calculation of overall porosity and pore entry diameter. The total percolated pore volume
(total/overall porosity) represents the total accessible pore volume at 400 MPa applied pressure and
critical pore-entry diameter is the pore size where steepest slope of the cumulative intrusion curve is
recorded.

Mortar compressive strength

Mortar cubes of 70.6 mm size were prepared, cast and tested as per Bureau of Indian Standards (IS:
4031 (Part 6) 1988). Indian standard sand (IS: 650 1991) was used for making the mix at a sand to
cement ratio of 1:3. The water to cement ratio was kept constant at 0.45. The materials (blend,
standard sand, and distilled water) were preconditioned at the specified temperature for 24 hours
before casting. The specimens were placed in an environmental chamber immediately after casting
for one day, followed by demoulding the specimens and cured in lime saturated water in a
temperature-controlled water bath till the time of testing. Cubes were also cured at different
temperature regimes by shifting the specimens at 1 and 3 days from 27 to 50°C based on required
temperature regimes. The strength test was performed in a compression testing machine of capacity
500kN with a loading rate of 2.40kN/s. Average compressive strength of 3 cubes was considered for
representation.

8.5.3 Results

Influence of temperature on hydration kinetics

Heat flow curve was obtained by plotting thermal power as a function of time and expressed as milli-
watt per unit weight of the binder. Total heat was calculated from heat flow curve by integrating
thermal power with time from the dormant period and expressed as Joule per unit weight of binder.
The heat generation till dormant period was not considered since it is predominantly from initial
dissolution. Heat flow vs time was plotted for the blends and the cumulative heat released was plotted
against time after omitting heat till dormant period.

(see figure 8.11 to 8.13).
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Figure 8.11: Isothermal heat flow and total heat of hydration of blends at 10°C
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Figure 8.12: Isothermal heat flow and total heat of hydration of blends at 27°C
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Figure 8.13: Isothermal heat flow and total heat of hydration of blends at 50°C

Isothermal heat flow and total heat of hydration of blends cured at 10 °C (Figure) show a much lower
rate of hydration at this temperature when compared with 27 °Cand 50 °C. It is difficult to distinguish
between the silicate and aluminate peak at this temperature. The heat of hydration of OPC is higher
than that of blended cements. However, the difference is not very significant.

The calorimetric curves for the samples cured at 27°C are shown in Figure. Although the clinker
content in the blended cements is approximately half that of OPC, the hydration of LC3 systems was
found to be faster and the induction period was shorter as compared to OPC and CC systems. In OPC,
acceleration started at around 2 hours, and in LC3, it started around 1 hour 30 minutes. This can be
attributed to the high alumina content in the clay. Whereas in CC, the acceleration was found to
start later than OPC and the peak hydration was lower than OPC, mainly due to lower clinker content
and slow pozzolanic activity of both slag and fly ash. A clear aluminate hydration peak was visible in
both blended systems, with calcined clay and slag contributing to aluminates in the solution. It can
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be seen in the LC?blends that the addition of gypsum delays the onset of this peak; however, this
appears to have little influence on the hydration after 24 hours.

The calorimetry curves at 50°C curing (Figure) emphasises that the heat of hydration increases
significantly with the increase in temperature. Unlike at 27°C, the peak corresponding to aluminate
hydration was clearly visible in the OPC system at this temperature. In LC3, there appears to be an
acceleration in the formation of ettringite and also its conversion to monosulphate, visible as a
shoulder after the aluminate peak. It can be observed that, when cured at 50°C, there is very little
additional heat of hydration in the LC? and CC systems after 24 hours of hydration, probably, leading
to a substantial reduction in the rate of clinker hydration after one day.

Influence of temperature of porosity and pore size distribution

45

OPC (27°C)
40 4

1 LC3_5%G (27°C)
35

LC3_8%G (27°C)
307 O CC (27°C)
25 3 ). - - = OPC (50°C)

LC3_5%G (50°C)

Pore volume (%)
15 )
@

\ LC3 8%G (50°C)
15
] CC (50°C)
10 4 )
5
1 10 100 1000 10000 100000

Pore entry diamter (nm)
Figure 8.14: Porosity graph for different blends cured at 27 and 50°C at 28 days

Figure 8.14 shows how the temperature influences the pore structure of hydrated cement paste at 28
days using mercury intrusion porosimetry. With increase in curing temperature from 27 to 50°C, an
increase in total pore volume for all types of blends can be from the peak value on y axis. Although
increase in volume for CC and OPC blend is not as much as for LC? with 5 percent gypsum content.
However, with addition of gypsum in LC® a decrease in increased total pore volume had been observed
due to increased formation of ettringite. Additionally, it can be observed that the threshold pore
diameter increase due to temperature rise is more in OPC and CC blends as compared with the LC3
blends. Similar results have been observed by Hanpongpun and Scrivener, 2020 although temperature
difference was not much high, Figure 8.15. These coarser pores are known to affect the compressive
strength at later ages since the hydration of the clinker and pozzolanic reaction are promoted since
early age of hydration.
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Figure 8.15: Pore size distribution of PC and LC3 cured at 20 and 30°C for 28 days (Hanpongpun
and Scrivener, 2020)

Influence of temperature on compressive strength

Figure 8.16 shows the compressive strength of the mortar cubes of LC3, OPC, FA30 and calcined clay
cured at 10 °C, 27 °C and 50 °C up till 90 days. The performance of LC? at 10°C at 90 days was found
significantly higher than other blended cements and is comparable to that of OPC. However, when
the curing temperature is increased from 27°C to 50°C, a reduction in the strength of mortars was
observed (except FA30). This reduction in strength is the least in OPC, while it is the highest in LC.
Although the increase in gypsum content slows down the strength development at 27 °C, the strength
at 50°C is higher than the blend with 5% gypsum as shown in Figure . The strength gain observed after
three days in all the low clinker blends is insignificant when cured at 50 °C except fly-ash blend.
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Figure 8.17: Compressive strength of mortars cured at different temperatures. (Mishra et al. 2019)

40
35
3
2
2
1
1

S O n © wn O

Mortar compressive strength (MPa)

(=]

Influence of temperature regime on the performance of LC?

The influence of temperature regime on LC® was studied using two temperatures: 27 °C and 50 °C. The
performance of LC* was compared to that of CC at different temperature regimes. OPC and FA30 were
avoided in this study as it was observed that the influence of temperature on final strength was lower
in both these cases. The temperature regimes considered in this study is shown in table 8.3. 28 days
compressive strength of mortar samples exposed at at different temperature regimes for both the
blends are compared in Figure.

Table 8.3: Temperature regimes for the specimens

Temperature regime Notations
Samples cured at 50°C till 28 days h28
Samples cured at 27°C for one day and exposed to 50°C till 28 days m1.h28
Samples cured at 27°C for three days and exposed to 50°C till 28 days m3.h28
Samples cured at 27°C till 28 days m28

50

Mortar compressive strength
(MPa)
o
(=]

h28 Bml.h28 Em3.h28 Mm28
Figure 8.18: 28 days mortar compressive strength of blends cured at different temperature
regimes

Though the strength of LC® cured isothermally at 27 °C has shown similar performance to that of CC,
the samples exposed to 50 °C isothermal condition observed a significant reduction in 28 days
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compressive strength. However, it can be seen that by delaying the exposure to higher temperature
by one day or further could potentially improve the 28-day compressive strength of LC3.

Influence of short-term heat curing on the performance of LC?

Recently, Vaasudeva et al. 2021 compared the LC? concrete subjected to short term heat curing and
compared it with the Portland cement and fly-ash based binder at water to binder ratio of 0.4 and
0.45. Curing regime adopted in the study is given in figure 8.19. After 24 hrs specimens were
demoulded and placed in moist curing room at 27°C and 95-100% relative humidity until respective
age of testing.

A 1 - Precuring at ambéent temperature

2 - Specimen moved to steam condition

3 - Maximum temperature of heat curing (60°C)

4 - Specimen cooling period

5 - Ambient conditioning duration

6 - Demoulded for ambient curing {or] 24 hour testing

(=]
o

]
tix@
—®
©

@

n
o

Curing Temperature(°C)
3

0 B 8 12 16 20 24 >

Time(h)

Figure 8.19: Steam curing regime followed in study performed by Vaasudevaa et al. 2021

LC3 have been observed to show a similar improvement in strength as of OPC after the short-term
heat treatment. Increase in LC? strength is for two reasons: i) Acceleration of the clinker reaction at
the higher elevated temperature, and ii) Enhancement in the reactivity of calcined clay at elevated
temperature curing at early age. 1 day strength gain observed is higher for higher water to binder
ratio. LC? have been observed to show better strength at all ages as compared to 30% fly-ash replaced
steam cured concrete at both w/b.

Early age strength development of concrete with LC? admixture and improved performance of LC3
systems subjected to steam curing could be advantageous for the adoption of sustainable binder
systems in applications of high early strength requirements where other conventional SCMs like fly
ash may not be suitable. This also suggests the suitability of using LC? in precast manufacturing plants
to satisfy the early-age compressive strength requirements.
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Figure 8.20: Compressive strength of concrete under steam cured and normal cured (NC) concrete
conditions

Effect of relative humidity (RH)

Specimens were cured at different humidity regimes at standard temperature (27 °C). Two RH
conditions were used to construct the regimes: A higher RH of 100% (HH) and a lower RH of 10-20%
(LH) were considered in this study. Curing regimes and respective notations are given in Table 0-1. The
compressive strength of LC3, OPC, FA30 and CC at RH conditions is shown in Figure.

Table 0-1. Curing regime and their respective notations

Curing regime Notation
Specimen cured in HH HH
Specimen cured in HH till 3 days and shifted to LH after 3 days HH(3d)_LH
Specimen cured in HH till 7 days and shifted to LH after 7 days HH(7d)_LH
Specimen cured in LH LH
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Figure 8.21

Phung et al. 2021 performed a curing sensitivity tests on the multi-binder systems which consist of

cement (OPC), calcined clay (CC), fly ash (FA), and limestone powder (LP). Three series of mortar with

different water to binder ratios by weight (w/b) of 0.35 and 0.55 and different paste ratios of 1.2 and

1.4 were produced for testing compressive strength. The specimens of each binder system were put

under two conditions of curing water curing (water-cured) and no curing (air-cured at temperature

and RH of 28

5%, respectively) after demoulding. To compare different mixes curing

°C and 80 *

2

t) was used as the parameter, which was calculated as:

’

sensitivity, curing sensitivity index (CSls

X 100%

fe®we
’(t)NC are the compressive strengths of water-cured and no-cured (or

(fe'®we + f'®)ne)

CSlect

(t)WC and fc

where fc’
air-cured) specimens at t days of ages, respectively.
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Figure 8.23: Curing sensitivity index for test mortars with different w/b a) CSls at 28 days, and b)

CSl¢. at 91days

Numbering value before the notation for SCM used, specify the percentage of replacement by that
SCM in figures 8.22 and 8.23. Blends with calcined clay, and limestone had been observed to show
lower low curing sensitivity index. Least curing sensitivity index had been observed for the LC? blend
where calcined clay and limestone are used as combination. This effect is attributed to the fast
reaction of calcined clay at early age and filler effect of the limestone which accelerate the initial
hydration of the cement.

Influence of fineness of clinker on strength development at higher temperatures

Recent results, shown in figure 8.24 below, show that the potential negative effect of high
temperature curing on strength development can be overcome by having a sufficiently fine clinker in
LC3. In this figure, cement has been produced by grinding the same clinker for 3000, 6000 and 9000
rotations in a laboratory ball mill. The results show that the strength development is much higher with
the finer clinker phase. This indicates that it is important for the clinker phases to hydrate before a
rapid hydration of calcined clay starts.

LC3 3000 27 LC3 6000 27 LC3 9000 27 LC3 300050 ™LC3600050 ®™LC3900050
70

60 I

50

. il EFEPY
I
30
20 Ll ! . - I
I :
|n

1 day 3 day 7 day 28 day 150 days

Figure 8.24: Influence of fineness of clinker on strength development in LC? containing clinker of
various fineness.

Compressive strength (MPa)

8.6 Summary

e Atlower temperatures, the early age strength of LC? (3 day) is better than other blended cements
studied. Moreover, LC? shows comparable later age strength development to that of OPC and
significantly higher strength than FA30 and CC.

e High-temperature curing increases the early age strength of all the blends. For both LC? and CC,
high-temperature curing reduces the later age strength. However, one day delay in exposure at
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high temperature could potentially improve the adverse effect of high temperature curing for LC3.
Better results are expected when LC?is produced in an industrial ball mill.

Short-term heat curing of LC? study suggests the suitability for early precast manufacturing plants
to satisfy the early-age compressive strength requirements.

Relative humidity at early ages influences the performance of all the systems. However, all the
blended cement showed lesser influence on compressive strength than OPC at different curing
conditions. Additionally, blends where combination of limestone and calcined clay had been used,
curing sensitivity index has been observed to be very low.

The effect of high temperature on strength development can be overcome by properly grinding
the clinker in LC3 to a sufficiently fine level.
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Chapter 9: Durability

After understanding the LC? hydration and microstructure development, this chapter provides a
discussion on effect of altered hydration products on the durability of the LC? concrete. Starting with
the pore structure characteristics of LC? and its influence on the transport properties such as oxygen
permeability, water absorption, and resistivity, this chapter explores performance of LC? concrete
when exposed to various environmental conditions such as carbonation, chlorides, sulphates, and
alkali-silica. Since LC? is a relatively new developed cement, field data on the long-term performance
of concrete using the cement is not available. Therefore, results from microstructural analysis and
accelerated tests are used to assess the expected durability performance of the cement.

9.1 Porosity and Pore Structure

Pore size distribution in hardened cement paste is very wide ranging from 1nm to 1 cm, i.e., seven
orders of magnitude. As per Mindness et al. 2002, pores are classified as interlayers spaces (< 2.5 nm),
gel pores (2.5 - 10 nm), capillary pores (10 nm to 10 um) and air voids (10 um up to few mm). Pore
structure and porosity of concrete plays a significant role on its durability properties. For pore
characterization, commonly used parameters in cementitious materials are, permeable pore volume
(total porosity), critical pore size and threshold pore size. Commonly used pore characterization
techniques include mercury intrusion porosimetry (MIP), nuclear magnetic resonance (NMR), vacuum
saturation, gas adsorption, etc.
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Figure 9.1: Relative porosity of cementitious system with changing calcined clay + limestone
replacement level. (triangles — OPC + Calcined clay, squares — OPC + Limestone + Calcined clay)
(Dhandapani et al. 2022)

In literature, there are conflicting results regarding the effect of limestone calcined clay combination
on the porosity, some researchers have reported the lower porosity while many others have reported
higher porosity, see figure 9.1. It can be concluded from graph that total porosity isn’t sufficient
parameter to understand overall impact on durability and transport properties of LC3 concrete.

Significant refinement in the pore structure of cement paste at early age in blended cements with
calcined clays has been observed (Jiang et al. 2015, Tironi et al. 2014, 2015) due to fineness of clay
and rapid pozzolanic reaction. In figure 9.2, it can be observed that the critical pore size entry of OPC
is lower than all the LC3 blends. By 2 days already the critical pore size of high purity clay MK95 has
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reduced significantly due to early formation of the hemi and mono carbo-aluminates formation. At 3
days, clays with purity more than 60% are already showing critical pore diameter smaller than OPC
and others are tending towards it. By end of 7 days, all the LC? systems have smaller critical pore size
than its counter OPC.
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Figure 9.2: Total porosity verses applied pressure measured by MIP on OPC and LC? with different
grade of clay after a) 1, b) 2, c) 3 and d) 7 days of hydration. (Zunino and Scrivener 2021).

In another study pore structure characteristics of OPC, fly ash based PPC, and LC? systems were
studied by Dhandapani and Santhanam (2017), where a clear reduction in the volume of finer pores
(<1um) was observed in LC3 systems at early ages (Figure 9.3). Rate of this pore refinement in LC? is
dependent on the grade of calcined clay that is used. If a calcined clay with more than 65% kaolinite
content is used, the critical threshold porosity is achieved by 3 days. There is a significant pore
refinement between 3 and 28 days if the kaolinite content of the calcined clay is less than 50% (Avet
and Scrivener 2018). LC? systems well-defined pore structure at early age is important from the point
of view of strength development and durability characteristics as well.
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Figure 9.3 Comparison of total porosity in OPC, FA30 and LC3 systems (Dhandapani and
Santhanam 2017).

9.1.1 Transport properties

Gases like oxygen, carbon dioxide, etc. and liquids like water with dissolved ions like chlorides,
sulphates, etc can penetrate through its connected pore network. Phenomena which result in
degradation and deterioration of reinforced concrete depend on the processes which allows the
transport of moisture, sulphate and chloride ions, carbon dioxide, oxygen, charged ions, etc within the
concrete. Transport mechanism of these species can happen as per four basic mechanisms: capillary
suction — due to capillary pressure from connected capillary pores in concrete, permeation — due to
flow under pressure gradients, diffusion — due to concentration gradient of species, and migration —
due to electrical potential gradients. Diffusion, permeation, and capillary absorption are major
transport mechanism. Discussion on the performance of LC3 systems related to these transport
mechanisms is given below.

9.1.2 Water sorptivity

Under environment where frequent saturation or splashing of water on concrete surface happens,
absorption of water is predominant transport mechanism. Water absorption is governed by capillary
pores and connectivity of the pores in the system. Positive impact of pore refinement with limestone
calcined clay increases the tortuosity of the system and is expected to lower the absorption rate in
concrete. Shah et al. 2020 varied the percentage addition of limestone calcined clay up to 20% and
observed that with increasing replacement level, rate of water absorption is reducing. In recent RILEM
TC2 CCL review paper by Dhandapani et al. 2022, a compilation of data from literature on influence of
calcined clay and calcined clay plus limestone on absorption rate has been done (Figure 1-4). Even
after a lot of scatters due to varied cement type, water to cement ratio, calcination method, etc. in
LC3 systems a 30 and 50% reduction in absorption rate compared to the reference concrete was
observed. Goncalves et al. 2009 in their study observed that high grade metakaolin was more effective
in reducing sorptivity at lower replacement levels (< 20%) while low grade metakaolin was more
effective in reducing sorptivity at higher replacement levels (30-40%).
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(Dhandapani et al. 2022).

9.1.3 Gas permeation — Oxygen Permeability Test

To compare the oxygen permeability between various concretes, South African Durability Index
manual procedure for oxygen permeability test has been followed. Four specimens of 69mm diameter
and 30 + 2mm thickness were conditioned as per guidelines and test using the falling head
permeability cell apparatus as described in Alexander et al. 2005. The negative logarithm of the
Darcy’s permeability coefficient is represented as Oxygen permeability index.

Figure 9.5, shows the results obtained for testing concrete made for two different grades with 3 types
of cement, OPC, PPC and LC3. The results show that all concretes considered in the study had low
permeability as per the classification (i.e., excellent permeability resistance category) suggested by
Alexander et al. 1999. The results suggest that both FA30 and LC3 attain higher resistance than OPC.
Notably, M50 concretes attain higher resistance than M30 grade of concrete within a particular binder
system due to better concrete mix design. At equivalent strength, FA30 mixes attain higher resistance
than LC3. However, w/c was lowered in the FA30 mixes to produce equivalent strength concrete, as
against OPC and LC3. The C-mix with equivalent binder and water-cement ratio shows higher OPIl in
FA30 and LC? than concrete made with OPC.
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Figure 9.5: OPI values for different grades of concrete at 28 and 90days (Dhandapani and

Santhanam 2018).
9.1.4 Resistivity
Electrical resistivity of concrete is known as its ability to resist the transfer of charges when an electric
field is imposed. Electrical resistivities of concrete specimens are attributed to their microstructure
properties like pore size, pore shape of interconnections, pore solution characteristics, etc. Therefore,
resistivity values are an indication of the interconnectivity of pores and thus an indication to resistance
of ionic ingress as well.

Figure 9.6 depicts the surface resistivity value for all the concrete mixes studied at 28 days, 56 days,
and 90 days. Among all the systems studied, LC® concrete systems are observed to attain highest
resistivity, irrespective of the range of concrete mixes. As discussed in previous section, due to
presence of calcined clay in the system early age refinement of pore structure happens and thus
leading to an increase resistivity of LC® systems. Due to improved kinetics of microstructure
development in LC? systems, by end of 28 days it have a denser microstructure. For fly-ash mixes an
increase in resistivity has been observed after 28 days due to additional pozzolanic reaction and
extended curing. OPC shows minimal resistivity as clinker phases undergo maximum reaction at early
ages (within 7 days) and there is a slowdown in their contribution over time. Similar observation has
been made by others in their work as well such as Nguyen et al. 2018, Martiena et al. 2018, and Canbek
et al. 2022. Muni et al. 2020 has also documented such results and have shown have the at different
water to cement ratio and cement content resistivity development occurs over the age, LC? is
observed to have high resistivity from early age itself.
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Figure 9.6 Surface resistivity of different concretes at 28, 56, and 90 days. (Dhandapani et al. 2018)

The ACI classification (ACI-222R-01 2010) on corrosion rate (High, Moderate, and Low) based on
surface resistivity values is indicated in Figure 1-6 to show the relative quality of different concretes.
The results clearly show that concretes made with LC3 binder can have excellent resistance to ions
transport in concrete.

9.2 Durability under different environmental exposures

9.2.1 Carbonation

Concrete made with SCMs have been observed to be more vulnerable to carbonation in comparison
with concrete made from ordinary Portland cement. Extent of carbonation can be seen as depth up
to which the pH has fallen due to reaction between dissolved carbon dioxide and alkalis present in the
system. Colorimetry is most commonly used for the measurement of carbonation depth, using
suitable indicator. Carbonation is a complex physio-chemical process which results in physical and
chemical pore characteristics of the system depending on the system as OPC, binary or ternary blends.
The carbonation rate depends on several factors, including the reserve alkalinity, distribution of
hydration products, permeability (porosity & pore size distribution), relative humidity, temperature,
among others.

Carbonation is an extremely slow natural process which takes decades for the concrete cover to
carbonate. Under lab conditions, accelerated carbonation test have been developed and continuously
used for characterizing carbonation resistance of concrete where the concentration of carbon dioxide
is almost 25 to 2500 times (1% to 100%) higher as compared to natural concentration. Castellote et
al. 2008 and Leemann and Moro 2017 reported that accelerated carbonation at 3% and 4% of
concentration of CO, does not cause drastic alterations in microstructure as compared to naturally
carbonating systems. Carbonation coefficient or carbonation rate is slope of the plot between
carbonation depth versus square root of time, which is a measure of comparison of carbonation
performance between different cement systems. Discussion about effect of carbonation on LC?
microstructure and carbonation rate in LC3 is given in subsequent sections.

