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ABSTRAK

Penggunaan bahan buangan industri seperti abu dasar arang batu (CBA) dalam
penghasilan konkrit merupakan alternatif ekologi yang boleh digunakan sebagai sumber
utama dalam industri pembinaan. Disebabkan oleh faktor ekonomi dan alam sekitar
daripada penghasilan CBA, para penyelidik semakin berminat menjalankan kajian
menggunakan sisa industri untuk digunapakai sebagai bahan binaan baharu seperti
penggunaan CBA dalam konkrit pemampatan sendiri (SCC). Kebanyakan kajian
membincangkan penggunaan CBA sebagai agregat halus dalam konkrit, namun begitu,
hasil kajian penggunaan CBA sebagai bahan gantian simen dalam SCC adalah terhad.
Sejajar dengan itu, kajian ini dijalankan bagi menilai keberkesanan penggunaan CBA
dengan pelbagai nisbah sebagai bahan gantian simen dalam penghasilan SCC. Di antara
ciri unik CBA sebagai salah satu produk sampingan industri adalah ianya mempunyai
sifat pozzolanik yang tinggi untuk digunakan sebagai bahan gantian separa kepada simen
dalam SCC. Oleh itu, kajian ini bertujuan untuk mengkaji kesan CBA sebagai bahan
gantian separa bagi simen terhadap sifat-sifat SCC. Kandungan CBA yang digunakan
dalam kajian ini sebagai bahan gantian separa bagi simen adalah sebanyak 10% hingga
50%. Manakala bahan SCC lain (iaitu air, agregat kasar, agregat halus dan kandungan
super-plasticizer) dikekalkan malar dalam semua campuran SCC. Tujuan kajian ini
adalah untuk menilai sifat fizikal, kimia, dan mikrostruktur CBA yang dirawat secara
mekanikal sebagai bahan pozzolanik untuk menentukan kesesuaian penggunaannya
dalam penghasilan SCC. Pengaruh sifat pozolanik CBA dengan saiz yang berbeza (3000,
5000, 7000 kitaran) dinilai melalui analisis termogravimetrik (TGA), indeks aktiviti
kekuatan (SAI), ujian Chapelle dan ujian Frattini. Melalui ujian tersebut, saiz CBA yang
optimum dengan prestasi yang lebih baik telah digunakan untuk menyediakan campuran
SCC. Tambahan pula, CBA juga telah diuji terhadap sifat segar SCC yang mengandungi
CBA melalui Flow slump, L-Box, V-funnel, J-Ring, dan dibandingkan dengan SCC tanpa
kandungan CBA. Pengaruh SCC yang mengandungi CBA terhadap sifat mekanikal
seperti kekuatan mampatan, halaju nadi ultrasonik (UPV), kekuatan lentur dan kekuatan
tegangan telah dikaji selepas 7, 14, 28, 56, 90, dan 180 hari pengawetan berbanding
kepada SCC tanpa kandungan CBA. Selain itu, sifat ketahanan SCC seperti penyerapan
air, rintangan asid, dan rintangan sulfat juga telah dikaji untuk menentukan ketahanan
SCC. Ujikaji kesan SCC yang mengandungi CBA juga telah dijalankan terhadap pelbagai
ujian bersuhu tinggi. Dapatan kajian ini mendapati nilai optimum sebanyak 20% CBA
sebagai bahan gantian bagi simen menunjukkan peningkatan ketara terhadap sifat segar
dan mekanikal SCC berbanding dengan SCC kawalan pada tempoh pengawetan selepas
28 hari. Walau bagaimanapun, penggunaan CBA dalam menambahbaik ciri-ciri
spesimen SCC adalah disebabkan oleh kesan pozzolanik dan jumlah silika CBA dapat
dikesan terutamanya semasa tempoh pengawetan selepas 28 hari. Sebaliknya, untuk sifat
ketahanan, CBA mempamerkan penyerapan air yang lebih tinggi disebabkan oleh liang
dan lompang yang tinggi berbanding dengan sampel kawalan SCC. Dari segi asid,
specimen SCC yang mengandungi CBA mengalami lebih banyak kemerosotan
berbanding dengan sampel kawalan SCC setelah direndam dalam larutan asid sulfurik.
Dari segi rintangan sulfat, hasil kajian menunjukkan bahawa kandungan CBA sebanyak
10% dalam SCC mempamerkan ketahanan yang lebih baik apabila terdedah kepada
larutan sulfat. SCC yang mempunya kandungan CBA sebanyak 10% juga menunjukkan
rintangan yang lebih baik apabila terdedah kepada suhu tinggi. Kesimpulannya, kajian
ini telah berjaya dilaksanakan dengan penilaian dan penghasilan SCC yang mesra alam
dengan campuran CBA yang boleh membawa kelebihan kepada persekitaran dan
menggalakkan amalan bangunan mampan.