Effect of carbonation on LC3 microstructure

To understand the changes happening in microstructure on carbonation techniques like X-ray
diffraction (XRD), mercury intrusion porosimetry (MIP), thermos-gravimetric analysis (TGA), scanning
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electron microscope (SEM), etc. are employed. From the XRD scans of the uncarbonated hydrated
cement paste it has been observed that major crystalline phases in OPC and PPC samples are
portlandite and ettringite, however in LC3 samples, ettringite, monocarboaluminate (M.) and
hemicarboaluminate (H.) were the major crystalline hydrate phases. From XRD scal f the
carbonated samples, it can be inferred that all the hydrate phases carbonate simultan ly i.e
monocarboaluminate, ettringite, portlandite, etc. and the total amount of crystalline hydration
products up on carbonation is reduced to low/insignificant quantities (Figure 9.7). Even a reduction in
total amorphous content in carbonated samples has been observed which indicates towards the
carbonation of amorphous high calcium bearing phases like C-S-H. Additionally, all the polymorphs of
calcium carbonate are observed to be forming upon carbonation. Although, in the figure below they
are collectively shown as calcium carbonate only.
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Figure 9.7: Quantification of XRD results for non-carbonated, natural carbonated and accelerated
carbonated a) OPC, and b) LC3 samples (Shah et al. 2018)
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Carbonation of the high-calcium rich C-S-H is evident from the back-scatter electron (BSE) image from
SEM as well, a fine mix of the calcium carbonate intermixed with the de-calcified C-S-H or silica gel is
observed. Groves et al. 1991 also identified a fine mix of calcium carbonate and decalcified C-S-H in
carbonated sample using Transmission Electron Microscopy (TEM). To further understand this effect,
EDX point analysis on the uncarbonated, and carbonated inner and outer C-S-H has been performed.
The Ca/Si ratio of C-S-H decreases with increase in replacement level by SCMs i.e. OPC has the higher
Ca/Si ratio whereas LC? has the lower. In the carbonated samples, the data points collected through
EDS have a large degree of spread. EDS analysis of the points collected from the inner rim and the
outer rim of the carbonated samples show a clear difference in their elemental composition. Data
points collected on dark inner rim i.e. rim closer to cement grain have higher Si/Ca whereas points
collected from the outer rim show lower Si/Ca. Figure 9.8 shows point analysis results of all the
samples obtained by plotting atomic ratio of Si/Ca against Al/Ca, where higher Si/Ca and Al/Ca implies
decalcification of C-S-H and conversion into silica and alumina gel.

With carbonation of the hydrated phases of cement paste and formation of new products, a change
in the pore structure characteristic is inevitable. To understand the change in the pore characteristics
MIP is most commonly employed technique. MIP results give two valuable information, one total pore
volume and second being threshold pore or critical pore radius. The MIP curves of the uncarbonated
samples measured at the end of the curing regime i.e. 120 days and before exposure to carbonation
are shown in figure 9.9. Before carbonation LC? has a smaller critical pore diameter as compared to
OPC even with a clinker replacement level of 50%, however higher total pore volume. After
carbonation an overall reduction in the total porosity of OPC is noted whereas an increase in total
porosity was observed for LC3. This can be explained as up on carbonation portlandite converts to the
calcium carbonate, which is well known to have higher solid volume, no matter the type of polymorph
formed. While the carbonation of phases like ettringite, releases lots of water upon carbonation and
have a low solid volume upon carbonation. Even carbonation of C-S-H results in leaching of calcium
ions and formation of less volume occupying silica gel or decalcified C-S-H.

Figure 9.9: MIP curves for carbonated and uncarbonated a) OPC and, b) LC® (Shah et al. 2018)

Shi et al. 2016 in their study showed that with addition of the metakaolin the percentage of the ink
bottle pores (pores connected with narrow neck to the external surface) increase as compared to the
OPC. To measure the inked bottle, two MIP were performed and subtraction between gave volume of
ink bottle pores. Figure 9.10 shows the intruded pore volumes and threshold pore sizes for the studied
blends. It had been observed that carbonation resulted in an increased volume of percolated pores in
the range 10-100 nm for the metakaolin and metakaolin & limestone blended mortars. In contrast, a
small decrease in the volume of percolated pores combined with an increase in pore size of the
percolated pores is observed for the OPC and PLC mortars after carbonation.
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Figure 9.10: Impact of carbonation on the microstructure based on the first (left) and second
(right) MIP intrusion cycles for the four studied mortars. (P—-OPC, L-OPC +Limestone, M — OPC +
Metakaolin, and ML — OPC + Limestone + Metakaolin) (Shi et al. 2016).

Thermal decomposition provides another method for the quantification of the carbonation of
hydrates and calcium carbonate formation (figure 9.11). Mass loss between 30 to 300 °C is related to
decomposition of C-S-H, AFt and AFm phases. The intensity of the decomposition peak occurring in
this range decreases on carbonation indicating that the phases are carbonating. Portlandite is
characterized by weight loss in the temperature range of 400-500 °C. Peak of portlandite
decomposition is almost flat in case of the LC? indicating almost complete consumption of portlandite
partially by secondary hydration reaction and partially upon carbonation. Carbonated samples show
weight loss due to decomposition of calcium carbonate at around 700-800 °C. The continuous
decomposition from 400 -800°C indicates that the presence of amorphous or poorly crystalline
calcium carbonate that can decompose at lower temperatures (Sevelsted and. Skibsted 2015).
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Figure 9.11: DTG curves for left) OPC, and right) LC3 at different depths upon carbonation for 91
days (Shi et al. 2016).

Carbonation rate in LC?

As we keep on increasing the replacement level of clinker with calcined clay or calcined clay and
limestone system, it has been found that the carbonation rate increases as compared to ordinary
Portland cement. Not just replacement level, in fact the grade of clay as in reactivity of clay also have
an influence on the carbonation rate as it is directly related to the degree of hydration of clinker as
well as the overall system. Higher grade clays are known to hamper the belite hydration and higher
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consumption of calcium hydroxide and thus resulting in the faster carbonation with higher grade
kaolinitic clays (Krishnan 2019, Shah et al. 2018).
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Figure 9.12 Carbonation depth of concrete at 1% carbon dioxide concentration (Khan et al. 2019)
(GPC -30: OPC, LC3-30: OPC + 30% calcined clay +limestone, and LC3-45: OPC + 45% calcined clay +
limestone).

With increasing the water to cement ratio, the carbonation rate is higher for all the different cement.
At very low water to cement ratios OPC outperforms other cements by wide margin because of very
dense microstructure and wide availability of portlandite and even non hydrated clinker. From figure
9.13, it can be observed that LC? have higher carbonation depth as compared to PPC and OPC.
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Figure 9.13: Carbonation depth measured in samples placed in accelerated carbonation condition
a: Samples exposed in 3% CO; concentration, b: Samples exposed in 1% CO, concentration

Effect of relative humidity on carbonation is well known for OPC, thus its effect on LC? has also been
investigated at different relative humidity. Samples were exposed in 40%, 60%, and 80% relative
humidity at 3% carbon dioxide concentration and 27°C. Effect of temperature on progress of
carbonation was also studied at carbon dioxide concentration of 3% and relative humidity of 60% and
at 27°Cand 45°C. It has been observed that the carbonation depth measured in LC3 is higher than OPC
and PPC at all relative humidity levels. Additionally, the depth of carbonation was observed to be
higher for samples exposed to higher temperatures.
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Recently, Rathnarajan et al. 2022 in their study showed that the blended cement like LC® has change
in carbonation rate after a certain period of time, which can be credited to the more refined
microstructure of the interior concrete compared to surface and the favourable rate of changes in the
humidity conditions inside the concrete. In addition, the low penetrability of concretes with SCMs,
especially at a depth inside the concrete than at the surface, could be another reason for the reduction
in the carbonation rate at the later ages.

9.2.2 Chloride ingress

For marine exposures and cold countries where de-icing salts are used chloride ingress in the
reinforced concrete structures is a major challenge. Chlorides owning to high external concentration
diffuses through the connected pore network of concrete and reaches up to reinforcement level. Once
a critical threshold chloride concentration of these ions has reached around reinforcement,
passivating film de-stabilizes and active corrosion of rebars begin. Pore structure and chloride binding
capacity of governs the hindrance to chloride ingress in the concrete. Chloride ingress in concrete
depends on several factors, including porosity, pore size distribution, pore connectivity, pore solution
composition, physical and chemical chloride binding, temperature, and relative humidity (degree of
saturation) (Pillai et al. 2019, Ueli et al. 2009).

Chloride concentration in is sea water is about 0.55 mol/litre, which takes long time to ingress in
concrete. However, in lab conditions to check the chloride ion resistance of concrete accelerated tests
are performed such rapid chloride penetration test (ASTM C 1202), rapid chloride migration test (NT
Build 492), etc. To check the ingress profile development and chloride binding other tests which use
high concentration of chlorides are salt ponding test (AASHTO T259), bulk diffusion test (NT Build 443),
etc. Apparent diffusion coefficient of chloride in concrete is a measure used for evaluating
performance comparison between different binder systems. Discussion about chloride binding and
chloride ingress rate in LC? is given in subsequent sections.

Chloride binding in LC3

Cement hydrates have an ability to bind with the chlorides ingressing in the concrete. Chloride binding
is of two types, chemical binding and physical binding. For OPC cement, amount of the calcium
aluminate decides the amount of the chemical binding potential as they chemically found the chloride
from pore solution to form Friedel’s salt. In LC3 system due to the synergic effect, more of AFm phases
are formed i.e formation of hemi-carboaluminate and mono-carboaluminates. Apart from the
chemical binding, another way by which chlorides can be bound is by physical adsorption on the C-S-
H layer, which also plays a significant role. Although it’s the free chlorides in the system that causes
the de-passivation, however the bound chlorides can act as reservoir and may present a corrosion
risk.
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Sui et al. 2019 studied the binding capacity of the different blends which is summarised in figure 9.15.
It can be seen that considering the experimental error, limestone + calcined clay, slag, and fly-ash all
have the similar chloride binding capacity. However, looking at the percentage of AFm phases that are
formed in the different systems, it can be seen that calcined clay and limestone system have
considerably higher AFm phases compared to slag and fly-ash systems. That reflects on the amount of
Friedel’s salt formed, LC? systems form highest amount of the Friedel’s salt. It can be observed that
the trend of total Friedel’s salt formed is different from the total bound chloride profile, which
underlies the importance of the physical absorption of chloride on C-S-H. Effect of calcined clay
kaolinitic content on chloride binding has been investigated by Marghechi et al. 2018, it has been
found that maximum binding happens in the clays which have kaolinitic content of 40-80% (figure
9.16).
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Figure 9.16: Total bound chloride as a function of clay grade in LC3-50 and PPC30 pastes after
exposure to 0.1to 2 M NaCl solutions (Marghechi et al. 2018)

Maraghechi et al. 2018, characterized the porosity and pore structure of the LC® systems before and
after chloride ingress. It has been found that interaction of the binders with chloride ions did not
significantly affect the porosity (Figure 9.17). In fact, the trend in the chloride ingress test results were
in good agreement with the measured pore structure, i.e. the finer the pore connectivity, the more
resistant the cementitious system to chloride ingress.
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Chloride ingress rate

Rapid chloride penetration test (RCPT) provides an indirect estimate of the chloride resistance of the
concrete. ASTM C 1202 specifies the protocol for the testing and classification of concrete based on
charged passed through concrete. Lesser is the charge passed, more is the chloride resistance of the
concrete. From figure 1-18, it can be seen that at all grades LC? concrete offers the highest resistance
to the chloride ingress. Charge passed through LC? concrete is either very low or negligible, showing
its suitability for being used in chloride ingress prone areas.
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Figure 9.18 RCPT - total charge passed in the different concretes at 28 days (red) and 90 days (blue)

(Dhandapani et al. 2018)

RCPT is widely used for concrete quality assessment more specifically in chloride ingress environment,
rapid chloride migration test (NT Build 492) offers a quantitative measure for the chloride resistance
in terms of migration coefficient i.e chloride ingress rate under externally applied potential. RCMT
results are affirmative of the RCPT tests, (Figure 9.19). It can be seen that concrete made with LC? have
chloride migration coefficient values an order lower as compared to concrete made with OPC.
Additionally, it can be observed that LC? offers better resistance from early age itself, this is attributed
to early age pore refinement observed in LC3. Furthermore, addition of calcined clay along with
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limestone improves the chloride binding as well in the system due to secondary hydration products,

as discussed above.
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(blue) (Dhandapani et al. 2018)

Pillai et al. 2019 performed bulk diffusion test on 7 different concrete mixes and obtained chloride
profile. Figure 9.20, highest chloride ingress rate can be clearly seen in the OPC mixes for both grades
of concrete followed by PFA and LC3. LC® and PFA show lower ingress rate due to their improved
microstructure and high ionic resistance offered by binder phases. Lower surface concentration in LC?
and PPC is owning to their lower porosity and smaller pore sizes near the exposed surface, inspite of
same exposure. Additionally, chloride threshold values for OPC, PPC and LC? has also been evaluated
and a reversal in trend has been observed, OPC having highest chloride threshold and LC? having the
lowest (Figure 9.21). Which can be due to high alkalinity and buffering capacity of portlandite at the
interface of concrete and steel in OPC system. Whereas for the blended systems, consumption of
portlandite takes places during the secondary hydration reactions. Thus, it can be concluded that LC?
system does offer higher chloride resistance but lower chloride threshold values.
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Maraghechi et al. 2018 further compared the effect of the grade of calcined clay being used in LC3-50
preparing on apparent chloride diffusion coefficient. Apparent diffusion coefficient was calculated
based on the Fick’s 2" law of diffusion after getting the chloride profile from ponding tests. The
apparent diffusion coefficient decreased as the kaolinite content of the calcined clay increased and
was about two orders of magnitude lower for LC3-50 (95.0%) compared to PC system (Figure 9.22).
For preferred kaolinitic content of 40-60% in LC® production, apparent diffusion coefficient is about 1-
1.5 orders lower than ordinary Portland cement systems.
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Figure 9.22: Apparent diffusion coefficients for PC and LC3-50 mortar and paste samples,
calculated using Fick’s law of diffusion (Maraghechi et al. 2018)

9.2.3 Sulphate attack

Under sulphate attack reaction between the aluminate phases or portlandite and sulphate ions takes
place, leading to formation of either softer or expansive products which causes failure of the binder
component of matrix (concrete). Sulphate attack can be internal due to sulphate adsorption in C-S-H
at high temperature curing or due to external sulphate ingress, here we will be focusing on the
external sulphate attack. Under external sulphate attack sulphate ions ingress in concrete and react
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with AFm phases or portlandite forming ettringite, gypsum, and even thaumasite if carbonates are
present in the system at low temperatures.

Magnitude of sulphate attack is attributed to physical factors like porosity, pore size distribution,
connectivity, etc and chemical factors like alkalis, portlandite, AFm phases, etc of concrete. Physical
factors are about the resistance to sulphate ions ingress and chemical factors are more about amount
of final reaction products which cause the expansion, cracking, strength loss, jeopardizing the
engineering properties. Like other environments to study the sulphate attack, accelerated tests are
performed, ASTM C 1012 outlines the procedure for the sulphate attack study and evaluation.
Subsequent section provides the details about the microstructural changes and sulphates ingress
resistance & expansion of LC® when subjected to sulphate environment.

Microstructural changes

In the presence of externally ingressed sulphate ions, the hydration products like monosulphate,
hemi-carboaluminates, mono-carboalumintes, hydrogarnets etc. are unstable and they start reacting
with sulphate ions to form ettringite. Formation of ettringite in paste causes local expansion resulting
in micro-cracking an exposing of large surface to the aggressive solution (lrassar 2009). However,
addition of metakaolin and limestone together in the system helps in three different ways. Firstly, by
reducing the overall amount of C3A per gm of cement paste, secondly by consumption of portlandite
in secondary hydration reaction (reducing potential of ettringite and gypsum formation), and lastly by
the pore refinement that starts from early age itself (increase ingress resistance).

Suma and Santhanam 2017, performed the XRD on mortar samples of LC?, OPC and PPC after exposing
the mortar specimens to 5% sodium sulphate solution and observed that intensity of gypsum and
ettringite peaks is higher and clear than the blended cements which clearly indicate severe sulphate
attack in OPC only. Thaumasite peak is hard to identify because of its overlap with ettringite. Another,
interesting observation made during their work was that, although monocarbolaluminate peak was
present for 26 weeks saturated lime curing but had been absent by 66 weeks of LC> sample immersed
in sodium sulphate solution, indicating to the conversion of monocarboaluminate to ettringite.
Additionally, peaks of portlandite were absent in LC® from early age itself due to complete
consumption owning to high reactivity of calcined clay. That also means, that the potential of gypsum
and ettringite formation is further reduced.
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Figure 9.23: XRD patterns for the different mortars after 60 — 90 weeks of exposure in the sodium
sulphate solution (Suma and Santhanam 2017)
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When the same samples are exposed to the magnesium sulphate solution, it is seen that the
deterioration in LC? is faster as limited portlandite availability readily reacts to forms brucite and post
which magnesium directly attacks C—(A-)S—H forming the non-cementitious magnesium silicate
hydrates (M—S—H) and gypsum. Which results in the mass loss and disintegration of cementing matrix.
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Figure 9.24: XRD pattern of samples immersed in magnesium sulphate solution
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surface of the P1 (OPC), and ML (LC3) mortars (Shi et al. 2019)

Shi et al. 2019 performed SEM-EDX analysis on mortar samples exposed to 16g/l of sodium sulphate
solution for 42 days and have observed that although the metakaolin limestone mortar is rich in Al,
no expansion is observed for this mortar because of the lack of calcium. In fact, ingress of sulphate
has been observed to be much deeper in OPC as compared to the LC3 systems which is visible from
the points cloud been more concentrated towards mono and hemi carboaluminates (Figure 9.25).

Sulphate ingress resistance and expansion in LC3

Suma in her Ph.D thesis studied the sulphate attack on the LC? and compared it with the OPC and PPC
(30% - fly ash). Figure 9.26, shows the results of the expansion percentage that is happening different
specimens when they are subjected to sodium sulphate and magnesium sulphate solution for 94 and
72 weeks respectively. It can be seen that the expansion ratio is almost negligible in the case of PPC
and LC3 when subjected to the sodium sulphate solution, in comparison to OPC which have 1% of
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expansion. Synergic effect of LC? provides a positive impact on the sodium sulphate resistance of
system.
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Figure 9.26: a) expansion of specimen, b) mass loss of specimen immersed in sodium sulphate,
c) expansion of specimen, and d) mass loss of specimen immersed in magnesium sulphate

Whereas loss of dimension of LC? specimens had begun from early age itself on exposing them to
magnesium sulphate, which can be seen as continuous loss of mass from 8 weeks onwards. Shi et al.
2019 in their study on subjection of different blends to sodium sulphate at different temperature
observed that on addition of calcined kaolin and calcined montmorillonite the change in less and
change in mass is negligible. Rossetti et al. 2020 used illitic calcined clay in their work and directly
subjected specimens to sodium sulphate immersion without curing. It had been observed that the
pozzolanic reaction of illitic calcined clay in mortars consumed the CH and blocked the sulphate ingress
due to pore size refinement. Additionally, even though mono and hemi carbonate phases formed
during hydration did convert to ettringite in exposed pastes, however the mortar showed no
expansion and retained the compressive strength even at 6 months in these ternary systems. Wang
et al. 2021 in their work concluded that the LC® cement paste offers a good resistance to sodium
sulphate attack even in cyclic and high sulphate concentration environment, showing slower ingress
and slight expansion. Favier and Scrivener 2018 performed experiment at different replacement level
of clinker and found that a minimum amount of calcined clay and limestone was required (around
30%) to mitigate the expansion caused by sulphate attack.
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Figure 9.27: left) Length change in specimen exposed to sodium sulphate when calcined
montmorillonite clay is used, and right) expansion in specimen exposed to sodium sulphate when
calcined illitic clay is used.

9.2.4 Alkali silica reaction

Alkali silica reaction (ASR) is a deleterious swelling reaction that occurs in concrete between reactive
amorphous silica present in aggregates and highly alkaline pore solution, given enough moisture is
available. ASR is a serious problem where non-reactive aggregates are limited, and cost of transport
is significantly elevated. To mitigate ASR, focus is mainly on reducing the amount of ASR gel formed
by changing the chemical environment inside cement paste. These include (i) usage of the low-alkali
cement, (ii) usage of SCMs and (iii) usage of chemical admixtures such as lithium-based admixtures
(Xu et al. 1995, Kim and Olek 2016). ASTM C 1293, ASTM C 1260, ASTM C 1567 provides protocols for
determining the potential for alkali silica reactivity of SCMs, cementitious materials and aggregates as

well as limits for the expansion.

Scrivener et al. 2018 performed an accelerated mortar bar test to access the potential for alkali-silica
reactivity using LC® cement and Jobe reactive aggregates. Test was performed at two different clinker
factors 0.5 and 0.65 using 50% calcined kaolinite. The mortar bars were cured in fog condition for 28
days and were soaked in 0:32 M sodium hydroxide solutions at 38°C. It has been found that calcined
clay and limestone combination was effective in in preventing alkali silica reaction in concrete, owning
to low alkalinity and presence of high alumina in the pore solution (Figure 9.28). Favier et al. 2015
showed how ASR can be mitigated using the ternary blend of LC® because of the positive effect of the
alumina in mitigating ASR. Favier and Scrivener performed their experiment at sodium hydroxide
concentration of 0.32mol/I at 38°C and analysed results as per ASTM C 1293 limits and have found

that LC3-50 doesn’t expand much and passed the requirements.
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Nguyen et al. 2020 performed AMBT using the calcined clay and limestone at a substitution rate of
20% and 30% with the ratio of 2:1. Expansion of the mortar bars were compared with the limit of
Australian Standard 1141.60.1 at 10 days and 21 days for specimens with 30 wt% replacement and
have been found to be below the specified limits (Figure 9.29). Additionally, apart from rapid
pozzolanic reaction, calcium-rich phases in LC3 have been found to delay the ASR gel formation or to
produce high Ca/Si ASR gels that have the less expansive capability.
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Figure9.29: ASR expansion of mortar bars for AMBT (Nguyen et al. 2020)

The exact mechanisms of mitigation of ASR expansion in LC3 systems are not fully understood.
However, considering the pozzolanic reaction of calcined kaolinite in system, one can believe that LC3
would have similar effects to typical SCMs (such as fly ash and slag) on the mitigation of ASR expansion.
These include (i) reduction in alkalis in system owning to dilution effect, (ii) reduction in the alkali
concentrations in the pore solution owning to the alkali fixation by secondary hydration products
forming, (iii) having a denser microstructure which slows down the diffusion or migration of ions
taking part in ASR reaction, and (iv) limiting the silica dissolution because of aluminium presence in
the pore solution (Chappex and Scrivener 2012, Li et al. 2015, Nguyen et al. 2020).
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9.3 Corrosion in LC3

Corrosion in presence of water in liquid state happens by an electrochemical mechanism, oxidation
and reduction taking place simultaneously. Ordinarily a rebar embedded in concrete is under
protective condition due to presence of the passivating film which forms over it under alkaline
conditions of pore solution. However, this passivating film can be lost owning to carbonation of
concrete cover which brings down the pH below 9.0 (carbonation induced corrosion) or by ingress of
the chlorides up to rebar which when crosses the critical chloride concentration results in loss of
thermodynamic stability of passivating film (chloride induced corrosion). Once, passivating film has
been lost, anode and cathodes start forming on the rebar. If oxygen and sufficient moisture is present
around rebar to complete the cell, an anodic site is formed at point of heterogeneity where iron gets
oxidised. Electrons realised are transferred through metal rebar toward the cathodic zone where
reduction of oxygen and water takes place to form hydroxide ions. Hydroxide ions combine with
ferrous ions to form ferrous hydroxide, ferrous hydroxide in the presence of the oxygen converts to
ferric hydroxide, rust. Corrosion in the structure leads to the cracking, loss of bond between concrete
and steel interface, spalling, loss of stiffness, etc.

Corrosion rate in a cementitious system depends on several factors like, degree of saturation, total
pore volume, pore solution ions, temperature, resistivity of concrete, distribution of cathode and
anodes on rebar, etc. To evaluate the condition of reinforcement embedded in cementitious materials
commonly employed techniques are resistivity measurement, half-cell potential, linear polarization
resistance, etc. Subsequent sections provide the performance evaluation of LC? in both carbonation
and chloride induced corrosion.

9.3.1 Carbonation induced corrosion

Accelerated carbonation is used to induce corrosion. Carbonation of cement blended with calcined
clay and limestone result in the coarsening of the porosity. Carbonation of cement paste alters the
microstructure, oxygen and moisture availability around the rebar, making the carbonation induced
corrosion a debating subject which requires more attention for comprehension. In general
observation corrosion rate values obtained for the carbonation induced corrosion are much lower
than that obtained under chloride induced environment (Stefanoni et al. 2018). Recent studies by
Cabrera et al. 2020, have demonstrated that changing calcined clay to limestone ratio doesn’t have
much effect on the corrosion rate, although with increasing water to cement ratio, corrosion rate
value increases in high relative humidity environment (Figure 9.30).
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Figure 0-1 Corrosion rate in LC3 mortar at 95% relative humidity (Cabrera et al. 2020)

A study was performed at lIT-Madras for carbonation induced corrosion using 3 electrode method.

Open circuit potential and linear polarization resistance values have been obtained for carbonated
cementitious systems of OPC, PPC and LC3 (Figure 9.31). Open circuit potential values been observed
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to more negative for the SCMs blended systems. Polarisation resistance values were converted to
corrosion rate using the Stern-Geary equation. Corrosion rate values obtained in LC? system was
higher than those obtained in the OPC system. Possible reason for the higher corrosion rate was
thought to be because of nature of rust-products formed and pH level at steel-concrete interface.
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Figure 9.31: Electrochemical measurements in different types of binders

In another recent study, Nguyen and Castel 2020, the performance of reinforced LC® concrete
specimens was comparable to traditional OPC concrete in corrosion propagation phase, despite the
higher resistivity. Although the trends for the open circuit potential have been same in the OPC and
LC3 concrete, however a significant variation had been observed in the Tafel constant which is used to
calculate the corrosion rate from the polarization resistance. For LC? concrete value of B parameter
was observed to be 47 mV, which is higher in comparison with traditionally used value of 26 mV for
OPC concrete. Increased value of B can be due to refined pore structure of LC? concrete, resulting in
slow oxygen renewal at the cathodic site. More data is required to have conclusive comments, still
from available literature data it is advisable to have higher cover depths in structure prepared with
LC3 to have an overall sufficient design life.

9.3.2 Chloride induced corrosion

Studies related to chloride ingress have revealed slower chloride ingress and lower chloride threshold
values in LC3 cementitious systems. Propagation phase of corrosion is dependent on the oxygen and
moisture availability, ionic concentration in the system, cathode and anode distribution over rebar,
etc. In recent studies performed at [IT-Madras during S. Rengaraju thesis work, LC? blends have been
realised to be having high surface resistivity. Inverse polarization resistance obtained for the systems
showed low corrosion rates values in LC® as compared to OPC and PPC blends (Rengaraju et al. 2019).
Furthermore, it had been realised that in highly resistive systems it was difficult to check the onset of
corrosion using the linear polarization technique. Results from the alternate wetting and drying cycles
of chloride admixed samples are shown in figure 9.32, it can be seen that the inverse polarization
resistance rates values obtained were in similar range as compared to ordinary Portland cement.
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Figure 9.32: Inverse polarization resistance for the samples admixed with different chloride
percentage.

In another study by Nguyen and Castel 2020, similar observation has been made that although
polarization resistance obtained were higher in LC® concrete, consequently propagation phase
performance after the re-calibration of Tafel’s constant had been found similar or better to the
conventional OPC cement (figure 9.33).
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(Nguyen and Castel 2020)

9.4 Summary

While LC? has higher total porosity than (Ordinary Portland Cement) OPC and (fly-ash based
Portland Pozzolanic Cement) PPC, the intrinsic permeability and the RCPT values are
significantly lower than OPC and PPC. Mercury intrusion porosimetry (MIP) results have
shown that the pores in LC? are significantly finer than those in OPC and PPC.

The carbonation of low-clinker LC? is faster than concretes containing cements with higher
clinker content such as OPC and PPC. However, the carbonation rates appear to be similar to
concretes prepared using other composite cements, such as those containing slag and fly ash,
having a similar clinker content.

Chloride ingress is significantly lower in LC? compared to OPC and PPC. While this is primarily
due to the lower permeability of LC3, the higher alumina content in LC? also increases chloride
binding in the cement.

Due to the significantly lower alkali content in the cement, expansion due to alkali silica
reaction is significantly lower in LC3, with respect to OPC and PPC. In the case of sulphate
attack, it is seen that the performance of the cement is better at lower clinker contents of
cement.

The sulphate resistance of LC> mortars is seen to be better than other cements.
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Chapter 10: Economics of LC?

Limestone calcined clay cement (LC3) is a blended cement that combines clinker, calcined clay,
limestone, and gypsum. It takes advantage of the high reactivity of calcined clay and the synergistic
reaction between limestone and clay, offering equivalent mechanical performance to Ordinary
Portland Cement (OPC), with the benefit of decreasing clinker factors to 50%. LC3, while retaining the
mechanical behaviour of OPC, also significantly improves some relevant properties such as resistance
to chloride ingress and alkali silica reaction as compared to other cements. Furthermore, limestone
and calcined clays are among the few raw materials available in the quantities required to constitute
a technology suitable for coping with the projected worldwide demand for cement.

In addition to these technical advantages of LC3, this technology also allows significant CO? emission
savings. A detailed assessment of the environmental benefits of the LC3-50 formulation, as compared
to OPC, shows that this technology can offer up to 40% CO? savings beyond that of the technology
used to produce calcined clay and clinker.

However, the advantages of LC® will not allow for its world- wide propagation if its production does
not prove financially attractive. A deciding factor is which cement should be used for the financial
benchmark. Since the cement type having the closest performance to LC® is OPC, the benchmark
should be done with cement composed of 95% clinker and 5% gypsum.

10.1 Initial study on economy

The work by Joseph et al. (2016) showed that the financial feasibility of LC* depended on various
factors such as the cost of fuel, the cost of other supplementary cementitious materials, the cost of
clinker production, the distance for which the materials are to be transported, etc. An economic
feasibility study was carried out from the initial industrial scale production in West Bengal. The
production cost of LC?is compared with OPC and PPC from a cement plant and on a grinding unit. The
different factors affecting the economy of LC? is also in the scope of this study. It is observed that LC3
is far more economical than OPC and it could be more economical than PPC in many scenarios.

Data and assumptions for the study
The Compositions for various cements used for the study have assumed as follows:

e OPC: 95% clinker and 5% gypsum

e PPC: 60% clinker, 35% fly ash and 5% gypsum

e LC3 as50% clinker, 30% calcined clay, 15% low grade limestone and 5% gypsum (18% weight loss,
including moisture, is assumed for calcination of clay)

The cost of materials were provided by Cement companies in India. The electricity requirement for
production of clinker and calcination of clay are assumed to be same and the fuel requirement for
calcination of clay is assumed to be 50% of clinkering. The electricity requirement for grinding could
be lower for LC? than PPC and OPC, as calcined clay being one of the major raw material need not be
ground and a basic grinding would only be needed for the better performance by intergrading. In a
large scale production unit, a separate grinding could be made use to get better efficiency for LC?
production. The limestone is assumed to be near by the plant which would be transported by a belt
conveyor and other clinkering materials such as iron and alumina base fluxes, gypsum and coal are at
a distance of 50, 200 and 500 km. respectively.
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Cost Analysis

Comparison of cost of production in a cement plant

The cost of production of OPC, PPC and LC? is compared and shown in figure 10.1. It is assumed that
the source of fly ash and clay is 100 km away from the cement plant and they have been transported
by road. It is evident that LC® is much more economically viable than OPC. The reduction is primarily
due to the low clinker factor and the fact that calcination of clay would require much less fuel and
electricity compared to production of clinker. Even for a similar thermodynamic system, calcination of
clay will have lower heat loss as the generated temperature also is low. As per Newton’s law of cooling,
the heat loss will be proportional to temperature difference between the surface and the ambient
temperature.
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Figure 10.1: Comparison of production cost of PPC and LC3 with OPC

One of the main variables that affects the production cost of PPC is the cost of fly ash available in India
which varies from location to location depending on the availability and quality. In this analysis the
cost variable of fly ash is coupled with the distance between the source of fly ash and clay from the
cement plant. The results have been summarized in figure 10.2. The source of fly ash which is mainly
from the thermal power plant could be far away from the cement plants as cement plants would be
more concentrating on selecting a site near the limestone deposits. It is evident from this investigation
that depending on the locations of cement plant, thermal power plant and clay deposits, irrespective
of the cost of fly ashes there could be many possibilities that LC? could be made cheaper than PPC.

In this analysis, the mode of transportation is selected as road. It must be noted that there is an added
advantage of clay over fly ash for the possibility of transporting clay to the cement plant in train, which
would be a much cheaper mode of transportation compared to road. Most already existing cement
plants will be having a railway line connecting to the plant for the transportation of coal.
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Figure 10.2: Cost comparison between PPC and LC? with variable cost of fly ash and variable
distance of source of fly ash and clay from the cement plant

Effect of clinker factor on the economy between LC® and PPC

In this scenario, the effect of clinker factor of LC® is compared with different replacement values of fly
ash. For this particular analysis, the cost of fly ash is assumed to be Rs.500/T and both the source of
fly ash and clay is at equal distance. The possible clinker factor of LC? is still not fixed, though 50% is a
viable option, however as per the available literature, it would depend on lot of factors from
availability of suitable raw materials and the required grade of cement and the recommendations
from the standard committee. The percentage replacement of clinker would be an indicative of how
much savings this technology could make. From the previous research carried out in EPFL and India, it
could be said that a clinker factor as low as 40% can be achieved.

The amount of replacement of clinker by fly ash for PPC also depends on the quality of fly ash. Most
fly ashes which are available in India are of lower quality than specified in the standards for replacing
clinker and are dumped in ash ponds (Dhadse et al. 2008). There is also a lot of variability in the fly
ash properties leading to variation in the performance of concrete (Kaur et al. 2017). Quality of fly
ashes could be improved upon processing but would result in higher cost (Bouzoubai et al. 1997; Lee
et al. 2012; Paya et al. 1995; Shi and Day 2001). Figure 10.3 indicates the savings in LC3 technology
compared to PPC especially when the clinker factor of LC? could be made low.
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Economy for a grinding unit

In the case of a grinding unit, the case is different. The main cost is the cost of clinker which would be
as much as double the production cost by including transportation costs. And the most fluctuating
factor for the economy would be the cost of calcined clay (see Figure 10.4). Unlike the cement plant,
a grinding unit may not be able to acquire clay mines and mine themselves. And the calcination could
be also done in some other place and the mode of calcination could be different and the cost of
calcination could also vary on the type of calcination used. So in this study, the cost of calcined clay,
including transportation is kept varying from Rs.1000/Ton to Rs.3000/Ton.

As the main cost in the grinding unit is the cost of clinker, the cost effectiveness of LC? and PPC is much
higher. So the comparison is only done with PPC and LC3. The analysis done for the part is, a control
has been selected with the following assumptions as given below and has been called ‘C’. A parameter
each is changed viz ‘V1’, ‘V2’ and ‘V3’. It shows the trend in the variation by changing a single
parameter.

Control (C)
OPC 95% clinker, 5% gypsum
PPC 65% clinker, 30% fly ash, 5% gypsum
Lc? 50% clinker, 30% Calcined Clay, 15% Limestone, 5% gypsum
Cost Rs.800/tonne of Fly Ash
Parameters
C Control
V1 Clinker Factor of LC® = 0.35
V2 Cost of Fly Ash = Rs.1500/tonne
V3 Fly ash Replacement = 20%
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Figure 10.4: Estimation of calcination cost

Grinding units would be more localized in nature and the cost does vary a lot. But what it is evident
from this study is that the potential of LC? to have an substantial reduction in cost over PPC. The
combination of the three could even give higher economy or lower. It shows that for a grinding unit,
the potential savings would be much more than that for a cement plant.

Return on Investment
The return on additional investment required due to LC? is analysed for different % of savings. It is
assumed that the production cost of cement is Rs.1800/T. The savings are given in million S (Figure ).
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Figure 10.5: Annual savings for different capacities of cement plant

From the data obtained from FLSmidth (LC® meeting in Switzerland on 20 December 2013), the cost
for a flash calciner to produce calcined clay of capacity 1000tonnes/day is around $24 million (un-
negotiated, $12 million for equipment cost and $12 million for installation). With this data, the
different scenarios for justification of the additional investment to turn to LC® technology is
summarized in the Figure 10.6: (for a cement plant of 3300T/day capacity) and for different payback
period and different rate of return. It is to be noted that the annual return is kept fixed and is not
affected by inflation and growth.
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Figure 10.6: Justified capital investment for 3300tonne/day capacity plant for different rate of
returns and payback period (dotted line shows the investment required as per FLSmidth)

Factors not considered

Sustainability of cement plant

With low clinker contents in LC3, the sustainability of cement plant is increased as with the same
available resources the cement plant will be able to sustain more years. As the limestone used in LC3
is of lower quality, the good quality of limestone could be kept as a resource for the future. Which
also means that the new installation cost of cement plants which would be needed to relocate when
the current resources get depleted will be needed after longer time. Some cement plants invest on
fuels which are more costly which would bring down the economy of production cost just to increase
the sustainability of their limestone deposits.

Increased capacity

The increased capacity has mainly two advantages. One is that it can generate more profits with the
existing equipment and resources and it make sure the additional investment required is waved off
for an increased production for the market requirements using the current technology.

Carbon credit
LC® ensures less carbon dioxide emissions which could be benefited to the cement industry

internationally and nationally with the policies.

Selling cost

The selling cost or the cost required for the marketing is not accounted in this study. This could go
either way depending on how public take this cement. Initially the selling cost could be higher and in
the long run it could be cheaper with the proven track record.

10.2 Recent study on economy
Three different implementation scenarios were analysed:
i An existing integrated cement plant willing to replace some of its OPC production with LC3
ii. A grinding station willing to do the same using its imported clinker
iii. An investor willing to produce LC® out of a greenfield grinding station project also with
imported clinker.

Flash calciner and rotary kiln were assessed as alternatives for clay calcination. Additionally, the
location of a suitable clay close to (10km) or far from (200 km) the production site was considered.
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Location significantly impacts project profitability, because cost differential of transport is estimated
at USD 13/T of clay. All considered scenarios assume the use of coal; fuel costs, such as diesel, would
make LC3 production economically unviable unless such combustion is heavily subsidised. The cost of
OPC to be benchmarked with is estimated at USD 30/Ton cement if produced in a cement plant, and
USD 47/Ton if produced with imported clinker.

For industrial-scale installation production of calcined clay, three basic scenarios were assumed and
the clay’s material properties were clearly defined to enable design and dimension the required
equipment accordingly.

The three scenarios are as follows:

Scenario 1- Clay thermal processing solution of 960 tons per day (tpd) suitable for 1 mtpa LC3 cement
production. Utilisation, to the greatest extent possible, of infrastructure and production assets at an
existing integrated cement production plant, including fuel preparation, integrated cement grinding
and inventories.

Scenario 2— Clay thermal processing solution of 400 tpd suit- able for 0.4mtpa LC? cement production.
Utilisation, to the greatest extent possible, of infrastructure and production assets of an existing
cement grinding station, including integrated cement grinding and inventories. A thermal fuel prepa-
ration (coal based) grinding plant complete with Just In Time (JIT) dimensioned inventories is provided.

Scenario 3— A 0.4mtpa LC3 greenfield cement grinding plant which considers a complete clay thermal
processing solution, dimensioned for 400tpd, thermal fuel preparation (coal based), and a cement
grinding for intergrinding LC® cement complete with relevant JIT dimensioned inventories.
The following sub-criteria were considered for each scenario:
e Clay calcination with (1) flash calciner and (2) rotary kiln
e Clay sourcing with (1) clay available close to the production facility and (2) at a distance of 200
km

It is noted that access to low-cost thermal fuel, such as natural gas, would also make Scenario 1
suitable for implementation at a larger capacity stand-alone, or satellite, cement grinding station. The
objective of these case studies is to compare LC? production cost with OPC. The OPC has been selected
because it performs closest to LC3.

In all scenarios, OPC is considered to be made of 95% clinker and 5% gypsum. For integrated cement
plants, both clinker and OPC costs have been estimated based on average pro- duction costs in
emerging countries.

e Estimated cash production clinker: USD 23.9 /T

e Estimated cash production cost OPC: USD 30.0 /T

e Inthe absence of clinker production an average import price for clinker has been estimated.

e Estimated import cost clinker: USD 40.0 /T delivered

e Estimated cash production cost OPC with imported clinker: USD 47.0 /T

LC? is made of 50% clinker, 30% calcined clay, 15% limestone and 5% gypsum. Other assumptions
include:

e Kaolinite content in clay: minimum 40%

e Particle size: < 25mm

e Moisture content: < 12%

e Calcination temperature of clay: 800°C
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Fuel: All scenarios are based on coal as the combustible, with a delivered cost of USD 80 per ton coal
and a lowest heat value of 26 MJ /kg. If petcoke is used for clinker production in the integrated cement
plant, either an additional, easy to burn “ignition fuel” must be used, and thus guarantee safe ignition
and complete petcoke combustion in the clay calcining system, or a separate grinding of petcoke solid
fuels with easier ignition behaviour. Due to higher volatilities, including additional equipment like
storage bins should be considered, particularly if available secondary air temperatures are low
because of low system recuperation efficiency of the from the hot finished product. Other fuel types
like natural gas and diesel could be considered, but unless these are heavily subsidised their
international market price makes LC? production less financially attractive when compared to OPC.

e Limestone is assumed at USD 2.8 /T limestone (poor quality or reject limestone from existing

quarry)
e  Gypsum cost: USD 20 /T gypsum

NOTE: These scenarios are only estimations. They are based on average numbers applicable in
emerging countries. These numbers should be revised on a case per case basis. However, the overall
conclusion remains valid in most cases except two:
e If very cheap mineral components, like natural Pozzolanic material, fly ash, or slag, available
at competitive cost, or
e If clay is located more than 200 km from the plant.

Profitability compares producing LC® with OPC. This indirectly implies that the sales price of LC? is
aligned to the sales price of OPC.

SCENARIO 1

LC3 Production in an Integrated Cement Plant
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Scenario 1: LC? Production in an Integrated Cement Plant
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SCENARIO 2

LC3 Production in a Grinding Plant
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Scenario 2: LC® produced in a Grinding Station Plant

SCENARIO 3

LC3 Production in a Greenfield
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Scenario 3: Greenfield for Production of Calcined Clay and Cement
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Chapter 11: Applications of LC3

LC3 has been used in many different regions and different scales in India and aborad. Several trial
productions of LC3 ranging from a few tens of tonnes, to thousands of tonnes of LC? have been carried
out around the world. In these trails, the calcination was carried out using different technologies such
as a muffle furnace, and small and large cement kilns. In some of the productions, clinker kilns were
temporarily used for the calcination of clays. Fuels of various types such as coal, petcoke, biomass,
furnace oil and diesel have been used in these trials. Grinding of the cements has been carried out
using ball mills and vertical roller mills of various types. After the production of cement at each of
these trials, the cement has been used to build various demonstration structures. The key learning
from these trials was that LC3 can replace any cement on the site, without any prior retraining of the
construction workers. Minor modifications in the mixture design may be required to take into account
the local weather and materials.

Some of the projects where LC® has been used in India and abroad are listed below.

i In India, the first practical project of LC® was the model house in Jhansi in 2014. This house is
made up of 98% LC? and it used 26.6t of industrial waste i.e., 192kg/sqm and saved 15.5t of
CO; i.e., 114kg/sgm. This house is being continuously monitored to assess corrosion of

reinforecement and the behaviour of the concrete in hot climates.
g

Mim i ’) ' Z. 72 o ; 5 . -
LC? house in Orchha, Madhya Pradesh, India

ii.  The other prominent application of LC? in India was done at the offices of the Swiss Agency

for Development and Cooperation in the compound of the Swiss Embassy in Delhi in 2017.

The walls of this building were built using autoclave aerated concrete blocks produced using
LC3 at the JK Lakshmi AAC block plant at Jhajjhar, Haryana.
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Office of the Swiss Agency for Development and Cooperation at Swi;s Embassy, New Delhi, India

iii. LC3 has also been used to construct a 75m long road at TARA campus in Ghitorni, New Delhi.
This road was constructed in the year 2016 and to this date the performance has been
exceptional and no visible signs of degradation on this road have been seen.

RN o Ll
6N .

iv. Road built at the truck exit gate of the JK Lakshmi Cement plant, Jhajjhar, Haryana using LC?
produced in a trial at the same cement plant in 2017. The road is being regularly monitored
and despite the heavy traffic over it, there are no signs of cracking or abrasion in this road. A
picture of the pavement after 5 years of use can be seen below. The segment cast using LC? is
in the middle and the abrasion in the adjoining panels of the pavement can be compared with
the lack of abrasion in the panel made using LC3.
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A comparison of the lack of abrasion in the road panel in the middle produced using LC? with the
panel using other cement

v. A small check-dam was built using LC® produced at a cement plant in western India at the

Orchha facility of TARA in 2018. The dam is being monitored and has shown no sign of
deterioration in the last 3 years.
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Check—dafn- built at (*)rch\ha by TARA

Vi. A pavement was built using LC? in Leh, Ladakh, India jointly by IT Madras and TARA in 2018.
This pavement is exposed to extreme cold conditions. The pavement was inspected in 2022
and no signs of deterioration due to freeze-thaw were found.
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Inspection of pavement made usving LC3in L“eh,yLadakh, India

vii.  Our project partners at Indian Institute of Technology, Madras (IIT-M) constructed a sea-side
structure using LC? at a place near the coast of Chennai. The objective of constructing this
structure is to study the impact of seawater on the performance of LC3.

viii. In 2022, IIT-M project team has developed tetropods which will be placed at a breakwater

structure near Kudankulam nuclear power plant in Tamil Nadu, India. Tetropods of sizes
ranging from 2 tons to 20 tons have been developed using a mixture of 70% PPC and 30% LC?.
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Tetrapods rhéde using LC® by IIT Madras tearﬁ

In Latin America, several applications of LC? have been built. These applications are mainly in
Cuba but also present in some other countries. Amongst those applications is a LC> house,
testing sites in the sea, art sculptures and pavements.