ABSTRACT

The use of industrial waste such as coal bottom ash (CBA) in the production of concrete
is an ecological alternative would be able to minimize the amount of main resources
consumed in the construction industry and reduce CBA waste disposal. Due to the
economic and environmental benefits of CBA, the attention of researchers has taken to
use of industrial waste to introduce new building materials such as CBA in self-
compacting concrete (SCC). Most of the literature discussed the utilization of CBA as
fine aggregate in concrete but using ground CBA as cement replacement in SCC has not
been investigated yet. Furthermore, this study is to use ground CBA with various
replacements ratios for cement in the production of SCC. Unique characteristic of CBA
as one of the industrial by-products that has high pozzolanic properties, which is highly
recommended to be used as partial cement replacement in SCC. Therefore, this study
aims to investigate the effect of ground CBA as partial cement replacement on the
properties of SCC. The ground CBA was used as partial replacement of cement from
10% to 50%. While other SCC materials (water, coarse aggregate, fine aggregate, and
super-plasticizer content) were kept constant in all SCC mixes. First, this study aims to
evaluate the physical, chemical, and microstructural properties of mechanically treated
CBA as pozzolanic materials to determine its suitability for use in the production of SCC.
Thereafter, the influence of pozzolanic properties of different sizes by various grinding
cycles (3000, 5000, 7000 cycles) of ground CBA is investigated by thermogravimetric
analysis (TGA), strength activity index (SAI), Chapelle test and Frattini test. After that,
the optimum grinding size with better performance has been used to prepare the SCC
mixture. Furthermore, the ground CBA was tested in the fresh properties of SCC
containing CBA such as Flow slump, L-Box, V-funnel, J-Ring, and compared to SCC
without ground CBA in the mixture. Then, the influence of SCC containing ground CBA
on the mechanical properties such as the compressive strength, ultrasonic pulse velocity
(UPV), flexural strength and tensile strength were conducted after 7, 14, 28, 56, 90, and
180 days of curing compared to SCC without ground CBA in the mixture. Other than
that, the durability properties of SCC such as water absorption, acid resistance, and
sulphate resistance were conducted to determine the durability of SCC. Apart from that,
the effect of SCC containing ground CBA subjected to various elevated temperature test
was conducted. The findings of this study were found up to CBA 20% the optimum as
cement replacement that observed significant improvements in fresh and mechanical
properties of SCC compared to those of control SCC at later curing ages after 28 days.
However, the inclusion of ground CBA improves the characteristics of the SCC
specimens due to the pozzolanic impact of the siliceous nature of ground CBA,
particularly during the later curing ages after 28 days. On the other hand, For the
durability properties incorporation ground CBA exhibiting to higher water absorption due
to high porous and void compared to SCC control samples. In terms of acid the SCC
specimens containing ground CBA experience more deterioration as compared to control
SCC after immersed in sulfuric acid solution. In terms of sulphate resistance showed that
ground CBA10% of SCC exhibited better durability when exposed to sulphate solution.
SCC containing ground CBA10% also exhibits better resistance upon subjected to
elevated temperature. From this study, achieving success in the production of eco-
friendly SCC with ground CBA could lead to a more pristine environment and promote
sustainable building practices.
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