A house made using LC? in Cuba
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Usé of LC? in industrial casting in Cuba
LC? has been used in many more applications around the world. This chapter lists only a few of these

applications of various types so as to demonstrate that LC® can be used in all types of applications
where other cements can be used.
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Annex | — Suitability of low-grade limestone for use in LC3
Report by Indian Institute of Technology Delhi

I. INTRODUCTION

With population boom and globalization, 21 centuries demand for infrastructure and
housing units is being all time high. Which has been seen as an exponential growth in the construction
industry over the last few decades, though it has started putting a strain on the global environment
as well as on the available natural resources that are continuously mined to meet the growing needs.
Last year over 4 billion metric tonnes of cement have been produced worldwide, this volume has
increased by almost 2 times in the last decade and half itself. Such enormous cement consumption
quantities mean substantial carbon dioxide emissions (currently 8% of global carbon dioxide emissions
are from cement industry) and fast depleting natural reserves of limestone, gypsum, etc. Limestone is
the most important raw material in the production of conventional cement and is the main source of
calcium in the clinker for over a century.

Currently, the cement industry is facing two major issues, one being carbon dioxide
emissions related to cement production and other being the depleting cement-grade limestone
reserves. Recently developed limestone calcined clay cement (LC3) provides an effective way to tackle
the above-mentioned issues. LC3 is a ternary blend of ordinary Portland cement (clinker + gypsum),
calcined clay, and limestone, having a common clinker factor of 0.5. The reduced carbon footprint of
LC3 is due to bringing down the clinker factor, calcination of clays at 800-900°C which is much lower
than clinker formation temperature and adding limestone by simply grinding it. LC3 has up to 30%
percent less carbon emission as compared to ordinary Portland cement (Gettu et al. 2019). It is known
that only a small part of calcium carbonate reacts chemically in the LC3 system to form carbo-
aluminates and the rest of it predominantly acts as an inert filler material (Krishnan and Bishnoi 2020).
This indicates towards the fact there is no need for cement-grade limestone to be used for LC3
production. Additionally, carbonate sources are easier to replace than clinker or clay, provided there
are no deleterious effects caused by the addition or replacement. Hence using low-grade limestone
will be more economical and eco-friendlier. The incorporation of low-grade limestone will even
increase the possibility for LC3 production in the regions where such high-quality limestone is not
available but other raw materials are available. In the present work, the effect of using different grades
of limestone (by blending low-grade and high-grade limestone in different proportion) on strength
development and hydration characteristics has been investigated. Details of the study which have
been performed to check for the suitability of using low-grade limestone in LC3 production has been
described in the subsequent sections.

Il. SCOPE
The work undertaken covers the following points:
e Limestone purity (CaO: 32.20 — 44.64%)
e |sothermal calorimetry — 24hrs
e Compressive Strength (3, 7, 28 days)

lll. Experimental Work

a. Materials

Composition of LC3 used to carry out the current study was 50% clinker, 30% calcined clay,
15% limestone, and 5% gypsum. 2 different types of limestone have been procured namely, high-
grade limestone (HG) (having high calcium carbonate percentage) and low-grade limestone (LG)
(basically reject limestone which can’t be used for clinkerization). Study performed involved
intermixing of low-grade and high-grade limestone to achieve the different calcium carbonate content
for limestone, which has been used to make LC3. Oxide content of various raw materials used in the
study is given in table 1.



Table 2 Oxide compoition from XRF for different raw materials used in the study

Oxides Calcined Clay Gypsum OPC-53 HG Limestone LG Limestone
Si0, (%) 47.73 19.65 19.18 10.40 22.09
Fe 0, (%) 1.35 2.10 6.38 1.04 5.03
ALO_ (%) 38.85 4.04 4.49 1.93 8.84
Ca0 (%) 1.81 23.75 62.34 44.64 32.20
MgO (%) 3.79 1.44 1.33 4.09 2.34
SO, (%) 0.13 28.21 2.53 0.03 0.05
Na O (%) 0.99 0.13 0.15 0.08 0.31
K.,0 (%) 0.00 0.58 0.51 0.44 0.89
Tio, (%) 0.67 0.23 0.84 0.00 0.46
LOI (%) 4.49 18.24 1.32 37.17 27.14

Additionally, calcium carbonate percentage obtained from thermogravimetric analysis for high-grade
limestone was 80.24%, and for low-grade limestone was 54.73%. Protocol for LC3 making involved
limestones grounding in laboratory ball mill using charge to ball ratio of 1:5 for 6000 revolutions.
Grounded low-grade and high-grade limestones were blended in together to have 5 different grades
of limestone, i.e 100%HG, 75%HG + 25%LG, 50%HG + 50%LG, 25%HG + 75%LG, and 100%LG.
Grounded raw materials were blended together in as above-mentioned ratios to make LC3 blends
having different calcium carbonate content. Particle size distribution curve for the raw materials is
shown in figure 1 and 10%, 50%, and 90% percentage passing fraction is given in table 2.

Table 3 Particle size at different passing fractions for raw materials used in the study

Raw Material D10 (um) Dso (nm) Doo (um)
Ordinary Portland cement (OPC) 4.01 16.7 42.4
High grade Limestone (HG) 1.92 11.2 55.9
Low grade Limestone (LG) 2.92 16.3 62.4
Calcined clay (CC) 2.46 8.03 30.9
Gypsum (G) 2.38 16.6 72.0
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Figure 2 Particle size distribution of various raw materials used in the study.



b. Experiment methods

Normal consistency and Setting time — IS 4031 has been used to determine the standard consistency
of the blends, followed by initial and final setting time determination. Water demand is affected by
the fineness of the calcined clay used.

Isothermal calorimetry - Calorimetric studies were carried out to understand the effect of limestone
grade on the heat of hydration and cumulative heat realized up on hydration at 27°C. Tests have been
performed on the paste samples made at water to binder ratio of 0.40 up to 24 hrs using Calmetrix I-
Cal 8000. Isothermal calorimetry is useful in understanding the reaction kinetics as it records the heat
release signature of the hydrating cement paste and process involved in hydration are well known to
be exothermic.

Compressive strength development - Compressive strength of the blends was measured on 70.6
mm*70.6 mm *70.6 mm mortar cubes with a fixed water/binder ratio of 0.52. Standard sand
conforming to IS 650 was used to prepare the mortar. The ratio of cement to sand was kept 1:3 by
weight. The cubes were demoulded after one day and stored under water till the time of testing.
Average of three cubes were taken as the compressive strength at that age.

IV.  Results

Normal consistency and setting time for different blends is given table 3. It can be observed that there
has been no difference in the normal consistency of the all the 5 blends. Although consistency values
for all blends have come high, which can be attributed to the higher water demand of the calcined
clay which has been used, as it has very high kaolinitic content and was fineness. Additionally, initial
setting time for all blends has been between 112-118 minutes and final setting time has been between
187-201 minutes. As, it can be seen there isn’t any effect on the setting behaviour and dormant period
of the cement blends upon addition of different grades of limestone.

Table 4 Normal consistency and setting time of different blends.

sr:No _|Blend o |consimency [Time (brmim) _[Time (hrmi)
1. 100HG 2.96 40% 1:52 3:07
2. 75HG + 25LG 2.96 40% 1:55 3:12
3. 50HG + 50LG 2.96 40% 1:58 3:21
4, 25HG + 75LG 2.96 40% 1:52 3:15
5. 100LG 2.96 40% 1:55 3:14

Calorimetric results for the 5 different blends prepared are provided in figure 2, irrespective of ratios
in which limestones were mixed, the hydration curve for LC3 blends doesn’t change much. Although
the peak corresponding to aluminate reaction is higher in 100% low-grade and 100% high-grade
limestone as compared to other ratios of mixing, the difference in heat evolution is relatively less. The
cumulative heat evolution curve shows that there isn’t much significant difference in cumulative heat
at the end of 24 hours. The highest cumulative heat is observed in 100% high-grade and 100% low-
grade limestone, while others show a marginally lower cumulative heat. The difference in the heat
arises from the reaction of the aluminates phases in the system rather than the calcite present in the
limestone.
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Compressive strength development for the different blends is shown in figure 3, which was cast at
w/c 0.52. The compressive strength results show that the highest strength is obtained in the LC3
sample cast using low-grade limestone. However, there is very little difference in the compressive
strength obtained in LC® mixes cast using different mixing proportions of limestones, as all the results
lie within the error bar of each other. The results indicate that high-quality limestone does not
significantly increase the strength and even lower-grade limestone contributes to similar strength

development.
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Figure 4 Compressive strength of the LC3 made with the different mixing proportions of the

limestones (w/b —0.52)
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(w/b—0.42)

Compressive strength development has been repeated at lower water to binder ratio of 0.42 with
admixture dosage of 0.4%, results of which are shown in figure 4. Similarly, as in previous case, here
again there had been no significant difference and the results were within the error bar of each other
at all ages. Thus, reinforcing the observation that addition of low-grade limestone does not hamper
the initial hydration kinetics and compressive strength development of LC3.

V.  Conclusion

Present study has demonstrated how even low-grade limestone is suitable for the
production of LC® by comparing the hydration rate and compressive strength development of different
limestones. From the study performed, a conclusion can be drawn that limestone having a calcium
carbonate content of as low as 60% is good enough, if it doesn’t contain any other deleterious
substance. As it has been observed that excess calcite in the system doesn’t help in the strength
development. Hence, using limestone having lower purity but enough calcite for carbo-aluminate
formation is good enough for LC? production. This provides an opportunity to use the reject limestone
present around the cement plants and lessen the burden of cement-grade limestone reserves.
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Annex Il — Mechanical properties of concrete prepared using LC3
A report by Indian Institute of Technology Delhi

1 Introduction

In the present era, the importance of the word "Global Warming" needs no exaggeration. According
to the International Energy Agency (IEA), every year approximately 33.5 billion tonnes of CO, are
emitted. Almost 72% of the emitted greenhouse gases is carbon dioxide of which 7% is produced
during the manufacturing of cement. This process is therefore harmful to the environment. It has
become a challenge for the construction industry to emphasize this matter for further research. The
current level of partial replacement of clinker with conventional supplementary cementitious
materials (SCMs) has its limitations in the Portland system as, beyond a certain proportion of
substitution, the properties of the blended cement get affected. Further, the availability of these SCMs
is also going to reduce, as the world is shifting towards the adoption of renewable energy. The use of
limestone calcined clay cement reduces carbon emission of the cement industry by 30-40%. It makes
it comparatively eco-friendly and economic to reduce the clinker-content by up to fifty percent which
is expected to reduce the carbon foot-print of cement industry.

Therefore, it becomes essential to evaluate the performance of LC3 w.r.t to the popular conventional
cements to assess the adoptability of this promising cement. This work compares the mechanical
properties of LC? with Ordinary Portland cement (OPC) and fly-ash based Pozzolana Portland Cement
(PPC) as per the Indian Standards to assess the suitability of the cement in India conditions as India
is a very large consumer of cement.

2 Objective

The primary objectives of this report are to evaluate and compare the mechanical performance of the
OPC, PPC, and LC3 cement concretes. The tests include compressive, flexural, split tensile strength
tests, modulus of elasticity, and bond properties with reinforcement. The procedure of design mix,
casting and testing was carried out as per Indian Standard (IS) code specifications.

3 Properties of materials
THE THREE TYPES OF CEMENT USED WERE AS FOLLOWS:
1) OPC- grade 43
2) PPC- Fly-ash based
3) LC3- Prepared by blending 50% of OPC 43 grade with 50% LC2 containing 63.3 % of calcined
clay,31.7% of lime, and 5% of gypsum.

Aggregates used were crushed angular quartzitic stones of 20 mm and 10 mm nominal sizes. Whereas,
the fine-aggregates used were river-sand.

3.1 Specific Gravity

3.1.1 Cement

Specific gravity was determined using Le Chatelier’s flask as per IS 2720, Part-3. Table 1 shows the
values of the specific gravity of various types of cement used in this study.

Table 5 Specific Gravity of different types of cement

Cement type Value
OPC 3.17
PPC 2.81
LC? 3.00
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3.1.2 Aggregates

Specific gravity was determined using as per 1S2386. Table2 shows the values of specific gravity of
aggregates used in this study.

Table 6 Specific Gravity of Aggregates

Aggregates type Value
Coarse (20mm) 2.81
Coarse (10mm) 2.68

Sand 2.62

3.2 Sieve Analysis

3.2.1 Coarse aggregates

Sieve analysis was performed using as per IS 2386. Table 3 shows the particle size distribution of
aggregates used in this study and is found to satisfy the gradation requirements in IS 383.

Table 7 Sieve Analysis of Coarse Aggregates

Size We.ight Cummulative % Wei_g ht Cummulative
(cm,mm) Retained ( retained passed Retained retained %
20 mm) (10 mm) passed
20cm 250 250 95 0 0 100
12.5cm 3960 4210 15.8 150 150 97
10 cm 440 4650 7 790 940 81.2
4.75 mm 320 4970 0.6 3570 4510 9.8
2.36 mm 0 4970 0.6 470 4980 0.4
PAN 30 5000 0 20 5000
Total 5000 5000 0 5000 5000

3.2.2 Fine aggregates
Fine aggregates were sieved, and particle size analysis was done as per IS 383. The sand was found
to be conforming to zone 2.

Table 8 Sieve Analysis of Fine Aggregates

Size Weight Retained
(um, mm) In gms (FA)
4.75 mm 180
2.36 mm 220
1.18 mm 240

600 um 140
300 um 960
150 um 200

PAN 60

3.2.3 Cement
Malvern Mastersizer 3000E was used for determining the particle size of cements. Isopropyl alcohol
was used as a dispersion medium. The particle size is mentioned in the table below.
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Table 9 Particle Size of Different types of cement

Dy OPC PPC Lc?
Particle Size (um) Particle Size (um) Particle Size (um)
D10 5.76 4.53 2.96
Dso 21.0 19.6 14.8
Do 62.5 58.5 51.9
LC3
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3.3 Oxide composition of cements

X-ray Fluorescence of different types of cement was done to determine the oxide composition of the

Particle Size (microns)
Figure 6: Particle Size Distribution of Different types of cement

cements.
Table 10: X-ray Fluorescence of different types of cement

Oxides Component OPC (%) PPC (%) LC3 (%)
Si0, 20.69 35.22 29.70

Fe,03 5.26 5.54 3.86
Al;0s 4.03 12.92 19.10
CaO 59.90 34.51 32.21

MgO 0.98 1.20 1.36

SO3 2.53 2.86 2.74

Na,O 0.09 0.42 0.48

K20 0.57 0.82 0.46

TiO2 0.4 1.09 1.39

LOI 4.3 4.1 7.9

4 Mixing procedure

Initially, the concrete materials were weighed as per the mix design of the three types of mixes. The
w/b ratio and c/a ratio were kept the same for all these mixes of a particular grade. The materials
were dry mixed for 5 minutes after which the mix attained homogeneity. One-third of the calculated
amount of water was first poured into the concrete mixer, and then the remaining water was mixed
with chemical admixtures to obtain a homogenous mixture.
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Figure Slump test in progress
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5 Testing of fresh concrete
After successfully mixing the concrete before casting the specimens, the workability of mixes was
tested by performing a slump-cone test as per IS 1199 as shown in figure 2.

6 Sample preparation

6.1 Casting and Curing of Specimens

The inside portion of the steel cube mould was oiled and kept on a plain solid platform. After
performing the slump test, the concrete was put into the mould in three equal layers which were
tamped using a tamping rod as per IS 516. Samples of pull-out tests were prepared as per IS 2770. The
finishing was done by using a trowel. After 24 hours when the concrete specimen attains enough
strength to be in the desired shape, it was de-moulded carefully. Lastly, the samples were put for
curing in the curing tank for the desired period.



s i

bles for pull—dut test

i, 8 Y-/ .

Figure 8 Casting of sam
7 Results and discussion
7.1 Measurement of compressive strength
This test was performed using UTM in which the specimen was kept in its proper position as shown in
figure 4. The procedure for testing was carried out as per IS: 516. Testing was conducted over 7 days
& 28 days. The strength of concrete depends upon the kind of cement and its chemical components,
duration of curing, measurements of aggregates, compaction degree, w/b ratio, voids present in
concrete, and temperature while curing.

The results of the tests are presented in table 7 and 8 and are compared in figure 5. The compressive
strength of LC® M-25 grade of concrete for 7 days was found higher than that of OPC and PPC by
around 24% and 5.5%. For 28 days, the compressive strength was higher than PPC by approx. 3.6%.
But when compared to OPC, it was lower by 3.3%. The compressive strength of M-50 grade of LC? had
shown superior compressive strengths at both 7 and 28 days when compared to OPC and PPC. At 7
days, the strength was 24.8% higher than PPC and 7.6% higher than OPC. Whereas, at 28 days, the
compressive strength of LC? concrete showed higher compressive strength than OPC and PPC by 23.1
% and 24.5%. From the above data, it was concluded that LC® performed better in uniaxial
compressive strength.
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Figure 9 Test for compressive strength in progress
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Figure 10 Comparison of Uniaxial compressive strengths of samples

Table 11 Uniaxial Compressive Strengths (MPa) of samples for M-25 concrete

Sample (M-25)
No.
1.
2.
3.
Avg.

7-days
26.66
27.55
30.66
28.29

Lcd
28-days
29.21
30.52
31.40
30.374

PPC
28-days
28.34
28.99
30.52
29.28

7-days
20.056
21.364
23.108
21.509

OPC
7-days 28-days
25.07 @ 29.78
27.03  30.00
28.12  34.45
26.74 3141

Table 12 Uniaxial Compressive Strengths (MPa) of samples for M-25 concrete

Sample (M-50) Lc? PPC OPC
No. 7-days | 28-days | 7-days | 28-days | 7-days | 28-days
1. 45.12 | 5493 | 34.45 | 45.78 | 41.20 | 45.70
2. 4534 | 6496 | 35.53 | 46.65 | 42.72 | 47.90
3. 50.79 | 65.40 | 36.18 | 47.52 | 46.65 | 48.80
Avg. 47.08 | 61.76 | 35.39 | 46.65 | 43.52 | 47.46
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7.2 Measurement of Flexural Strength

The flexural strength of the concrete was measured by using 4-point loading method on beams cast.
The procedure was carried out as per IS 516. The values of tested samples were recorded and
compared.

The flexural strength of LC> M-25, at 7 days, was found to be higher than PPC and OPC by 42.4% and
18.6%. A similar trend was observed for 28 days, where it exceeded the strength of PPC and OPC by
17.8% and 18.1%. For LC® M-50 concrete, the flexural strength was observed to be higher than PPC
and OPC. For 7 days, the strength was 27.2% higher than PPC and 12.3% than OPC. The 28-day flexural
strength of LC® was 29.9% higher than PPC concrete. When compared to OPC, it was only 4.8% higher.
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Figure 11 Flexure test in progress
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Figure 12 Comparison of flexural strengths of sample

Table 13 Flexural strength of samples (MPa) for M-25 concrete

Sample (M-25) | LC? PPC OPC
No. 7-days | 28-days | 7-days | 28-days | 7-days | 28-days
1. 5.18 6.2 2.87 4.97 4.17 5.01
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2. 5.31 6.2 3.05 5.32 4.31 5.10
3. 5.44 6.84 3.27 5.53 4.48 5.66
Avg. 5.31 6.41 3.06 5.27 4.32 5.25

Table 14 Flexural strength of samples (MPa) for M-50 concrete

Sample(M-50) Lcd PPC OPC
No. 7-days | 28-days | 7-days | 28-days | 7-days | 28-days
1. 6.23 7.10 4.49 5.31 5.275 7.32
2. 6.97 8.24 5.14 5.66 6.234 7.71
3. 7.71 8.67 5.58 5.88 6.80 7.85
Avg. 6.97 8.00 5.07 5.61 6.10 7.62

7.3 Measurement of Split Tensile Strength
This test was performed as per IS 5816. As a result, the specimen undergoes a high magnitude of stress
close to the loading zone.

The split tensile strength of LC® concrete was higher for both M-25 and M-50 grades of concrete. For
M-25, at 7 days, the strength was 38.6% and 18.0% higher than PPC and OPC. After 28 days,
LC® showed higher strength by 20.2% and 27.2% than PPC and OPC. The LC® M-50 grade concrete
surpassed the PPC and OPC by 8.18% and 0.7% for 7 days. The same implies for 28 days as it achieves
higher split tensile strength by 18.7% and 8.7% than PPC and OPC respectively at 28 days.

Figdré 13 Split-tensile test in progress
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Figure 14 Comparison of split-tensile strengths of samples

Table 15 Split-tensile of samples (MPa) for M-25 concrete

Sample (M-25) Lc? PPC OPC
No. 7-days | 28-days | 7-days | 28-days | 7-days | 28-days
1. 2.08 2.56 1.39 1.80 1.73 1.87
2. 2.36 2.63 1.45 1.94 1.80 1.87
3. 2.56 2.98 1.45 2.77 1.94 2.22
Avg. 2.33 2.72 1.431 2.17 1.917 1.98

Table 16 Split-tensile of samples(MPa) for M-50 concrete

Sample (M-50) | LC? PPC OPC

No. 7-days | 28-days | 7-days | 28-days | 7-days | 28-days
1. 2.63 3.19 2.22 2.63 2.56 3.26

2. 2.77 3.67 2.77 3.05 2.70 3.40

3. 3.05 4.23 2.77 3.33 3.12 3.47
Avg. 2.81 3.69 2.58 3.00 2.79 3.37

7.4 Measurement of Modulus of Elasticity

The test of modulus of elasticity of concrete was performed as per the IS 516 using a data logger.
Modulus of elasticity was found to increase with compressive strength, except for the OPC M-50. For
M-50: At 7 days, this modulus was found 13.5% higher for LC®than PPC and 0.6% higher than for OPC.
At 28 days, Young’s modulus was higher for LC? by 5.9% and 17.4% than that of PPC and OPC
respectively.

For M-25: The 7days value of Young’s modulus of PPC was higher than LC® by 3.7%. Whereas, when

compared to OPC, the LC? had a higher modulus of elasticity than OPC by 4.6%. The modulus of
elasticity of LC3 at 28 days had a higher value than OPC and PPC by 5.3% and 4.2% respectively.
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Figure 15 Arrangement of test for Modulus of elasticity using a data-logger

Figure 16 Elastic Modulus Vs compressive strength of the samples at 7 & 28 days

Table 17 Modulus of elasticity (MPa) of the samples for M-25

Sample (M-25) | LC? PPC OPC

No. 7-days | 28-days | 7-days | 28-days | 7-days | 28-days
1. 33514 | 37463 | 36443 | 34706 | 31037 | 36001
2. 27364 | 34360 | 31794 | 33860 | 30668 | 31413
3. 34690 | 38672 | 30987 | 37327 | 29471 | 37255
Avg. 31856 | 36832 | 33074 | 35298 | 30392 | 34890

Table 18 Modulus of elasticity (MPa) of the samples for M-50

Sample (M-50)

Lc

PPC

OPC

No.