Concrete is an essential component in the field of construction and is recognised
as one of the most popular building materials for civil engineering structures on a
worldwide basis. The prevalence of concrete can be attributed to the fact that it is not
only cost effective, but also possesses adequate strength and serviceability throughout its
anticipated design duration (Kumar & Singh, 2020). A new an innovative in construction
is called self-compacting concrete (SCC). SCC is a unique type of concrete that
represents an upgraded version of traditional concrete. The concept of SCC was
introduced by Prof. Okamura in 1986 and further advanced by Ozawa, Maekawa, and
their research team at the University of Tokyo in Japan. The primary objective of SCC is
to improve the building quality and address the challenges associated with insufficient
skilled labour (Maekawa & Ozawa, 1999; Okamura et al., 1993). Its development has
signified a major technological improvement that has resulted to good quality concrete,
improved productivity as well as enhanced on site working environment (Shetty & Jain,
2019). It may be described as a kind of concrete that can be easily poured and compacted
by its own weight, with little or no need for vibration, and without separating or bleeding
(Promsawat et al., 2020). Furthermore, using SCC offers several benefits, such as
decreased construction time and labor expenses, elimination of mechanical vibrators to
minimize consumption of energy and noise pollution, and enhanced filling ability for
pouring into densely packed structures, ensuring optimal structural performance
(Promsawat et al., 2020).

To be classified as effective, SCC must fulfil many different types of critical
factors, including the ability to fill and pass, the strength of its anti-segregation ability,
the volume stability of the material, and the mechanical properties required for durability.
The properties of SCC in a fresh state are its most critical attributes. The properties and
quality of the substances comprising SCC have a substantial influence on the final
properties of SCC, including its strength, durability, and serviceability. The composition
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of SCC involves the precise measurement of the various components such as ordinary
portland cement (OPC), fine aggregate, coarse aggregate, water, and admixtures. To
achieve the desired fresh concrete properties of SCC, such as the ability to fill compacted
areas around steel reinforcement and prevent segregation, a significant amount of binder,
primarily OPC is required. However, SCC with high OPC content is more expensive and
less environmentally friendly. The emission of a significant amount of greenhouse gases
IS a consequence of the negative environmental impact of OPC consumption. The
consumption of cement for concrete production continues to rise, indicating a growing
demand. The production of cement results in greater emissions of carbon dioxide (CO3)
(Mansour & Al Biajawi, 2022; Pisciotta et al., 2023). The production of one tonne of
cement releases an estimated 900 kg of CO: into the environment (M. I. Al Biajawi,
Johari, et al., 2023; Sousa et al., 2022). This means that the cement sector is responsible
for up to 6% of the total CO2 emissions that are generated by cement plants worldwide
(M. 1. Y. Al Biajawi & Embong, 2023; Talaei et al., 2019).

Despite this, the manufacture of cement has a negative effect on the surrounding
ecosystem. According to a study by (Lehne & Preston, 2018) more than 4 billion tonnes
of cement are produced annually. Given the present circumstances, this problem requires
considerable attention to achieve the United Nations Sustainable Development Goals,
and additional efforts must be made to address both natural resource management and
waste utilization problems. ‘As an eco-friendly option, SCC can be produced from
industrial waste as a sustainable alternative, by reducing building expenses and
preserving natural resources. Utilizing industrial waste as supplementary cementitious
materials SCM in SCC might improve the properties of the concrete mixture, both in
terms of its fresh state and mechanical strength. Furthermore, the worldwide initiative to
enhance the properties of SCC and reduce its cement content and carbon footprint has

included the integration of SCM at larger quantities.

Therefore, using substitute substances to reduce the demand for cement is a
successful approach to producing building materials with a reduced carbon footprint.
Simultaneously, the thermal power plant that relies on coal generates two noteworthy
forms of waste: Fly ash (FA) and CBA. In Malaysia, about 6.8 million tonnes of FA and
1.7 million tonnes of CBA are generated each year, resulting in significant environmental
concerns at both the local, national, and international levels (Balakrishnan et al., 2017;
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Rafieizonooz et al., 2016). Other researchers and organizations had previously analysed
the utilization of CBA as alternative materials in construction. Nowadays, recycling ashes
generated from thermal power plant has been used as building materials has met industry
standards and guidelines with significant environmental benefits. It will minimize the
quarrying of natural aggregates and reduce the volume of waste disposed of at the landfill
(Khaskheli et al., 2020). CBA is disposed of as a landfilling material, which poses an
environmental danger to living beings due to some toxic metals embedded in the particles
(Mangi et al., 2018). It is now a global concern to find environmentally friendly solutions
for industrial waste's safe disposal to sustain a cleaner and greener environment (Dou et
al.,, 2017). Large amounts of CBA waste annually increased in various countries
worldwide. Studies (Abdulmatin et al., 2018) show that CBA has potential as partial
alternative binder with cement in concrete production due to its pozzolanic property and
high silica percentage; hence, CBA can be utilized as a pozzolanic material to improve

concrete strength and transport properties.

According to American Society for Testing and Materials (ASTM) the key
reference that provides comprehensive details on the physical and chemical
characteristics of FA or pozzolanic material in concrete, which promotes the reuse of this
material in concrete (ASTM C618, 2019). It considers the specifications given in the
international standard. Pozzolanic activity describes the capacity of active SiO. and
Al>03 in coal ashes to react with lime and contribute to the development of strength. In
addition, coal ashes include several additional active oxides, but their concentrations are
generally little or insignificant (Shi & Day, 2000). Hence, the pozzolanic reactivity of
coal ashes may be approximately determined by the reactivity of active SiO», and Al2O:s.
The high concentration of silica in CBA makes it a promising candidate for use as a
pozzolanic materials (Thomas et al., 2017). Approach of utilizing industrial waste such
as CBA as incorporation mixing materials would contribute to reduction of wastes in the
environment and minimize the main resources. The present study investigates the
significance of utilizing CBA as alternative cement materials in SCC and new pre-
treatment mechanisms (mechanical pretreatment) to produce ground CBA can be use in
the SCC production. The inclusion of ground CBA is expected to improve the strength
of the samples on the SCC with the benefit of reducing the waste from the industries.



1.2 Problem Statement

Waste management has emerged as a prominent ecological problem in the 21st
century. It encompasses several types of wastes, such as industrial waste, building waste,
and residential garbage. The excessive accumulation of waste is growing into a
significant be concerned, since it not only presents threats to human activities but also
has detrimental effects on the ecosystem. On the other hand, the recent spurt in the
progressing of modern life activities, especially in the construction and building
industries, has increased cement demand worldwide (Mangi et al., 2018). Thus, reducing
cement consumption could help lessen construction costs. However, increments in
cement manufacturing cause harmful impacts on the environment pollution due to the
exhaustion of carbon dioxide during its production (Bakhtyar et al., 2017; Pipilikaki &
Beazi-Katsioti, 2009).

The outcome of OPC is expected to continue growing, reaching 4 billion tons per
year by 2040. This significant increase has raised significant concerns about the
environmental impact due to the excessive use of energy and resources. In accordance
with the 2022 report of the International Energy Agency (IEA-2022), the cement industry
is responsible for approximately 7% of the global total CO2 emissions. It also emits
approximately 0.66-0.82 kg of CO> per kilogram of cement produced. The construction
sector's demand for cement is an important component of production; and it is expected
that cement production will grow in the future. During this era, there was a consistent and
gradual growth in cement output, with the total yearly production fluctuating at around 1
billion tons each year. Figure 1.1 depicts the cement output in Malaysia spanning from
2014 to 2023. In general, the increase in cement manufacturing not only requires a higher

number of natural non-renewable resources but also results in a growing amount of waste.
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Figure 1.1 Cement production in Malaysia from 2014 to 2023
Source: Statista (2023)