7-days

‘ 28-days

7-days ‘ 28-days

7-days ‘ 28-days
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1. 37031 42010 31504 | 48055 36601 | 35724
2. 41972 47160 35917 | Rejected | 41975 | 38305
3. 43491 44401 38492 | 35771 43168 | 36354
Avg. 40831 44523 35304 | 41913 40581 | 36794

7.5 Measurement of Pull-out strength

The test for measuring pull-out strength with reinforcement was carried out as per IS 2770. The pull-
out strength of OPC concrete of M-25 grade was observed to be the highest at 7 and 28 days, and the
pull-out strength of LC3 M-25 with 12 mm diameter rebar was found to be lower by 19.2% and 24.8%,
respectively that of the OPC specimens. Similarly, the PPC-M-25 specimens with 12 mm rebar
portrayed a pull-out strength lower than that of OPC-M-25 specimens by 17.96% and 21.6% at 7 and
28 days respectively. On the other hand, when 25 mm diameter rebars were used, the 7-day and 28-
day pull-out strength of LC3-M-25 was lower than that of the OPC-M-25 specimens by a margin of
16.8% and 9.2%, respectively. The 7-day and 28-day pull-out strength of PPC-M-25 were lower than
that of the OPC-M-25 specimens by 25.7% and 4.0%, respectively.

In the case of M-50 grade concrete, while OPC-M-50 specimens with 12 mm dia rebars did not show
any remarkable change in the pull-out strength values, the LC3 and PPC specimens portrayed
substantial improvement in performance. The LC3-M-50 specimens with 12 mm rebars depicted the
highest pull-out strength at both 7 days as well as 28 days, the values being greater than the reference
OPC-M-50 specimens by 12.5% and 13.0%, respectively. The 7-day pull-out strength of PPC-M-50
specimens with 12 mm rebars was observed to be lesser than the corresponding OPC-M-50 specimens
by 6.4% whereas, the 28-day strength was found to exceed that of the OPC-M-50 specimens by 10.9%.
For the specimens cast with 25 mm rebars, LC3-M-50 and PPC-M-50 portrayed similar pull-out
performances while the OPC-M-50 values were marginally lower. The 7-day and 28-day pull-out
strength of LC3-M-50 specimens with 25 mm rebars were observed to be higher than that of the
control OPC-M-50 specimens by 10.7% and 16.8%.
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Figure 17 (a) Test arrangement for Pull-out strength, (b) failed specimens
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Figure 18 Comparison of Pull-out strength of the samples
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Table 19 Pull-out strength of 12mm , M-25 sample

LC3 (Strength (MPa) and slip (mm) |PPC(Strength (MPa) and slip OPC (Strength (MPa) and slip
(mm) (mm)
No. | 7 Slip 28 Slip 7 Slip 28 |slip (28] 7 Slip 28 Slip
Days | (7Days | Days | (28Days |Days| (7Days | Days | Days |Days| (7Days | Days | (28Days
mm) mm) mm) mm) mm) mm)
1 9.37 0.50[ 9.89 0.00{ 9.37 0.85( 10.93 2.00{13.53 0.80( 17.70 1.60
2 10.41 0.60( 11.97 1.50]11.97 1.00] 13.03 1.60[13.53 1.00] 15.10 1.80
3 13.01 0.30| 14.57 1.80]11.97 1.10] 14.05 1.30[13.53 1.20] 15.62 1.60
Avg.|10.93 0.45| 12.14 1.65|11.10 0.99| 12.66 1.64(13.53 1.00| 16.14 1.67
Table 20 Pull-out strength of 25mm , M-25 sample
LC3 (Strength (MPa) and slip [PPC(Strength (MPa) and slip [OPC (Strength (MPa) and slip
(mm) (mm) (mm)
No. 7 Slip 28 Slip 7 Slip 28 Slip 7 Slip 28 Slip
Days | (7Days | Days | (28Days | Days | (7Days | Days | (28 |Days | (7Days | Days | (28Days
mm) mm) mm) Days mm) mm)
mm)
1 10.66 1.20] 7.16 1.50/10.16[ 1.20| 14.66( 1.50/13.49 1.30|16.16 2.60
2 12.33 2.30[13.99 1.50/10.33( 1.50| 14.49( 1.10/14.32 2.00(12.66 4.50
3 12.66 2.20[13.32 0.55({11.33] 1.50| 14.16] 2.00{15.00 1.20|16.32 4.10
Avg. [11.88 1.9|13.65 1.18/10.60 1.4 14.43( 1.54|14.27 1.5(15.04 3.73

Table 21 Pull-out strength of 12mm, M-50 sample

LC? (Strength (MPa) and slip PPC(Strength (MPa) and slip  |OPC (Strength (MPa) and slip
(mm) (mm) (mm)
No. |7 Slip 28 Slip 7 Slip 28 Slip 7 Slip 28 Slip
Days [(7Days |Days |(28Days |Days |(7Days |Days [(28 Days|Days |(7Days |Days |[(28Days
mm) mm) mm) mm) mm) mm)
1 15.62 1.50| 17.70 1.00j10.41 0.60] 18.74 1.40{12.50 1.10] 12.49 1.00
2 16.40 1.30| 18.22 1.20|16.14 1.20| 17.70 1.30/15.62 1.00| 16.67 1.20
3 17.18 1.30| 18.22 1.30/16.40 1.00| 16.66 0.65(15.62 1.50| 18.74 1.00
Avg.[16.40 1.37| 18.04 1.17)13.65 0.93| 17.70 1.11{14.58 1.20( 15.96 1.06

XiX




Table 22 Pull-out strength of 25mm, M-50 sample

LC3 (Strength (MPa) and slip (mm)

No.

7 Days

Slip
(7Days
mm)

28 Days

Slip
(28Days
mm)

17.91

2.50

20.82

0.80

18.32

1.30

20.49

2.00

20.41

1.20

20.16

0.55

Avg.

18.88

1.67

20.49

1.11

PPC(Strength (MPa) and slip (mm)

No.

7 Days

Slip

mm)

(7Days

28 Days

Slip
(28
Days
mm)

17.49

1.50

23.16

1.20

17.91

1.50

21.49

1.00

20.82

1.00

23.66

1.10

Avg.

18.74

1.34

22.77

1.10

OPC (Strength (MPa) and slip (mm)

No. |7 Days |[Slip 28 Days/|Slip
(7Days (28Days
mm) mm)
16.83 |1.50 18.32 [1.50
16.83 |2.00 17.66 [1.50
3 [|17.49 |2.00 16.66 |1.00
Avg.|17.05 (1.83 17.54 |1.34
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Further information

Mix Designs Used

XXi

OPC PPC LC3
. ) . 3
Materials’ weight (ke/m®) ) ¢ Tv-50 [M-25 [M-50 [M-25 [M-50
Water Content 165 (165 |165 (165 |165 |[165
Cement Content 366.67/590 |366.67/590 (366.67|590
Fine Aggregate 638.45|523.87/623.19|501.49627.41|507.67
Coarse Aggregate (10mm)(495.74/466.41483.89/446.49|487.16/451.99
Coarse Aggregate (20mm)|743.6 |699.62(725.84/669.73|730.74/677.99
Chemical Admixture 3.67 |5.9 3.67 |5.9 3.67 |5.9
Abbreviations

OPC Ordinary Portland cement

PPC Portland Pozzolana cement

Lcd Limestone calcined clay cement

MOE Modulus of Elasticity

CTM Compression testing machine

UT™m Universal testing machine

SP Superplasticizer

PSD Particle size distribution

XRF X-ray fluorescence

CA Coarse aggregate

FA Fine aggregate




Annex |l — Effect of iron impurity in clay on performance of LC3
Report by Indian Institute of Technology Delhi

1. Introduction

The emission of greenhouse gases like carbon dioxide is a major concern for climate change and global
warming. The cement industry is the second largest source of carbon emissions and is responsible for
generating more than 3GT of carbon dioxide annually. This comes from the burning of limestone
between 750 °C to 850 °C and fuel consumption to attain a clinker temperature of 1450 °C. Therefore,
a key strategy is to find alternative materials to minimize the carbon footprints of cement industry
without compromising on its strength and durability characteristics [1,2]. This is achieved by the
reaction which takes place between the portlandite (by-product of cement hydration) and
supplementary cementitious material to form additional hydration products. Widespread availability
and low initial costs are prerequisites and clay appear to be one such potential material [3,4,5].

Previous studies have shown that kaolinite is an excellent pozzolan when calcined between 700 °C to
850 °C. In the field, kaolinite mineral is often combined with several impurities like calcite, gibbsite
and ferrite. Such clays are often being discarded as the removal of impurities increases the initial cost
of pozzolan. To avoid the treatment process and expand the range of material to be accepted as SCM,
few studies have been done that extensively investigated the effect of gibbsite and calcite on the
properties of calcined kaolinite [6,7]. Zunino et al. [6] studied the influence of calcite on kaolinite clay
and reported that the decomposition of calcite during calcination temperature reduces the specific
surface area and influences the reactivity of kaolinite clays. Nonetheless, it was found that clay with
calcite content upto 10% can be used as pozzolan material. While, Danner et al. [7] studied the impact
of calcite content (15 % and 25 %) on smectite and illite clays. They also reported an appreciable
reduction in specific surface area of clays, but observed higher compressive strength for clays that
contained greater percentage of calcite. While, another study conducted by Zunino et al. [7] showed
that gibbsite does not interfere with the metakaolin formation as it was found to be in an unreactive
phase after calcination.

Iron is one of the major elements and is often encountered with the kaolinite mineral. It can exist
either as iron hydroxide, or in the structure of clay mineral itself by substitution of cations. Iron is
usually known only for imparting color to the clay that hinders its application in paper pulp and
ceramics industries. Thus, vast resources of such clay exist and can serve as a suitable pozzolan for
blended cement. Musbau et al. [9] compared the performance of laterite with kaolinite clay and
noticed no change in the workability and strength characteristics. Extensive research has been carried
out on kaolinite clay in cement industry but there is limited data available on the interaction of iron
with the kaolinite clay during the calcination process. This study explores the influence of iron ranging
from 5 % to 20 % on the properties and pozzolanic reactivity of calcined clay. The finding will enable
us to understand more about the thermal behavior of low-grade kaolinite clay and an effort to use
new low-cost material with contains not only kaolinite but other minerals as well.

2. Material and methods

2.1 Materials

In this study, both natural and model clay compositions were used. In natural clays, seven different
clay samples were selected from clay deposits of Gujrat, India. While, for model clays, medium grade
clay was mixed with laterite in different amount. All the clay samples were investigated for the
chemical composition using X-ray fluorescence (Bruker S2 Puma) with pressed pellet method. The
mineralogical analysis was carried out on Bruker D8 Advance Eco diffractometer with configuration of
B- 6 type. The instrument was operated at 40 KW and 20V and diffraction pattern was measured
between 28 values of 5° to 65°. The thermogravimetric analysis was done using SETERAM Labsys
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Instrument with alumina crucible. The sample was heated from 30 °C to 1000 °C at heating rate of 20
K/ min in nitrogen environment. The results are presented in Table 1.

Table 1: Characteristics of natural raw clays

Chemical composition

Oxides(wt%) |A2 A3 Bl B2 B3 Cc2 c
SiO; 43.3 42.8 39.5 40.7 41.8 38.1 35.9
Al,03 23.3 15.3 21.07 24.07 25.9 25.2 24.8
Fe,03 10.2 9.44 12.64 20.64 5.80 4.87 7.20
Cao 0.51 4.02 0.16 0.61 0.36 0.25 0.23
MgO 0.62 1.22 0.57 0.57 0.39 0.34 0.41
Na,O 0.60 0.86 4.27 4.27 1.01 1.32 0.81
KO 0.34 2.13 0.28 0.28 0.29 0.25 0.32
TiO; 3.12 1.36 3.79 3.79 3.78 3.67 4.02
MnO 0.28 0.20 0.35 0.35 0.10 0.08 0.14
P,0s 0.04 0.04 0.024 0.024 0.03 0.04 0.02
SO3 0.89 6.78 0.57 0.57 2.76 6.34 8.01
cl 0.56 0.68 1.60 1.6 0.62 0.68 0.21
LOI 16.2 15.1 151 3.32 17.1 18.8 17.9
TGA Analysis

Kaolinite 55.9 25.1 48 53.8 45.9 88.2 78.9
content

From the oxide composition, one can observe that the chemical criteria adopted for kaolinite clays to
be used as SCM: Al,03 > 18 % and LOI > 7 % were fulfilled by all raw clays except A3. Moreover, criteria
mentioned in ASTMC618 for natural pozzolan N (Al,03+Si0,+Fe>03 > 70%) was also satisfied by all raw
clays except A3. Clays selected for this study, have varying iron content ranging from as low as 5 % in
B3 to as high as 20 % in B2. Kaolinite present in raw clays was quantified from the thermogravimetric
analysis by determing the weight loss due to dehydroxylation process. The temperature range was
selected from the first derivative of the weight loss curve. Kaolinite content was found to be greater
than 40 % for all raw clays except A3, that is within the recommended criteria for use in cement.

Since, the purpose of this study is to analyze the effect of iron content on low grade kaolinite. It was
decided to select A2 and B2 clays for further investigation as kaolinite content of both clays lies in the
same range, but have a considerable difference in iron content. A2 clay has kaolinite content of 55.9
% while B2 clay has kaolinite content of 53.8 %. Iron content was found to be 10.2 % and 20.64 % for
A2 and B2 clay respectively. As expected, XRD analysis also showed that Kaolinite and Quartz were
present in major mineral phases and iron bearing phases were present in minor phases.

Model clays were prepared in the laboratory by mixing kaolinite clay with quartz and laterite as
impurities. D1 clay was made with 75% kaolinite clay, 25% quartz and is considered reference clay.
While, D2 clay was prepared by mixing 75 % kaolinite, 12.5% laterite and 12.5 % quartz. Similarly, D3
clay has 75 % kaolinite and 25 % laterite. The iron content found in D1,D2 and D3 was 3%, 12.5 and 22
% respectively.
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Table 2: Chemical composition of model clays
Oxides D1 D2 D3
SiO; 58.55 48.04 37.53
Al,03 30 29.93 29.86
Fe,03 3 12.49 21.99
Ca0 0.35 0.35 0.36
MgO 1.22 1.12 1.01
Na,O 0.84 0.84 0.83
KO 0.22 0.2 0.17
TiO; 1.73 1.73 1.74
MnO 0.01 0.13 0.24
P,0s 0 0.02 0.03
SO3 0.62 0.75 0.88
Cl 0.08 0.09 0.09

2.2 Methods

Raw materials were subjected to several stages of processing before their use as a source of SCM.
Firstly, they were first dried in an oven at 105 °C to remove moisture and then crushed to reduce the
size of feed to 2mm and below. Afterwards, calcination was carried out in static method using the
laboratory muffle furnace. The calcination temperature was selected from the thermogravimetric
curves to make sure that the temperature is sufficiently high to transform all raw kaolinite into a
reactive phase. Once the target temperature is reached in muffle furnace, it was maintained for two
hours so that uniform heating is achieved in the entire sample. After calcination process, samples were
taken out from furnace and cooled at room temperature. Calcined clays were then ground to very fine
levels using laboratory ball mill.

Natural clays were calcined at two different temperatures (750 °C and 850 °C) to understand the
influence of iron impurities on the transformation process. The quality of calcination was assessed
with the thermogravimetric curves and weight loss was found to be less than 0.5 %, indicating the
efficient treatment at 750 °C and 850 °C. Moreover, peaks of high temperature stable crystalline
phases like mullite were also absent in diffractogram of calcined clays.

The calcination temperature of 750 °C was found to be sufficient as the dehydroxylation process was
complete and thus, model clays were heated at this temperature only. Two approaches were adopted
for the formation of model clay system to investigate its impact on the properties of calcined clays. In
one method, calcination of individual clay component was done separately and then mixed in different
proportions to obtain model clays as listed in table 2. While, in the second method, model clay was
mixed in raw state and then subjected to calcination treatment.

The pozzolanic activity of calcined clays were assessed using lime reactivity test method which is
standardized as per IS 1727. In this test method, reactivity is determined from the compressive
strength of mortar cubes prepared by mixing lime: SCM: standard sand in the ratio of 1:2M:9 by
weight. The water content is fixed by hit and trial approach and the amount of water shall be equal to
that required to give a flow of 65 % to 75 % in mortar table test. Mortar cubes of 50 mm size are
prepared and samples are covered with moist jute cloth for first 48 hours at 27 °C and then cured for
next eight days in an environmental controller chamber at 50 °C and 90 % RH. The samples are tested
for compressive strength at the age of 10 days.
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3. Results and Discussion

3.1 Effect of iron on physical properties of clay

The presence of iron phases affects the appearance as it imparts red color to the clay. The extent of
color change depends on the amount of iron content present in the clay. The notable difference is
observed when iron content exceeds 2 %. The color of clay becomes darker with a higher level of iron
content as depicted in figure 2. D3 clay has maximum iron content which is evident from its dark
brown color and explains the presence of goethite phases. The calcination process also brings about
change in the color of calcined clay when compared to the raw clay. This is because goethite present
in raw clay transforms into hematite (red color) and magnetite (grey color) phases upon heating. And,
during the cooling process in an oxygen rich environment, magnetite becomes unstable and
transforms into hematite phase and gives dark color to clay.
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Figure 1: Transformation of iron rich phases during calcination process
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Figure 2: Clays with different iron contents

3.2 Effect of Iron on calcined clay reactivity

The compressive strength results obtained from lime reactivity test of A2 and B2 clays calcined at two
temperatures are plotted in figure 3. All calcined clay samples achieved higher strength than the
minimum requirement of 8 MPa after 10 days. Even though, iron content of A2 clay was 10 % and B2
clay was 20 %, the reactivity of both clays was observed to be in same range. This indicates that
kaolinite content governs the reactivity and the presence of iron impurity does not affect the
performance of clays. Increasing calcination temperature from 750 °C to 850 °C does not seem to
impact the reactivity as lime reactivity values are similar for both clays. This is because the degree of
dehydroxylation was complete at 750 °C itself and increasing temperature would not further enhance
the reactivity potential.

Figure 4 represent lime reactivity values obtained for model clays. D1- C1, D2- C1 and D3- C1
represents model clays that were made after calcination of individual components. While, D1- C2, D2-
C2 and D3- C2 represent model clays that were prepared in raw state and then calcined. The
compressive strength of lime mortar cubes was found to be high enough for a material to be classified
as a pozzolan. It was noticed that method adopted for the preparation of model clays does not have
any impact on reactivity. There was roughly 15% increase in reactivity of clay when 12.5 % of iron was
present as compared to reference sample. With further in iron content to 22 %, 8% reduction in
reactivity values was observed when compared to clay with 12.5 % iron content, but nonetheless still
higher than the reference sample.
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Figure 4: Lime reactivity strength results of model clays

3.3 Effect of iron on properties of cement

For the preparation of ternary binder, limestone and calcined clay were used to replace 45 % clinker
in the ratio of 1:2 by weight. For each clay, limestone calcined clay cement was produced and
properties like specific gravity, setting time and water demand were measured. The impact of clay
composition on the compressive strength of mortar was also evaluated.

3.3.1 Impact on setting time

Table 3 presents the results of setting time of cement with different types of clay compositions and
all values are within the permissible limits. It can be observed that increasing the iron content from
10 % to 20 % in case of A2 and B2 clays respectively, does not change either the initial or final setting
time. This is primarily because the iron is present in the phase that is not soluble in cement system
and thus will not influence the reactions and would rather remain in an unreactive phase. As expected,
changing the calcination temperature of natural clay also does not have any impact on the setting
values of cement. Cement prepared with model clays using two different approaches, showed similar
values of setting time as well. From the setting time results, it can be concluded that the presence of
iron upto 22% does not influence the setting behavior of cement.
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Table 3: Setting time results of limestone calcined clay cement made with iron rich clays

Cement Initial setting time (mins) Final setting time (mins)
A2-7-LC3 106 174
B2-7-LC3 115 182
A2-8- LC3 113 175
B2-8-LC3 117 180
D1-C1- LC3 125 178
D2-C1- LC3 96 168
D3-C1-LC3 103 165
D1-C2-LC3 110 186
D2-C2-LC3 98 172
D30-C2-LC3 107 178

3.3.2 Impact on specific gravity

Incorporating low grade kaolinite with iron impurities increases the specific gravity of blended cement
as shown in Figure 4. As expected, cement with higher iron impurity shows higher gravity than the
one with lower impurity. There was 2.39 % increase in density values of cement made kaolinite clay
containing 22 % iron impurity as compared to reference cement (3% iron content).
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Figure 5: Specific gravity at different iron content
3.3.3 Influence on water demand
Tests were performed on cement prepared with different clay compositions to determine the amount
of water required to get standard consistency and study the change in water demand. The data on
normal consistency as listed in table 4, showed no significant change in water demand despite huge
variation in the amount of iron content.

Table 4: Normal consistency of LC3 prepared with impure clays

Cement Water demand
A2-7-LC3 35.5
B2-7-LC3 34.5
A2-8-LC3 35
B2-8-LC3 345
D1-C1- LC3 35
D2-C1-LC3 36
D3-C1-LC3 35.5
D1-C2-LC3 35.5
D2-C2-LC3 36
D30-C2-LC3 35
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3.3.2 Compressive strength

The measurements of compressive strength of mortar mixes at 3,7 and 28 days are presented in figure
6. Cement made with A2 clay containing 10 % iron content showed 31.48 % and 16.86 % increase in
strength values from 3 days to 7 days and from 7 days to 28 days respectively. While, cement made
with B2 clay that contains 20 % iron content, exhibited 37.35% higher strength from 3 days to 7 days
and 24.6 % from 7 days to 28 days. This could imply that cement made with higher iron content
achieves marginally greater strength values at 28 days. The impact of an increase in calcination
temperature of clays from 750 °C to 850 °C, on strength values was not noticeable like in lime reactivity
results, as a similar trend was observed for both cement.
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Figure 6: Compressive strength of mortar made with natural clays

Figure 7 shows the compressive strength results of mortar mixes prepared using model clays at 3, 7
and 28 days. Irrespective of the age of testing, lowest compressive strength was observed for D1 mix
as compared to D2 and D3 mixes. This is mostly because the substitution of iron in the lattice of
kaolinite structure imparts the higher degree of disorder. And, it is well known that disordered
kaolinite are more reactive than ordered structure [9,11]. Interestingly, D2 mix composed of clay with
12.5 % iron content, showed significantly higher strength at 7 days, as compared to D3 mix made with
clay containing 22 % iron content. However, at 28 days, difference between the strength values of D2
and D3 mixes was not significant. The approach by which the model clays were made do not influence
the strength properties as similar behavior was exhibited by both mixes.

Investigation of the compressive strength with varying iron content (figure 8) shows that the results
are dependent on the type of clay (natural or model composition). In case of natural clays, strength
results were found to be similar at 3,7 and 28 days even though iron content changed from 10 % to
20 %, highlighting that the higher amount of iron has not negative impact on the performance. While,
for model clays, there seems to be an optimum percentage beyond which strength was found to
reduce slightly at 7 days. Clay with 12.5 % iron content showed higher strength at 7 days and as
compared to clay with 22% iron content. Therefore, from this study, clays upto 12.5 % iron content
can be considered as suitable material for the use of SCM.
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Figure 8: Compressive strength at different iron content

4. Conclusions

This study explored the influence of iron contaminated kaolinite on the reactivity of limestone calcined
clay cement. From these investigations, the following conclusions can be made:

1. Iron impurities do not influence the reactivity of calcined clays as lime reactivity values were found
to be higher for all clays and qualified as pozzolan in cement-based industry.

2. No significant change was noticed in the properties of cement like water demand and setting time
while using clays, even though iron content changed from 3 % to 22 %.

3. The method adopted for the formation of model clays does not impact the reactivity and
compressive strength.

4. Increasing the calcination temperature from 750 °C to 850 °C does not affect the performance of
clay.

5. The behavior of model clay was found to be different from natural clays. There seems to be an
optimum iron content of 12.5 % from lime reactivity and compressive strength results. While, natural
clays with iron content upto 20 % were found to be suitable for use as SCM.
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Annex IV — Medium term field performance of LC? concrete
Testing of LC® house in Orchha and LC? and PPC columns placed in different
weather zones across India
Report by Indian Institute of Technology Delhi

INTRODUCTION

Vast consumption of cement leads to equivalently vast emission of carbon dioxide, which
makes cement industry a major cause of global emission. To cut down the carbon dioxide emission
and to move toward global sustainability, we need to bring down the clinker factor of the cement
using natural resources which are widely available to meet our cement demand even in coming
future. LC3 is new ternary cement blend which uses a clinker factor of 0.5 and is a combination of
ordinary Portland cement, calcined clay, and limestone, both of which are widely available
throughout world. This new cement has comparable 28-day strength with Ordinary Portland cement
and have almost 40% lesser carbonation emissions coming per tonne of final product. However, for
any new cement just strength is not sufficient enough parameter, we need durability studies also to
show the capabilities of this new product in the industry.

This report covers the durability testing of the LC? building in TARAgram Orchha, Madhya
Pradesh as well as testing of the LC3 and PPC columns that have been cast and placed all throughout
India in different weather zones. TARAgram Orchha building has been constructed in 2015-16 using
LC3 cement from the first pilot production. Also, 9 column each of PPC and LC3 has been cast in the
same year and has been placed at different location across the India covering major weather zones
of nation. This report has been divided into different section and sub-sections, starting with the
scope of the work undertaken. Further, the observation made, and experimental results obtained
for the above-mentioned building and columns are discussed.

Il. SCOPE

The work undertaken covers the following points:
e Carbonation depth
e Resistivity of the concrete
e Half-cell potential
e Corrosion rate observations
e Visual inspections
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PART A: INSPECTION OF LC3 BUILDING ORCHHA, JHANSI, M.P

Figure: 1 a) Front view, and b) back view of LC3 building TARAgram Orchha (near Jhansi), Madhya
Pradesh, India

Building construction has been done during year 2014 using the LC? from the first pilot production in
India. All the structural members have been made with the LC® cement, even the roof tiles and plaster
has been done using the LC? cement. Construction has been unmonitored and expected to have high
water to binder ratio of 0.6. Additionally, the clay used in the cement was not properly calcined and
the cement used was coarse, thus properties of concrete can be expected to be poor. The properties
of the clays used and the properties of the cements are shown in the tables below from Bishnoi et al.
2014.

S.No. Chemical Constituents Clay 1 Clay 2

1 Silica (SiO,) 43.30% 55.78%

2 Alumina (ALO,) 36.35% 17.46%

3 Ferric Oxide (Fe,O;) 2.56% 8.89%

4 Calcium Oxide (CaO) 0.46% 4.84%

5 Loss on Ignition (LOI) 13.94% 9.49%

6 Colour White Red

7 Lime reactivity 9.25MPa | 1.38 MPa

Property LC3A LC3B LC3C LC3D

Standard consistency (%) 325 33 34 34
Initial setting time (min.) 34 33 101 105
Blaine fineness (m?/kg) 534 534 520 462
Mortar cube strength (MPa) 344 40.8 24.7 27.2
(Water-cement ratio) (0.445) (0.45) (046) (0.46)

The building is currently under use by TARAgram Orchha for various office purposes such as video
recording and session recording for Bundelkhand Radio. Over the years, building has been regularly
monitored and inspected by IIT Delhi as well as TARA. During Jan, 2022 some durability tests were
performed on the building and the results of the same are compiled below.

I. pH OF THE CONCRETE — on observing that the carbonation depth has reached up to the rebar level,
a decision has been made to check the pH of the plaster, concrete at interface of plaster and column,
and around the rebar. A bit higher pH values can be expected because of mixing of uncarbonated
cement paste while powdering the samples for testing. Results obtained show that, concrete has been
carbonated and loss of passivating can be expected.
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Figure: 2 pH of sample collected from different locations

Il. RESISTIVITY OF THE CONCRETE - surface resistivity of concrete has measured after splash wetting
the surface of column for 15 minutes and ensuring saturated surface dry conditions. Readings for
surface resistivity were taken in direction parallel as well as perpendicular to main rebar. In both
direction average resistivity values coming are falling in low corrosion risk range.
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Figure: 3 Resistivity values for the column tested in direction perpendicular and parallel to main rebar.

lll. HALF-CELL POTENTIAL OF THE CONCRETE-STEEL SYSTEM - half-cell potential readings were taken
on the middle and corner main rebar. To ensure the proper connection, rebar was first cleaned with
the sandpaper. Results obtained shows the half-cell potential values are in uncertain range to make
any comment on corrosion probability.
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Figure: 4 Half-cell potential values for the column tested for corner and middle main rebar.

IV. LINEAR POLARISATION RESISTANCE VALUE - to monitor the corrosion in the structure, linear
polarization resistance experiment has been performed on the corner and middle rebar of the column
using the ACM field machine under IR compensation mode and while using guard rings for better
results. Corrosion rate observed in the middle bar was 0.7puA/cm? (8.12um/year), while corrosion rat
observed in corner rebar is 0.43puA/cm? (4.99um/year) which shows the indeed de-passivation has
occurred. However, the corrosion rate is falling under very low range i.e less than 1uA/cm? and can’t
be considered that detrimental to the structure.
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Figure: 5 Linear polarization resistance graph about the open cell-potential.
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PART B: INSPECTION OF LC? COLUMNS ACROSS INDIA
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Figure: 1 Dimensions and reinforcement distribution of LC3 column placed across India.

The properties of the materials used in this study are shown in the table below.

Chemical Clinker Gypsum Flyash Calcined Limestone
Composition Clay

SiO:2 21.07 277 67.66  54.67 11.02
A0 4.65 0.62 2218  27.69 1.55
Fe203 432 0.36 5.32 4.93 2.53
CaO 65.16  32.62 0.32 0.06 4424
MgO 2.13 1.2 0.18 0.13 1.96
SO3 0.77 38.75 0.02 0.1 0
Na20 0.38 0.06 0.43 0.12 0
K20 0.2 0.037 1.6 0.25 0
LOI 0.96 23.02 1.74 10.28 36.96

The mixes were prepared at a water to cement ratio of 0.45 and the mix designs used are shown in
the table below.
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Blend Water Clinker Fly Ash Coarse Agg. Fine Agg.
10mm 20mm | (zone-II)

PPC 162 252 108 467.1 700.6 693.7
LC’ 162 360(LCY) 470.2 705.2 698.2
9 sets of LC3 and PPC columns had been cast at lIT-Delhi and then placed across India at Delhi, Chennai,
Kolkata, Srinagar, Orchha, Jodhpur, Bangalore, Surathkal and Meghalaya. A detailed description of the
location and the weather zone is given in the table 1.

Table 23 Location and weather zones of the place where columns were placed.

sr. No State Location CIimat(i|::I I;:::)Ir;dition Clima(ilt(i;pc:enn(;ition
1 |Delhi [IT Delhi Composite Semi-Arid
2 [Tamil Nadu IIT Madras Warm Humid Tropical Wet and Dry
3 J&K Srinagar Airport Cold Mountain
4 |Rajasthan IIT Jodhpur Hot and Dry Arid
5 |Karnataka [ISc Banglore Temperate Semi-Arid
6 |Karnataka NIT Surathkal Marine Exposure * Marine exposure*
7 M.P TARAgram,Jhansi Composite Humid Subtropical
8 |Meghalaya Adhunik Cements Warm Humid Humid Subtropical
9 |West Bengal Kolkata (Maity) Warm Humid Tropical wet and dry

These columns were partially buried under the soil and left out in open where no obstruction from
any nearby trees or manmade construction was there for natural exposure. During this summer many
of these columns were tested and results have been complied for the same which are discussed in
subsequent section.

I. HALF-CELL POTENTIAL OF CONCRETE-STEEL SYSTEM - Half cell values obtained from copper-
copper sulphate solution are reported below. Readings were taken along the rebar at step size of
6cm, away from the point where connection to the rebar has been made. Potential has been
observed to be dropping as we move further away from the connection point. Reading obtained
were mostly greater than -200mV and some lying in between -200mV to -350mV.
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Figure: 7 Half -cell potential readings obtained along the rebar for different location of PPC and LC3
columns. a) PPC column face 1, b) PPC column face 2, c) LC3 column face 1, and d) LC3 column face 2.

Il. SURFACE RESISTIVITY OF CONCRETE — surface of the column has been first saturated by splashing
water on the column and leaving wet gunny bag over it, after which surface resistivity measurements
had been taken. Surface resistivity of LC3 concrete has been found to be sustainability higher than
PPC concrete at all the locations due to the significant pore refinement in LC3.
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Figure: 8 Resistivity of 4 faces of PPC and LC3
column at various locations, a) Orchha, b)
Delhi c) Kolkata, d) Surathkal, e) Bangalore,
f) Chennai and g) Jodhpur

lIl. CORROSION RATE IN REINFORCED CONCRETE — Rapicorr machine has been used for the field
investigation of corrosive state of these columns. Rapicorr works on principle of monitoring potential
change after imposing galvanostatic current through counter electrode. Depending upon the
corrosion rate values, half-cell potential and resistivity readings, comments about corrosion level can
be provided as per table 2. For most of the cases observed corrosion rate values had been in negligible

range while for few it was under low range.
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Table 24: Criteria for classification of corrosion level (Luping and Utgenant 2007).

Corrosion Corrosion |Half-cell |Resistivity |Criteria
level rate potential | [kQ-cm]
[mm/yr] | [mV(csp)]
1 |Negligible | < X1 - - Xt =1 pum/yr
X1 ~Xu > E. Z Per Xu=3~5 p.m/yr*
2 |Low X1 ~Xu <E, < Per Xg =10 um/yr
Xu ~Xu > E, Z Per E.=-200 mV(CSE)
3 |Moderate |Xy~Xg |<E. < Per Per = 100 ~ 120 kQ-cmt
> Xy > E. 2 Per
4 |High > Xu <Eq < P

* 3 for average measurement and 5 for single measurement.
T depending on the type of concrete, surface treatment, weather, etc.

Corrosion rate (um/year)

Figure: 9 Corrosion testing of PPC and LC3 columns with Rapicorr machine.
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Figure: 10 Corrosion rate values of PPC and LC3 for different cities.
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Figure: 11 Half- cell potential values obtained from Rapicorr.
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Figure: 12 Resistivity values obtained from Rapicorr.

IV. CARBONATION DEPTH OF THE CONCRETE - carbonation depth was checked by spraying
phenolphthalein on freshly chipped off concrete and then letting it be for few minutes. Interesting
observation was that at almost all the places PPC was showing higher carbonation depth as compared
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to the LC3 concrete. Additionally, carbonation depth hasn’t been observed to reach rebar level in any
of the location, which means rebar is still protected by the passivating film.
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Figure: 13 Carbonation depth at various location across India for columns.

Figure: 14 Carbonation depth measured on-site for the columns.
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Protocol for Testing
Carbonation Depth Protocol

* Main aim here is to check if the concrete around rebar is carbonated or not.
Protocol to be followed to determine Carbonation Depth (IS-516: Part 5/Sec 3):

Extract a concrete sample from over the rebar at the cornered location.

Soon after recovering the sample, spray it with the phenolphthalein solution and leave it for
some time.

After colour has stabilized (5-10min), the demarcation between the region, which turns into
magenta and the region showing no change in colour will indicate the carbonation front.
Note down the carbonation depth values of the sample in the data sheet.

Take minimum of three readings and collect about 50-80 grams of the powdered sample from
around the rebar location.

Seal the sample in zip lock as soon as possible to avoid any further carbonation.

Instruments and Reagents required:

Phenolphthalein solution

Chisel and hammer

De-ionised water

Zip locks

Measuring scale or vernier calliper
Marker

Half-Cell Potential Protocol

* Take reading on two adjacent faces keeping connection made at rebar in middle of grid.
Protocol to be followed to determine Half-cell potential (IS-516: Part 5/Sec 2):

Prepare a grid around of dimension 24x24cm with 4cm sub-divisions, around the corner rebar.
Expose the rebar at a corner location and clear it with help of sandpaper to ensure proper
connection.

Make a connection at rebar with electrical wire and connect that to the positive terminal of
voltmeter and other connection of voltmeter should be made with the half-cell.

Place the half-cell on the surface of concrete at various grid locations and observe the
voltmeter reading.
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If the readings are not stable, you can pre-wet the surface. Please, avoid having any free
surface water when taking the reading.

Take down reading on the two adjacent faces beside the rebar exposed.

Note down the temperature on the day of testing as well, see note.

NOTE: If the half-cell temperature is outside the range of 22.2 + 5.5 °C. The temperature coefficient
correction of about 0.000 91 V more negative per °C for the temperature range from 0 to 49 °C shall
be applied.

Instruments and Reagents required:

Half-cell

Electrical junction device
Copper sulphate crystals
Voltmeter

Electrical lead wires
De-ionised water

Chisel, scale, and hammer
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Surface Resistivity Protocol

* Cover all the four faces of the column, 5 reading in each direction
Protocol to be followed to determine surface resistivity:

Splash water on the concrete surface and leave it for some time and then splash some water
again, try to ensure saturation of concrete.

Meanwhile, calibrate the Resipod with the provided calibration strip.

Once, concrete appears to be saturated and the surface doesn’t show any signs of the free
water, you can start taking the measurements.

Gently press the Resipod, such that all the 4 probes are in contact with surface and note down
the reading.

Take 5 reading in both directions (perpendicular and parallel to main rebar)

Ensure a gap of minimum 4cm between consecutive readings.

If a certain resistivity value appears to be drastically low in comparison to other, mark it and
cross check if there is possibility of rebar falling directly below at the location, take another
reading in place of it.

Instruments and Reagents required:
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Corrosion rate measurement Protocol

Protocol to be followed to determine corrosion rate by RapiCorr Machine:

First calibrate the RapiCorr with the check box provided along with it and with the half-cell
provided for reference potential. (Procedure for calibration is provided in manual kept in
briefcase)

Expose the rebar at a corner location and clear it with help of sandpaper to ensure proper
connection.

Now make the connections one directly with the rebar and the RapiCorr terminal and other
to the electrode’s configuration and RapiCorr terminal.

Place a wet sponge on the concrete surface right over the rebar to ensure a proper
connectivity.

Now place the electrodes configuration right over sponge over the rebar and hold it gently.
Mention the length as 10 cm and area of the rebar.

Run for the corrosion rate measurement and note down the value reported on screen such
that half-cell potential, resistivity, and corrosion rate.

Repeat the procedure for minimum 10 times at each location and on both faces.

Instruments and reagents:

Check box and Half-cell for calibration
Electrical junction device and lead wires
Electrode configuration

Wet sponge

Chisel and hammer
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Annex V — Mix design of concrete using LC3
Report by Indian Institute of Technology Delhi

Introduction

The incorporation of different supplementary cementitious materials has been going on for a long
time to reduce the impact of carbon emissions associated with cement production. Mineral admixture
like fly ash has the potential to reduce clinker content, but high replacement levels have an adverse
effect on early age strength. Moreover, quantity is limited as the production process is controlled by
a specific industry [1,2]. In this context, it is necessary to identify new sources of material and the
potential SCMs that are available in massive quantities are clay and limestone.

Kaolinite clay is composed of octahedral aluminate and tetrahedral silicate sheets in which adjacent
layers are held together by a strong hydrogen bond. The calcination process results in the
dehydroxylation reaction between the temperature range of 650 °C to 800 °C, and makes the
disordered aluminosilicate phases. Metakaolin shows a high reaction with the calcium hydroxide when
mixed with water and functions as an effective SCM [3,4]. However, calcined clays have a high specific
surface area due to layered structure, that results in higher water demand for achieving the desired
workability. While, in presence of limestone, the reactivity of calcined clays further enhances due to
the formation of additional hydrates (carboaluminate phases). The loss in workability due to the clay
is also compensated to some extent by the incorporation of limestone in the system [1,8].

LC? is a ternary blended cement made up of clinker and two types of pozzolans i.e, calcined clay and
limestone. This binder shows similar mechanical characteristics as that of ordinary Portland cement
with a clinker factor of only 50 %. Numerous research works have been carried out that demonstrated
the excellent properties exhibited by LC? with regards to strength and durability [5-7]. However, just
a few studies have investigated the effect of variables involved in the mix design of the LC3 system
[9,10]. The present study focuses on the influence on workability and compressive strength by
changing three parameters i.e., water content, coarse aggregate to total aggregate and water to
cement ratio. The results of this study are expected to provide some insights into the influence of
these parameters on concrete performance in terms of fresh and hardened properties.

Selection of raw materials and characterization

Limestone calcined clay cement was prepared by blending 55 % clinker and gypsum, 30 % clay and 15
% limestone. The characteristics of cement were determined according to the IS 4031:2019. The
chemical composition of cementitious binder is provided in table 1.

Table 1: Chemical composition of cement
Oxides SiOz A|203 Fezog CaO MgO Nazo Kzo TiOZ MnO PZOS 503
(wt.%) | 23.67 | 13.19 | 5.49 |49.45| 1.38 | 0.23 | 0.45 | 1.10 | 0.08 0 |4.10

Locally available manufactured sand confirming to Zone Il gradation as per IS 383:2016 was used. The
specific gravity and fineness modulus was found to be 2.64 and 2.35 respectively. The water
absorption of sand was found to be 0.81 % while bulk density was 2.65 g/cm?. The third generation
polycarboxylic ether-based superplasticizer was added to improve the fresh properties of concrete
with 46.5 % solid content. Tap water that was free from deleterious impurities was used for concrete
mixing and curing. The natural coarse aggregates are collected from locally available crushing plants.
The nominal maximum size of coarse aggregates used in this study were 20 and 10 mm. The properties
of coarse aggregates are given in table 2.
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Table 2: Physical properties of coarse aggregates
Properties C.A (10 mm) C.A (20 mm)
Specific gravity 2.79 2.70
Water absorption 1.13% 0.49 %
Methodology

This study investigates the influence of three parameters i.e. water content, coarse aggregate to total
aggregate ratio and water cement ratio on the performance of limestone calcined clay cement. To
study the effect of water content, three different values of 165 kg/m?3, 180 kg/m3 and 190 kg/m3were
selected and concrete mixes were designed as Mix A, Mix B and Mix C respectively. Coarse aggregate
to total aggregate ratios of 0.68, 0.66 and 0.64 were used and mixes were named as Mix D, Mix E and
Mix F respectively. Seven concrete mixes named as Mix G, Mix H, Mix I, Mix J, Mix K, Mix L and Mix M
were prepared with water cement ratio of 0.6, 0.55, 0.5, 0.45, 0.4, 0.35 and 0.30 respectively. Trials
were done for concrete mixes to determine the volume of admixture required to achieve the slump
value of 80 mm and above. The workability of concrete mixes was assessed by determining the slump
values as prescribed in IS code. The compressive strength was obtained by loading the sample in the
universal testing machine at 14M-Pa/m. Cubes of 150 mm size were used to measure the crushing
strength confirming to IS 516 at the age of 1, 7, 28 and 56 days.

Results and Discussions

1. Effect of water content

Three mixes (Mix A, Mix B and Mix C) were prepared with the water content of 165 kg/m?, 180 kg/m?
and 190 kg/m? respectively as shown in table 3, while water- cement ratio and c/a ratio of 0.4 and
0.66 was kept fixed. The mix made with water content of 165 kg/m? appeared to be stiff and required
a higher admixture dosage to attain the target slump value as compared to mixes made with water
content of 180 kg/m* and 190 kg/m?3. The results of fresh properties of different mixes are listed in
table 4. It was found that admixture dosage increased by 41 % as water content was reduced from
180 kg/m?* to 165 kg/m3. However, decreasing the water content from 190 kg/ m* to 180 kg/m3
resulted in only a minor change in the volume of admixture dosage. Nonetheless, it was observed that
mix with water content of 190 kg/m3 showed bleeding tendency. It could be concluded that water
content influences the workability as the change in volume of admixture dosage was required to
achieve desired slump values.

Table 3: Mix proportions of the concrete mix at different water content values

Mix Design (kg/m3) Mix A Mix B Mix C
Water content 165 180 190
Cement content 412.5 450 487.5
Chemical admixture 4.95 4.05 3.90
Fine aggregate 629.93 605.91 581.88
Coarse aggregate — 10mm 511.44 491.93 472.43
Coarse aggregate —20mm 767.16 737.90 708.64

Table 4: Fresh properties of mixes with different water content

Mix A (165 kg/m?3) Mix B (180 kg/m?3) Mix C (190 kg/m3)
SP dosage (%) 1.2 0.85 0.8
Slump 140 90 110

Figure 1 displays the effect of water content on the compressive strength of LC® concrete mixes at
different ages. In general, it was observed that strength values lie in a similar range by changing water
content. At 1, 7 and 28 days, the compressive strength of mixes with the water content of 165 kg/m?3
is almost similar to mix with water content of 190 kg/m3. While, lower strength was reported for mix



with 190 kg/m? at 56 days as compared to other mixes. Nonetheless, no appreciable difference is
noticed between the strength values of concrete mixture with 165 kg/m? and180 kg/m? of water

content.
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Figure 1: Compressive strength of LC3 mixes with varying water content
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2. Effect of coarse aggregate to total aggregate
Three concrete mixes designated as Mix D, Mix E and Mix F were prepared using mix proportions given
in table 5. The effect of c/a ratio on freshly mixed concrete was assessed by measuring the slump
values as shown in figure 2. It was found that the volume of admixture dosage required for achieving
the target slump of concrete remained unaffected as the coarse aggregate to total aggregate ratio
was changed from 0.68 to 0.66. While, mix with c/a ratio of 0.64 showed a reduction in slump value
by 15 mm for the same admixture dosage as compared to the other two mixes (Table 6). Further, none
of the concrete mixes showed segregation or bleeding tendency.