Therefore, attempts are conducted to reduce cement consumption, which could
help protect the environment. This need is particularly crucial in the development of SCC,
which requires materials that can enhance its properties without compromising its unique
ability to flow under its own weight and fill formwork completely. Research indicates
that incorporating materials such as fly ash, slag, and silica fume can not only reduce the
environmental impact but also improve the workability, durability, and strength of SCC.
These materials offer additional benefits by increasing the sustainability and overall
performance of SCC, thus contributing to more eco-friendly and efficient construction

practices.

Subsequently, the upward direction of coal use is going to continue predominantly
due to a strong need for electricity. Consequently, the growing need for coal production
has led to a rise in industrial waste. CBA is among the largest form of industrial waste
generated by coal-fired thermal power plants. hence potentially constituting a threat to
the environment. The yearly CBA produced in Malaysia is around 1.7 million tonnes
(Mangi et al., 2019). The appropriate disposal of such wastes is a formidable task and
represents a significant environmental problem for the worldwide community. Hence, it
is crucial to use CBA in order to mitigate environmental concerns (Silva et al., 2019).

The disposal of unneeded CBA incurs significant costs and imposes a substantial demand
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on the power sector, ultimately shifting the responsibility to the energy user. Furthermore,
the deposition of CBA ash in landfills exacerbates the persistent issue of depleting landfill
capacity in Malaysia (Mangi et al., 2018). Moreover, CBA, a common local material in
Malaysia, to reduce the influence of CBA waste it could be used as a partial replacement
material with cement in concrete production to help that promoting to help in lower
construction cost, intensive energy use and environmental harm, enhancing concrete
performance. Moreover, widely utilizing by-product-based pozzolanic material CBA
could support the sustainability of concrete manufacturing. Moreover, using CBA will
decrease abundant waste presence from coal-based energy in the production industry
(Deonarine et al., 2023).

However, CBA is the favourable pozzolanic materials in the production of cement
composite. The influence of CBA inclusion on hydration was reported by many
researchers and the results shows improvement the properties of the concrete such
strength mechanical, and durability properties (Hakeem et al., 2023; Ho & Huynh, 2023).
Generally, pozzolanic materials are added to PC to increase its performance. The
enhancement in quality occurs as a result of the pozzolanic reaction between calcium
(OH)2 and silica in the presence of water, to the formation of calcium silicate hydrate (C-
S-H). However, according to Massazza et al. (2003), the total quantity of calcium
hydroxide involved in the pozzolanic reactions depends on various aspects like curing
length, ratio of the Ca(OH)2 to pozzolan, silica content in the reactive phase, and pozzolan
content in the reactive phase. The reaction’s inactivity of the pozzolanic material of the
Ca(OH): is high. Many factors have been attributed to this, such as the pozzolan’s surface
area, content of cement alkaline, temperature, as well as water/solid ratios. Often, the
material’s pozzolanic action can be calculated by physical, chemical, and mechanical

techniques. CBA retains a higher reactive fraction with extra pozzolanic characteristics.

Moreover, several previous studies Chindasiriphan et al., (2023); (Mousa, 2023)
focus on the performance of the CBA in cementitious framework without any researches
focusing in the mechanical treatment process works and any approaches in SCC. A few
issues emerged when CBA was used as sand or aggregate replacement. One of it was
directly related to the reduction of mechanical strength performance. While it was
currently identified as a pozzolanic substance and encouraged to use CBA as alternative
materials with cement in the concrete mixture. Nevertheless, SCC has been enhanced to



comply with the need for SCC with improved fresh, mechanical, and durability
characteristics. Therefore, the use of SCC can minimize or even eliminate the harmful
effect of negative building practices. In aggressive environments, the integration of CBA
and SCC could give possibility advantages for engineering properties for concrete
structures. In its characteristics related to SCC behaviour, many issues are lack of
knowledge fundamentally in SCC. Further research on SCC is thus practical to expose
aggressive environments, characterize SCC using laboratory testing methods, and
building problems with SCC are workable.