Table 5: Mix proportion of the concrete mixes at different c/a ratios

. . 3 Mix D Mix E Mix F
Mix Design (ke/m ) (0.68) (0.66) (0.64)
Water content 180 180 180
Cement content 450 450 450
Chemical admixture 4.05 4.05 4.05
Fine aggregate 570.26 605.91 641.55
Coarse aggregate — 10mm 506.80 491.93 477.027
Coarse aggregate —20mm 760.30 737.90 715.54




Figure 2: Concrete slump for mixes with c/a ratio of 68, 0'.66‘and 0.64

Table 6: Slump values of concrete mix with (a) c/a= 0.68; (b) c/a= 0.66; (c) c/a= 0.64

Mix D Mix E Mix F

(0.68) (0.66) (0.64)

SP dosage (%) 0.85 0.85 0.85
Slump 90 90 75

Compressive strength values of concrete mixes with different c/a ratios at 1,7, 28 and 56 days are
represented in figure 4. At 7 days, strength values of 29.35 MPa, 30.01 MPa and 28.34 MPa were
noticed for concrete mixes with c/a of 0.68, 0.66 and 0.64 respectively, which doesn’t reflect any a
significant difference. Likewise, no appreciable difference in strength values were observed at 28 and
56 days.

Thus, it can be concluded that varying c/a ratio from 0.68 to 0.64 does not result in significant change
in workability as the same volume of admixture was used. Likewise, compressive strength results were
also found to be similar at all ages.

45
40
35
3

— 25

o

S 20

— 15
1

39.24

35.9 37.35 372.79
30.01 35, 36.77 .
29.35 28.34 I | |
28D 56D

5

o

o

5.895.65.89

BN
1D

Ul

o

Average compressive strength

7D
Age (days)

m0.68 m0.66 m0.64

Figure 3: Compressive strength of LC3 mixes with varying c/a ratio.



3. Effect of water to cement ratio

Six concrete mixes with water- cement ratios ranging from 0.6 to 0.3 were made using the designed
mix proportions given in table 7, to study their influence on workability and mechanical
characteristics. The admixture demand of different mixes with slump values is presented in table 8.
Despite having water- cement ratio of 0.6, 0.15 % admixture was added in Mix G due to the cohesive
nature and high fineness of LC3. Mix at lower water to cement ratios had greater demand for
superplasticizer to achieve high workability. It was possible to attain a slump value of 120 mm at w-c
ratio of 0.3 with an admixture dosage of 0.45 %. Further, increasing admixture dosage caused no
segregation or bleeding in any mix.

Table 7: Mix proportion of the concrete mix at different water to cement ratio

Mix Design (kg/m?3) Mix G Mix H Mix | Mix J Mix K Mix L Mix M
(0.6) (0.55) | (0.50) | (0.45) | (0.40) | (0.35) (0.30)
Water content 180 180 180 180 180 180 180
Cement content 300 327.27 360 400 450 514 600
Fine aggregate 628.55 | 620.30 | 610.4 | 598.31 583 568.06 | 537.81
Coarse aggregate — 10mm 510.8 504.1 496 486.2 473.9 461.6 437
Coarse aggregate —20mm 766.16 756.1 744 729.3 710.8 692.4 655.5

Table 8: Fresh properties of mixes at different water to cement ratio
Mix G|Mix H|{Mix I| Mix J |Mix K| Mix L|Mix M
(0.6) |(0.55)((0.5)((0.45)| (0.4) |(0.35)| (0.3)
SP dosage (%)| 0.15 | 0.20 |0.25| 0.30 | 0.35| 0.40 | 0.45
Slump 100 | 80 | 80 | 115 | 85 | 140 | 120

The compressive strength results of LC3 mixes at different water to cement ratio are shown in figure
4. The decrease in water to cement ratio obviously enhances the compressive strength of LC? that is
consistent with the research results of the literature. At 7 days, strength was found to increase by
14.89 %, 38.52 % and 40.62 % by reducing w-c ratio from 0.6 to 0.5 ,0.4 and 0.3 respectively. While
at 28 days, 22.7 %, 25.64 % and 28.52 % higher strength were achieved by decreasing w-c ratio from
0.6 to 0.3 at 0.1 intervals. This happens because the lower the water- cement ratio, faster is the
hydration reaction and more hydration products are formed that makes the microstructure compact.
Beyond 28 days, strength gain was found to be low particularly for mixes made at low w-c ratio
because almost all cement particles have contributed to hydration reactions.
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Conclusions

The effect of water content, coarse aggregate to total aggregate ratio and water to cement ratio on
the performance of LC® concrete were studied through concrete slump test and mechanical test.
Based on the experimental results, following conclusions were drawn:

1. The slump value obtained is related to the water content, so it is necessary to design the concrete
mixture with suitable water content to ensure the fluidity of LC3. The increase in water content of
concrete mix leads to a decrease in admixture requirement, but mix with water content higher than
180 kg/m3 showed segregation and bleeding tendency.

2. Coarse aggregate to total aggregate ratio seems to influence the volume of admixture needed to
achieve the desired workability marginally. This is because, at the same admixture dosage, only 15
mm reduction in slump value was observed for the mix with c/a ratio of 0.64 as compared to mix with
c/a ratio of 0.66 and 0.68.

3. The admixture requirement of LC3 mixes increased with the reduction of water to cement ratio to
achieve similar workability in all mixes. High slump values were observed at a lower water cement
ratio by increasing superplasticizer dosage and no segregation and bleeding were noticed in any of
the mixes.

4. The influence of water content on the compressive strength results of LC3 was marginal as similar
strength was shown by concrete mix with water content of 165 kg/m3 and 180 kg/m3, but slightly
lower strength by concrete mix with the water content of 190 kg/m3.

5. The compressive strength was found to be unaffected by the coarse aggregate to total aggregate
ratio as similar results were observed by all concrete mixes. While, strength improves significantly by
the reduction of water to cement ratio from 0.6 to 0.3. The increase in strength values between 28
days and 56 days was less especially at the lower water to cement ratio.
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Annex VI - Ingress of chloride in carbonated LC3 concrete
Report by Indian Institute of Technology Delhi

1. Introduction

1.1. General

Corrosion of rebars in concrete is a major issue which leads to deterioration of concrete and if it
becomes worst the structural integrity gets affected. Carbonation and presence of chloride in the
concrete has been known to cause the rebar corrosion embedded in concrete. The carbonation is
more homogenised phenomenon as it is due to ingress of CO, from the environment to the concrete,
reacting with hydration products of concrete leading to lowering the pH of concrete. Lowering of pH
can lead to loss of stability of passive layer around the rebar and resulting into initiation of corrosion.
On the other hand, in case of presence of chlorides in concrete rebar passive layer becomes unstable
and corrosion may start even at higher pH value. Since carbon dioxide is present in the air and the
process of carbonation is almost inevitable. However, rate of diffusion of moisture with detrimental
ions (Chlorides) from surface to the bulk of concrete depends on pores structure.

Owing to carbonation microstructural changes occur in concrete. Hence, to better understand how
carbonation phenomenon may affect the chloride resistance of concrete this study has been carried
out. Test that may give insight of chloride resistance of concrete such as RCPT and RCMT have been
performed in the study.

2. Materials and Methods

2.1. Materials

Types of cements used in this study are Portland Pozzolanic cement (PPC-30%FA+70%0PC), Lime
stone calcined clay (LC3- 55%0PC + 30%Calcined clay + 15%Limestone). River sand has been used as
fine aggregate and crushed stone as coarse aggregate with specific gravity 2.7. Table 1 shows the
physical properties. Specific gravity of three blends was determined according to IS 4031 part 2. To
find out the normal consistency of three blends IS 4031 part 4 has been followed. Initial setting and
final setting time has been performed in compliance with IS 4031 part 5.

Table 25: Physical properties

Sr. Cement Specific Normal Consistency Initial Setting time = Final Setting time
No Type Gravity (%) (min) (min)

1 PPC 2.9 315 190 295

2 LC? 2.9 34.5 151 229

2.2. Sample preparation

Cylinder specimen of diameter 100 mm and height 200 mm were cured for 56 days. The control
specimens were left under extended curing and rest samples were sent to the carbonation chamber.
Before sending to the carbonation chamber discs having diameter 100 mm and thickness 50 mm were
sliced out of the cylinder specimen. Epoxy was applied on curved surface of these disc samples and
were left to dry. Extra epoxy on the exposed surface was removed by grinding. The samples were then
send to the Plexiglass carbonation chamber for a period of 90 days and under 3% CO, concentration.
The humidity in the chamber was low. After 90 days the effect of carbonation on chloride ingress in
concrete was observed by performing various test that give indication of chloride ingress into the
concrete.
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3. Experimental Program

3.1. Compressive strength

Compressive strength of PPC and LC? concrete has been determined at 7 and 28 days. Mix proportion
of materials has been given in Table 2. Both Concrete mixes have been cast at same proportion and
similar w/c ratio.

Table 26: Mix Proportion of LC> and PPC

Sr. No Blend w/c Cement (kg) | Sand (kg) Aggregates (kg) Water (Itr)
1. LC? 0.4 465 592 1123.2 186
2. PPC 0.4 465 592 1123.2 186

3.2. Accelerated Carbonation
Concentration of CO; in environment is approximately 0.03% hence rate of carbonation will be very
slow. Therefore, in laboratory the concentration of CO, is increased hundred folds in order to get
faster results of carbonation. In this study CO2 concentration of 3% was used. The plexiglas
carbonation chamber has been used to keep the samples as shown in Fig. 3.1.

u :
“SARICEEEEN =
B i | La T

CARBONATION
CHAMBER

Fig. 3.1: Carbonation Chamber

3.3. Carbonation depth and pH

Carbonation depth is determined in order to know the extent of reaction of CO, with the hydration
products. Carbonation front can be determined by the spraying phenolphthalein on the broken
samples.

The pH of the pore solution of the carbonated and non-carbonated concrete has been determined
using potentiometric titration technique. Powder of concrete is obtained from the core using a drilling
machine. The powder is then collected and sieved through 150um sieve. A solution of 1:10 is prepared
using this powder and distilled water. pH of solution is measured when the electrode of pH meter is
dipped in the solution. The electrode of pH meter should be cleaned and pH meter must be calibrated
before determining the pH meter.

3.4. Rapid Chloride Permeability Test

Rapid Chloride permeability test (RCPT) is performed in lab to know the resistance to the penetration
of chloride ions in concrete. This test is carried out in compliance with ASTM C1202 or AASHTO T277.
Concrete disc samples are saturated first in water for around 182 hours. Concrete specimen of
diameter 100 mm and thickness 50 mm is taken and subjected to a voltage of 60V DC for a period of
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6 hours. On one side of 3% NaCl is filled and the other end contains 0.3 M NaOH. The total charge
passed is calculated and evaluated as per standard given in the above mentioned code.

3.5. Accelerated Chloride Migration Test (ACMT)

Unlike rapid chloride permeability test where resistance to chloride ingress is gauged in terms of total
charge (coulombs) passed under a high potential, migration test gives insight of actual movement of
chloride ions under a small applied voltage. Nord Test BUILD-492 has been followed to perform this
test in the laboratory. Disc specimen of diameter 100 mm and thickness 50 mm are used in this test.
Under external electrical field chlorides are forced to enter the specimen for a specified duration.
After completion of test, solution of silver nitrate is spread over specimen to see the depth of
chlorides. White coloured precipitates appear on the surface of specimen on the portion where there
is presence of chlorides. The depth is measured for calculation of steady state migration coefficient.

4. Results and Discussions
4.1. Compressive strength

Compressive strength was determined at 7 day and 28 days. LC3 concrete exhibits higher strength to
that of PPC at both 7 and 28 days.
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Fig. 4.1: Compressive strength

4.2. Carbonation depth and pH

Carbonation depth test results shows that after 90 days of carbonation and at 3% carbon dioxide
concentration LC® concrete exhibits higher carbonation depth than PPC. Carbonation front can be
visibly seen after spraying phenolphthalein in LC? (Fig. 4.1) and PPC (Fig. 4.2). In case of LC? carbonation
depth of 5.8 has been observed and in PPC 2.9 depth was observed, shown in Fig. 4.3. LC? exhibits
twice the carbonation depth than PPC for same duration and under similar ambient conditions.
Determination of pH of the carbonated and non-carbonated samples has been done and shown in Fig.
4.4, pH of samples under 90 days carbonation is lower than the non-carbonated samples as expected
because of the reaction of CO2 with portlandite leads to lowering of pH. It is apparent that in case of
carbonated sample pH of LC? is lower than the PPC whereas in non-carbonated samples pH of LC® and
PPC is quite similar.
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Fig. 4.1: Carbonation depth front in LC3?
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Fig. 4.3: Carbonation depth Fig. 4.4: pH in LC3 and PPC

4.3. Rapid Chloride Permeability Test

The resistance to chloride ion by concrete can be grouped according to charge passed and shown in
Table. 3. RCPT result has been presented in Fig. 4.5. It is apparent that lower charge has been passed
in case of non-carbonated LC® concrete as compared to carbonated concrete, similarly in non-
carbonated PPC concrete lower charge is observed as compared to carbonated PPC concrete. Due to
the coarsening of pore structure because of carbonation the total porosity increases which may be
the cause for higher charge pass in case of carbonated concretes whether LC® or PPC. Whereas
between PPC and LC3 carbonated concrete, LC carbonated concrete exhibits lower amount of charge
passed. This can be attributed to the refined pores in LC* and the chloride binding due to presence of
higher aluminates in LC3. Additionally, very small difference is observed in charge passed by PPC
concrete with carbonation and without carbonation. Whereas charge passed by carbonated LC? is
significantly higher than LC® with non-carbonated concrete. However, the charge passed in LC? both
carbonated and non-carbonated concrete still is lower than carbonated and non-carbonated PPC
concrete.

Table 27: RCPT Rating as per ASTM C1202

Charge passed (Coulomb) Chloride lon Penetrability
> 4000 High
2000-4000 Moderate
1000-2000 Low
100-1000 Very Low
<100 Negligible
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Fig. 4.5: Chloride penetration resistance by RCPT

4.4. Rapid Chloride Migration Test
After breaking specimens of chloride migration test depth of chloride ingressed has been noted down.
The broken specimens of carbonated LC3(Fig. 4.6), carbonated PPC (Fig. 4.7) and non-carbonated LC3
(Fig. 4.8), PPC (Fig. 4.9) show the interface up to which the chlorides have ingressed.

;

Fig. 4.8: Carbonated-PPC Fig. 4.9: Non-Carbonated-PPC

Depth of chloride penetration can be detected by the formation of white precipitates on the broken
core concrete upon spraying silver nitrate. The rest portion which exhibits brown colour is devoid of
chlorides. Chloride penetration depth has been listed in Table. 4. From the figures it can be observed
that the carbonated concretes both LC® and PPC show higher chloride ingress as compared to non-
carbonated ones (LC? and PPC).



Table 28: Chloride penetration Depth

Sr. No Specimen Chloride penetration depth (Xq)
1. Carbonated-LC3 15.8
2. Non-Carbonated-LC3 7.2
3. Carbonated-PPC 10.3
4, Non-Carbonated-PPC 5.4

The Non-steady state chloride migration coefficient has been demonstrated in Fig. 4.10. Non steady
state coefficient (Dnssm) goes well with the results obtained from RCPT test. From the results it can be
noticed that the Dyssm for non-carbonated concretes is low both in PPC and LC3. Whereas in carbonated
LC3 and PPC concrete Dnssm tend to increase. The reason can be stated that coarsening of pores due to
carbonation lead to the higher chloride migration. However, it can be observed that Dpssm for LC3
carbonated concrete is still lower than the PPC carbonated concrete. Even if the presence of
carbonation is there chloride migration in LC3 is lesser as compared to carbonated PPC.
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Fig. 4.10: Chloride Migration Coefficient

5. Conclusion
From the study carried out to understand the influence of carbonation on chloride ingress in LC
following conclusions can be drawn
e Carbonation depth was observed to be high in LC3 concrete after 90 days of carbonation than
in PPC concrete
e pH reduces significantly after carbonation in LC® concrete than in PPC concrete
e Resistance to chloride is observed to reduce in LC? as well as in PPC as a result of carbonation,
however, influence of carbonation on chloride ingress is less significant in LC3 than in PPC
concrete
e Chloride resistance of LC? concrete is higher even after carbonation as compared to PPC
concrete
e Chloride migration coefficient of LC remains lower than PPC concrete even after carbonation
indicating better resistance against chlorides in LC3
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Annex VIl — Manual use of LC? by construction workers
Report by Indian Institute of Technology Delhi

1. Introduction

Cement is the most consumed building material and plays a key role in building our infrastructure and
used for all types of construction, including housing, roads, schools, hospitals, dams etc. Concrete is a
versatile and reliable construction material with a wide range of applications. In production of
Ordinary Portland Cement, huge amount of CO; is emitted. When looking at possible pathways to
reduce the carbon footprint,Limestone Calcined Clay Cement (LC3) is a good alternative to the
Ordinary Portland cement. LC® can reduce CO, emissions related to manufacturing by 30% as
compared to ordinary Portland cement by reducing the amount ofclinker, replacing it
with limestone and calcined clays.The main components of LC? are clinker, calcined clay, limestone,

and gypsum.

Since a sizeable amount of cement is consumed in the unorganised sector, where concrete is produced
manually, without the use of mechanised equipment, it is important to understand the performance
of LC? in such conditions. To study this, concretes were prepared by construction workmen using usual
manual techniques, without the use of mechanised equipment or chemical admixtures. The water
content in the concrete was controlled by the workmen as per the required workability. The
workability and strength of the concrete was assessed.

2. Materials

In this study, two types of cement i.e. LC?> and PPC were used. LC® was made by replacing 45 % of OPC
with 30 % of clay and 15% of limestone. 10 mm and 20mm coarse aggregate and river sand were used.
Two nominal mix designs were adopted. In first case, Cement: Sand: Coarse Aggregate was 1:1.5:3
and in second case Cement: Sand: Coarse Aggregate was 1: 2: 2. The 10 mm coarse aggregates and
20 mm coarse aggregates were taken in ratio of 1:1. Water cement ratio was around 0.55. Details of
mixes are given in Table 1.

Table 29: Mix proportion

Mix Cement Cement: Sand: Coarse Water: Cement
Design Type Aggregate
1 Lc3 1:1.5:3 As required to produce a workable
PPC 1:1.5:3 mix
2 Lc3 1:2:4
PPC 1:2:4

3. Methodology

The concrete was mixed by hand in such a manner that loss of water or other materials were avoided.
The concrete batch was mixed on a water tight platform with a shovel and trowel. Immediately after
mixing, Slump was taken to test the workability of concrete. Then, the cubes of size 150mm x 150mm
x 150mm were cast for compressive strength.
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Fig.22: Cast cubes of PPC of mix design 1:1.5:3 Fig.23:Cast cubes of LC3 of mix design 1:1.5:3
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Fig.25: Dry Mix of Mix design 1:2:2

Fig.26: Slump measurement of Mix design Fig. 27: Slump measurement of Mix design 1:2:2
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Fig. 28: Cast cubes of mix design 1:2:2
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4. Results
Compressive strength results are presented in table 2.

Table 30: Compressive strength of PPC and LC? cubes

Sr. No. Mix Design Slump Compressive Strength(in MPa)
(in mm) LC3 PPC
Lc3 PPC 7-Days 28-Days 7-Days 28-Days
1 1:1.5:3 40 40 15.2 20.86 11.86 19.40
2 1:1.5:3 55 155 12.86 14.8 10.17 18.4
3 1:1.5:3 30 85 12.72 15.3 9.37 15.3
4 1:2:2 130 180 13.2 17.95 12.64 20.50
5 1:2:2 190 120 8.86 13.74 9.34 15.84
6 1:2:2 165 140 7.94 12.57 8.4 13.98

5. Comments from masons

The observations made by the masons are listed below:
e Water demand in LC? is higher as compared to PPC.
e LC3 mixes were stiffer than PPC at same water content.
e No difference was observed in dry mixing of LC® and PPC.
e No difference was observed in trowel movement during finishing.
e There was a clear colour difference between LC® and PPC.

e The 7 and 28 day strengths of the mixes were similar in most cases.
e |tis desirable to reduce the sand content in the mixes to achieve a lower water demand and

higher workability in the LC® mixes.
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Annex VIII — Use of LC? for plastering a wall
Report by Indian Institute of Technology Delhi

Introduction

Cementitious plaster is a versatile and weather-resistant cladding material for interior and exterior
use. Cement plaster can be applied to flat, curved or rough substrates of concrete, clay masonry,
concrete masonry, etc. Cement plaster has shown excellent performance in a variety of environments.
The workability of plaster allows for a variety of shapes, designs and textures. When the plaster
hardens, these features remain in a solid, permanent form.

Desirable properties of Plaster

Cementitious plaster must have desirable properties for plastic and hardened state to permit proper
application and long-term use. Freshly mixed plaster should have good adhesion and cohesion
properties and remain workable long enough to produce the desired finish. Cured plaster should be
weather resistant, durable, and meet specified appearance (colour and texture) criteria.

Fresh or plastic plaster should have the following desirable properties: Adhesion, Cohesion and
Workability. Hardened state of plaster should have weather resistance, freeze thaw resistance,
sulphate resistance, bond and tensile strength

Objective

Our main aim for this work is to understand and evaluate the initial performance of a new ternary
blend of limestone calcined clay cement when used as a rendering material in an externally faced brick
wall. The evaluation of the plaster would be based on its properties shown during its fresh or plastic
state and later on in the hardened state.

Raw Materials and methods

The mortar mix for the plaster was made with a new ternary blend LC3? that constitutes a premixed LC?
- Bhuj (Limestone to calcined clay 1:2), which is used as a mineral admixture to substitute and obtain
a 55% clinker ratio with OPC — 43 grade. Well-graded river sand (passed with a 4.5mm sieve) is used
in 1:4 (cement to sand ratio). Manual proportioning and mixing were performed with local labour. The
location of the plaster site is at a newly made brick wall (exterior side) in IIT Delhi civil engineering
department.
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F;gure 1: The picture above shos the manual ixing performed with manual labor of the plaster
mix (left). The application of mortar mixes on the surface of the brick wall (right)

Results and observation

The workability of the fresh state plaster mix was good as it showed the ease of applicability on the
surface. No segregation or bleeding was observed in the mix. The adhesion of the plaster mix was
better as the mortar mix adhered well to the substrate, lowered the rebound fall of the mix and was
quite easily sticking on the brick wall surface as clearly seen in Fig 1. The cohesion in the mix was
effective as no sign of sagging, sloughing, or delaminating was detected. The finish of the plaster
surface was smooth without any significant marks as observed in Fig 3. Overall assessment made
based on the mason review and physical observation collected is shown below in Fig 2.

_:I Workability
DN | Adhesion
I | conesion
DN | Finishing

Figure 2: Assessment made for the desirable properties for fresh or plastic plaster state.
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Figure 3: The finish state of the plaster n te brick wall Surface.

Once the plaster was cured and observations were made periodically on the behavior of plaster during
the hardened state, firstly we observed no sign of efflorescence on the plaster surface. The plaster
has withstood weathering including resistance to wind and rain penetration till date. No penetration
of external water was noticed through the plaster. The bond and tensile strength look good as no sign
any delamination or peel-off of the plaster and no visible cracks on the surface were observed as seen
in Fig 4. The freeze and thaw resistance were not part of the study as the climate in Delhi do not have
extreme low temperature.

Figure 4: The current state of hardened plaster made with LC? cement

Overall, the plaster done with the new cement limestone calcined clay cement was a successfully
study, The mason and observer at site clearly mentioned that application during fresh state showed
far better adhesion and cohesion compared with conventional cements plaster (OPC and PPC). Also,
the workability was good with a small increase in water content. The hardened state currently shows
no signs of efflorescence even after a year of withstanding weather and rain.
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Annex IX — Use of LC3 for repair of concrete
Report by Indian Institute of Technology Delhi

1. Introduction

1.1. General

Corrosion of reinforcement in concrete is a serious issue which can manifest cracks in the concrete
leading to spalling of concrete and if the corrosion happens at a significant rate integrity of structures
can be at peril. One of the major cause of reinforcement corrosion is the presence of chlorides in
concrete. Chlorides lead to loss of stability of passive layer of rebar. Chlorides induce localized
corrosion also known as pitting corrosion [1]. A very common repair strategy is to apply a patch of
new material at the affected area however, this leads to another problem called incipient anode
wherein the patched area becomes cathode making the possibility for the unrepaired area to becomes
anode. This can further aggravate the situation as new anodic sites are formed in the rebars and new
corrosion starts [2]. In such case it is recommended to remove all the concrete containing chlorides.

In this study application of repair material has been done all over the substrate concrete which is
admixed with chlorides in order to see whether a new material can bind the free chlorides causing the
rebar corrosion. This study incorporates LC3 that tend to have good chloride binding capacity [3].
Besides LC? is considered to have good resistance against transport of moisture which is a necessary
condition for corrosion process. This study highlights how the corrosion rate varies with time after
application of a layer of such a new repair material on concrete which is having chlorides. An apt repair
strategy for reinforced concrete structure deteriorating due to corrosion of reinforcement can be
suggested if the status of rebar corrosion is known. Hence, it is also imperative to know the rate at
which the corrosion is occurring in the rebar. Various techniques for assessment of corrosion rate
along with other non-destructive test that can aid to tell additional information have been
incorporated in this study. The study compares the suitability of three different materials as repair
material. Comparison of these materials on various ground have been done and efforts have been
made to identify the behaviour of these material to act as good repair work.

2. Materials
This study has been conducted on three types of blends viz. ordinary Portland cement (OPC-grade 43),
Pozzolanic Portland cement (PPC-30%FA+70%0PC), Lime stone calcined clay (LC3-55% OPC +
30%Calcined clay + 15%Limestone). The materials were prepared in the laboratory by blending the
raw material. River sand has been used as fine aggregate and crushed stone as coarse aggregate to
prepare mortars and concrete respectively. The properties of these blends have been given below.
2.1. Characterisation of material
2.1.1 Chemical Properties of the three types of cements studies has been shown in Table 1.

Table. 31: XRF of blends

Oxides (%) OPC PPC LC3
SiO; 21.39 32.49 23.16
Fe;0s 6.17 5.85 5.66
Al,O3 4.78 14.17 12.09
Cao 62.33 41.3 51.14
MgO 1.27 1.51 1.35
SO3 2.02 1.63 4
Na,O .15 42 .18
K;0O .5 .76 .46

LOI 1.76 1.95 9

2.1.2. Particle size distribution
Particle size distribution of the three blends is presented in the Table. 2 below.
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Table. 32: Particle size distribution of Blends

OPC PPC LC3
D10 (um) 4.49 um 4.73 um 3.12 um
D50 (um) 18.3 um 19.9 um 15.4 um
D90 (um) 50.5 um 62.4 um 51.7 um

2.1.3. Physical Properties

Specific gravity of three blends was determined according to IS 4031 part 2. To find out the normal
consistency of three blends IS 4031 part 4 has been followed. Initial setting and final setting time has
been performed in compliance with IS 4031 part 5. These properties have been listed in Table. 3.
Among three blends, LC? exhibited highest value of normal consistency indicating higher water
demand as compared to OPC and PPC. Initial set and final set in case of LC® is observed earlier than
OPC and PPC blends. Therefore, for applications where early setting is needed especially quick repair
works this property of LC can be a boon.

Table. 33: Physical properties of Blends

Sr. Cement Specific Normal Consistency Initial Setting time Final Setting time
No Type Gravity (%) (min) (min)
1 OPC 3.2 30.5 194 254
2 PPC 2.9 315 190 295
3 LC3 2.9 34.5 151 229

2.2. Specimen preparation

Slab samples of size (300 x 300x 56) mm were cast for corrosion rate monitoring as shown in Fig. 2.1.
A rebar of diameter 16 mm has been placed in the slab with cover of 20 mm. Two types of control
specimens were cast, one having OPC and PPC concrete (O-CS and P-CS) and second similar specimens
were cast with admixed chloride (O-Cl and P-Cl). Another type of specimens was cast with concrete as
substrate and was designed at high w/c ratio simulating low strength concrete. OPC and PPC concrete
slabs were cast with 3% admixed chloride up to half rebar depth with this low strength concrete. The
cast surface of the concrete was scraped using a wire brush to prepare a rough surface in order to
form a good bond between new material and the substrate concrete. After 24 hours the rebars were
cleaned using wire brush and sand paper. The application of three different types of mortar i.e. OPC,
PPC and LC3 was done on the remaining half slabs. The slabs were named as OPC substrate with OPC
as O-OPC and PPC substrate with PPC as P-PPC similarly the first syllable means substrate and name
after hyphen indicate type of repair mortar applied. The samples have been cured for 28 days. After
28 days the corrosion rate monitoring has been done one these slab specimens as shown in Fig. 2.2
along with half-cell potential and surface resistivity measurement.

300 mm

T 16mm
diameter

Fig. 2.1: Slab specimen dimensions Fig. 2.2: Slab specimen after casting
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3. Experimental method
3.1. Compressive strength
Compressive strength of three different mortars was determined at 3, 7, 28 and 56 days in compliance
with IS 4031 part 6. Mortar cubes of size 70+.6 mm were cast at a w/c ratio of 0.4. By fixing the one
parameter i.e. w/c ratio strength and other properties in the mortars have been studied. Mix
proportion of the mortars is given in the Table 4. Two substrate concrete have been caste i.e. OPCand
PPC concrete. Substrate concrete is simulating the low strength concrete, thus caste at higher w/c
ratio. Strength determination was done at 28 days only Mix proportioning of substrate concrete is
given in Table 5.

Table. 34: Mortar mix proportion

Sr. No Blend w/c Cement (kg) Sand (kg) Water (Itr)
1 OPC 0.4 540 1621 216
2 PPC 0.4 530 1591 212
3 LC3 0.4 530 1591 212

Table 35: Mix Proportioning of Substrate concrete
Sr. No Blend w/c Cement (kg) Sand (kg) Aggregates (kg) Water (Itr.)
1 OPC 0.58 300 748.98 1222 174.8
2 PPC 0.51 364 702.81 1146.7 186

3.2. Bond strength

In order to determine the bonding behaviour of different mortars on the substrate concrete bond test
studies have been performed. Bond strength between new repair material and substrate concrete has
been evaluated in terms of split tensile strength and slant shear test. Spilt tensile and slant shear tests
have been performed in compliance with the ASTM C496 and ASTM C882 respectively. For split tensile
test, half cylinder substrate concrete specimen of size (150x300) mm were cast.

Fig. 3.1: Preparation of sample for split tensile test
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Surface of concrete half cylinders was made rough using a chisel. After 28 days curing, half cylinders
were placed in the mould and remaining half was filled with the mortar. Before filling the mortar, the
half substrate concrete cylinder was applied with cement slurry paste. Systematic representation of
specimen preparation has been shown in Fig. 3.1. Similar procedure was followed for slant shear test
except of cylinders, beams of size 100x100x300 were cast. Half beams of substrate concrete were cast
at specified angle mentioned in the ASTM C882. Surface was made rough using chisel and cement
slurry was applied before filling repair mortar in the moulds. Fig.3.2 demonstrates the process of
sample preparation of slant shear test.

Fig.3.2: Preparation of specimens for slant shear test

3.3. Transport Properties

Availability of moisture and oxygen are two essential conditions for the corrosion to take place. In
worst cases, detrimental species of ions such as chloride can also penetrate inside concrete along with
water through different transport mechanisms such as capillary suction, diffusion, hydraulic gradient.
Primarily, diffusion is the dominant phenomenon however, diffusion rate depends upon the pore
structure. New repair material either applied as patch repair or used all over should be able to shield
the substrate structure from further deterioration by slowing down the rate of moisture movement.
This can be ensured by studying how the pore structure of new repair material can resist the ingress
of moisture. Therefore, how the pore structures of three different blends can influence the transport
mechanism can be studied through various laboratory tests. Tests for determination of transport
properties of the repair mortar have been performed and evaluated in the section later.

3.3.1. Water Boiling Test

Water boiling test gives an indication of percentage of voids present in the system which play a
significant role in the transportation of moisture and ions from the external environment to the core
of the concrete up to the reinforcement level. Water absorption test is done in accordance with the
ASTM C642-06. Disc specimens of size 100mm diameter and 50mm thickness were taken under
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observation. Samples were oven dried at 100°C until the difference between the mass of two
specimens is less than the .5% of the lesser mass of the specimen. After oven drying, samples were
immersed in water for not less than 48h unless increase in mass of the specimen was less than 0.5%
of the larger value. Samples were placed in boiling water for a period of 5hours and mass of specimen
was measured after cooling. Mass of specimens immersed in water or apparent mass was then noted
down. In compliance with the mentioned ASTM code tests on mortar specimen were performed at 28
and 56 days.

3.3.2. Sorptivity

This test method is done in order to assess the rate of absorption of water of the specimen.
Detrimental ions species are transported through Capillary action in the concrete. Hence this test
method can give an indication of the penetrability of the system. ASTM C1585 was followed to
perform this test. The specimens of size 100mm diameter and 50mm thickness were sliced and kept
in 50°+2°C and 80%3% relative humidity for 3 days. Afterwards specimens were place inside a
container at 23+2°C for at least 15 days. The curved surface of the specimens was covered with epoxy
in order to allow only one dimensional absorption and top surface covered with plastic sheet in order
to avoid any moisture loss.

3.3.3. Oxygen Permeability Test

Oxygen permeability Index gives an idea of the compaction, degree of interconnectedness of pore
structure which could be a deciding factor in transportation of ions from outside to the level of
reinforcement. South African Durability Index code was followed to perform the test. The samples of
70 mm diameter and 30 mm thickness were sliced and kept in oven at 50°+2°C for 7 days. After this,
samples were placed in oxygen permeability cell and a pressure of 100+120 kPa was applied. The drop
in pressure was measured for a duration of 6h or until the pressure drops to 50% whichever is earlier.

3.4. Corrosion Rate measurement and monitoring

Corrosion rate is expressed in terms of penetration rate i.e. um/year and in laboratory experiments it
is expressed in electrochemical units as mA/m? or pA/cm?. Corrosion rate determination has been
done using lab instrument called RapiCor shown in Fig. 3.3. This instrument is quite handy and gives
quick measurement. Corrosion rate along with potential and resistivity values are indicated on the
screen and polarisation curves are visible too. Values of resistivity and half-cell potential are
complementary. Principle of working of RapiCor is that it measures half-cell potential and generates
galvanostatic pulses to measure corrosion rate and resistivity. Principle of RapiCor has been
demonstrated with help of diagram in Fig. 3.4.

Results display, data storage/output
Data treatment

Pulse generator | Data acquisition

Concrete

Rz:ndles model L Surface layer

e s, ik :
] Steel bar

Cover

Fig.3.3: RapiCor Fig. 3.4: Principle of RapiCor
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Before measurement of corrosion rate, the slab specimen was saturated by splashing water and
covering with the gunny bags. Such treatment is necessary before taking measurements so that half-
cell potential values do not get influenced by the high resistivity of concrete.

4. Results and Discussion

4.1. Compressive strength

Compressive strength of repair mortars was determined at 3, 7, 28 and 56 days demonstrated in Fig.
4.1. At 3, 7, 28-days compressive strength of OPC is noticeably higher as compared to the PPC and LC3
mortars. However, at 56 days the difference between compressive strength of the three mortars has
been mitigated. PPC and LC? tend to show increase in strength at later ages due to the pozzolanic
reaction.

Compressive strength of substrate concrete is shown in Fig. 4.2 OPC concrete gained 23.8 MPa while
PPC gained 21.4 MPa. Both the concrete are representatives of low strength deteriorating concrete.
Repair mortar application is to be done on this low strength concrete.

25+ 238
e 214
=) @
a S 204
3 £
£ 2
2 245
] o
u [
@ @ 10
0 |
E Q
a €
£ o]
] O 54
O
04
OPC PPC LC3 oPC PPC
Fig. 4.1: Compressive strength of mortars Fig. 4.2: Compressive strength of substrate

concrete

4.2. Bond strength

Bond strength studies were done in order to know the strength of bonding between new mortar and
the existing concrete. Split tensile test results shown in Fig. 4.3 indicate that LC> mortar makes a good
bond with substrate OPC and PPC concrete. Split tensile strength test of LC® mortar shows almost
similar range of strength with the OPC and PPC substrate concrete as that of the PPC and OPC mortar.
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Fig. 4.3: Split tensile strength Fig. 4.4: Slant Shear strength
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Similarly, in case of slant shear test, LC* mortar manifests same bonding with the substrate as that that
OPC and PPC mortar shown in Fig. 4.4. Overall, it can be concluded that the LC® mortar is capable of

achieving similar bond with OPC and PPC substrate concrete as that the conventional OPC or PPC
mortars.
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Fig. 4.6: Slant shear test failure pattern
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Failure patterns of the split tensile and slant shear tests are shown in Fig.4.5 and Fig. 4.6. It can be
observed that two types of failure pattern have occurred, one through the interface, one through the
substrate concrete. In most cases the failure has happened by cracking in the substrate concrete. In
few specimen failure has been observed at the interface of the bonds [4].

4.3. Transport Properties

4.3. Water Boiling

Porosity determined at 28 days show highest porosity for LC3, which is quite similar to that of PPC
porosity whereas for OPC minimum value for porosity is observed. At 56 days, porosity results as
shown in Fig. 4.7 exhibit maximum value for OPC and lowest in case of PPC and LC3. The reduction in
porosity of the LC® and PPC is the formation of solids and refinement of pores as a result of pozzolanic
reaction which takes place at later stage when sufficient alkalinity is present in the system to carry out
the reaction with the Fly ash and calcined clays in PPC and LC3 respectively.
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Fig. 4.7: Total Porosity

4.3.2. Oxygen permeability

Oxygen permeability index gives insight about degree of compaction, interconnection of pores which
is a deciding factor in the migration of ions from external environment to the inside of concrete. OPT
results at 28 days show that OPI value is highest for PPC followed by OPC and lowest for LC3. However,

according to OPI classification all three mortars lie in the range of good to excellent shown in Fig.8.
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Fig.4.8: Oxygen permeability index value of mortars at 28 day and 56 day

4.4. Corrosion rate monitoring
Non-destructive techniques to evaluate the status of corrosion in the slab specimens has been
discussed in the Table. 6.
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Table 36: Criteria for classification of corrosion level [5]

Corrosion level Corrosion rate Half-cell Resistivity Criteria
[um/yr] potential [kQ-cm]
[mV(CSE)]
1  Negligible <Xt - - XL =1 um/yr
XL~ Xm > Eq > Por Xm=3"~5um/yr*
2  Low XL~ Xm < Eer < Per Xu= 10 um/yr
Xm ~ Xu 2 Eer 2 Per Ecr =-200 mV/(CSE)
3  Moderate Xm ~ Xu < Eer < Per Per =100 ~ 120 kQ-cmt
> Xu 2 Eer 2 Per
4 | High > Xu < Eer < Por

4.4.1. Half-Cell Potential (mV)

Half-cell potential indicates the likelihood of corrosion at the time of measurement. Half-cell potential
readings have been obtained complementary with RapiCor instrument. Half-cell potential readings
have been taken over the rebar somewhere at the centre of the rebar. In RapiCor the reference
electrode is silver-silver chloride electrode, this potential has been converted to copper-copper
sulphate electrode potential as shown in Fig. 4.9 According to ASTM C876, numeric magnitude
technique has been followed to interpret the results. The above mentioned code states that potential
more positive than -200mV indicate no corrosion activity (<10% risk) and potential more negative than
-350mV indicate greater than 90% corrosion risk, between -200mV and -350mV there is an uncertainty
over the corrosion activity. In OPC and PPC control specimen without chlorides (O-CS and P-CS) HCP
values lie in low corrosion risk zone however after a period of six months hike in corrosion risk appears
in these samples. This could be attributed to the high w/c ratio, perhaps leading to high porosity which
makes the oxygen and moisture available from the ambient environment. OPC (O-Cl) and PPC (P-Cl)
concrete specimen with chlorides exhibit high negative potential at all measurement. Due to presence
of high amount of chloride (3%) and high w/c ratio a high risk of corrosion is observed. In case of
specimen having repair mortar application, HCP values lie in the range of uncertain and above 90%
risk of corrosion. This is an indication that there is formation of anode on rebar. It can be observed
that HCP value after 6 months for OPC, PPC and LC3 repair mortar have appear to become more
positive than the initial values that were more negative. This might be due to the hindrance provided
by the repair mortars to the ingress of moisture and oxygen from the atmosphere.
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Fig.4.9: Half-Cell potential

4.4.2. Resistivity (k ohm-cm)

Electrical resistance depends upon the microstructure of paste and moisture content of concrete.
Electrical resistance is useful in conjunction with half-cell potential results. Surface resistivity values
have been shown in Fig. 4.10. According to ACI 222R 01 corrosion rate can be grouped as high,
moderate and low based on the surface resistivity values (blue text in Fig. 4.12). High resistivity values
indicate that even if the rebar is corroding as indicated by the half-cell potential values, the rate of
corrosion may be low. High resistivity values are indicated in control specimen with OPC and PPC
concrete at every measurement taken. Resistivity for concrete specimens with chlorides are lowest,
imposing that a high or moderate corrosion rate may be going on. The presence of chloride ions in the
bulk concrete increases the conductivity. Resistivity values for LC? repair mortar are high at each time
of measurement giving an indication of low corrosion activity. However, there may be anode
formation as indicated by the HCP values. In case of PPC, most values indicate having low to moderate
corrosion rate and resistivity values seems to increase with increasing time. In OPC repair mortar
resistivity values are low as compared to PPC and LC? repair mortar indicating high or moderate
corrosion rate. Overall it can be noticed that resistivity values seem to be increasing for last two
readings. This may be due to the fact that moisture availability in the pores of the mortar may be
reducing with increasing time and resistivity is controlled by the moisture condition of the sample.
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Fig. 4.10: Surface resistivity (kohm-cm)

The LC? repair mortar whether applied on OPC or PPC concrete seem to attain the high resistivity
values almost similar to that of concrete after 6 months. Thus, repair mortar application instead of
concrete where cover is low can be done to shield the substrate concrete from further deterioration.
Hence, corrosion rate can provide more clear idea about corrosion activity in the rebar and a
correlation can be established between these two parameters.

4.4.3. Corrosion Rate (um/yr)

Corrosion rate monitoring has been done at various time intervals. First reading of corrosion rate was
taken after 28 days of curing hence it has been written as 1 day. Corrosion rate can be considered
negligible when it is below 2 pm/yr, low between 2 and 5 um/yr, moderate between 5-10 um/yr,
intermediate between 10-50 pm/yr, high between 50-100 um/yr and very high above 100 um/yr. It
can be inferred from Fig. 4.11 that corrosion rate lies in negligible range for PPC and OPC concrete
control specimen. Despite having high w/c ratio corrosion rate is low in these specimen. In case of PPC
and OPC concrete specimen with chloride corrosion rate lies in the category of low however after 6
months corrosion rate seems to increase as compared to the previous values. This is attributed to the
presence of large amount of free chloride ions in the complete concrete specimen. Unlike this, in case
of LC3 cast on OPC concrete corrosion rate lies in low range though but after 6 months slight increase
has been observed whereas corrosion rate in LC3 on PPC substrate after 6 months is negligible. In case
of PPC mortar corrosion rate is in low category and with time seems to decrease. Similarly, in OPC
corrosion rate tends to decrease with time and fall in low to negligible range.
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Corrosion rate (um/year)

5. Conclusion
This study was proposed fundamentally to determine the rate of corrosion in reinforced concrete
where application of repair mortar has been done. The following conclusion has been made based
upon the results obtained through various experiments performed.

LC® mortar achieves similar strength as that of the OPC at later ages, thus can be used as a
substitute to the PPC and OPC mortars even in repair work applications

LC3 mortar is compatible with the substrate concrete and exhibits similar bond strength with
OPC and PPC substrate concrete as that of the PPC and OPC mortars

Transport properties study of LC> mortar indicate that

P-Cl O/LC3 | O/PPC | O/OPC | P/LC3

P/PPC | P/IOPC

Fig. 4.11: Corrosion rate (um/year)

the porosity is reduced at later ages thus susceptibility to the ingress of moisture and
detrimental ions is reduced too

Rate of water absorption test indicates that LC? has lower initial water absorption
rate at later ages and similar results has been observed in secondary water
absorption concluding that LC? will ingress water from the environment at a slower
rate thus taking more time for moisture to reach the rebar level

Oxygen permeability index of LC? lies in excellent range thus indicating lesser
interconnected pores and slower ingress of moisture up to the rebar

Results of corrosion rate monitoring in slab specimens has been depicted the by half-cell
potential, resistivity, corrosion rate.

Half-cell potential indicate that there is the formation of anode in the rebar for all
specimen after 6 months of time duration however, these values seems to be moving
slight on positive sides as compared to readings taken at earlier age, indicating lower
moisture and oxygen availability

Surface resistivity of LC> mortar is higher than the PPC and LC® mortar, however the
surface resistivity is sensitive to the moisture level in the mortar. High resistivity
values of LC® are an indication of the fact that corrosion is ongoing at a low rate
despite the formation of anode as indicated by the half-cell potential.
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e Corrosion rate in slab specimens with LC®> mortar is in negligible to low range. The
rate of corrosion appears to decrease with time (after 6 months) for all types of
specimen including LC3. Corrosion rate
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