1.3  Objectives of the Research

This research aims to study the response for pozzolanic reaction in cementitious
environment and the impact of mechanical treatment of CBA in SCC. To achieve the aim

of the research, several specific objectives were defined as follows:

I.  To evaluate the physical, chemical, and microstructural properties of original

CBA and mechanically treated CBA as alternative cementitious materials.

Il.  Toanalyse the influence of mechanically treated CBA on its pozzolanic properties
based on Thermogravimetric analysis (TGA), strength activity index (SAl),

Chapelle test, and Frattini test in cementitious binder.

1. Toanalyse the effect of mechanically treated CBA as partial cement replacement
in the fresh properties of SCC based on slump flow, L-box, V-funnel, J-Ring, and
mechanical properties of SCC based on compressive strength, flexural strength,

Ultrasonic pulse velocity (UPV), splitting tensile strength.

IV. To evaluate the influence of mechanically treated CBA as partial cement
replacement on the durability properties based on (water absorption, sulphate
attack, acid attack) and influence of elevated temperature (200°C, 400°C, 600°C,
and 800°C).

1.4 Scope of the Research

The main objective in this research study is to produce sustainable CBA by

replacing partials cement amount in the SCC which is suitable to the environment and



comply with the engineering properties. The scope of study covers several important
elements such as preparation and characterization of materials and determination of
mechanical treatment process of CBA. Firstly, CBA was sieved passing 300 um then
grinding using Los Angeles machine for 3000 cycles, 5000 cycles, and 7000 cycles to be
passed sieve 75 um and retained sieve 45 um with in accordance ASTM C618. In this
study micro fine CBA particles were analysed in terms of physical, chemical, and
microstructural properties as pozzolanic materials. For the analysis of the pozzolanic
properties of ground micro-CBA for various particles sizes was tested in Fourier
transform infrared (FTIR), X-ray Fluorescence (XRF), X-Ray diffraction analysis
(XRD), Scanning Electron Microscope (SEM), Barrett-Joyner-Halenda (BJH) and
Brunauer-Emmett-Teller (BET). Furthermore, ground micro-CBA were also analysed to
select the optimum replacement ratio of ground CBA and tested in various areas such as
Thermogravimetric analysis (TGA), Chapelle test, Frattini test, and strength activity
index (SAI). This study was selected the best mix design of SCC containing ground CBA
as cement replacement in accordance with the European Federation of Specialist
Construction Chemicals and Concrete Systems (EFNARC). In addition, the adapted mix
design of this study was used to evaluate the fresh mechanical properties of the SCC mix.
The selected mix design by different mixing ingredients such as cement and, river sand
aggregate, coarse aggregate, and various ground CBA content with target strength of SCC
was selected to be 35 MPa. In this study various ground micro-CBA was used as partial
cement replacement in SCC. The scope of experimental work was carried in several

stages out as shown in Table 1.1. The details of experimental work for as the following:

¢+ Characterizations of the original and various sizes of mechanically ground CBA are
determined by measuring the particle size, surface area, and fineness. The mineralogy
of mechanically treated CBA was also verified by using various devices such as X-
Ray Diffraction (XRD), X-Ray Fluorescence, and Scanning Electron Microscopy
(SEM).

%+ The mechanically treated CBA were also analysed to evaluate the influence of CBA
with replacement ratio of CBA and tested in various such as Thermogravimetric

analysis (TGA), Chapelle test, Frattini test and strength activity index (SAl).

%+ The design mix was made to achieve the target strength after adding mechanically
treated CBA to the concrete in different amounts (10%, 20%, 30%, 40%, and 50%).
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The optimal mix proportion was used in the SCC that had ground CBA and was
compared to the SCC without CBA (control samples). Various tests of SCC were
conducted at this stage: flow slump, L-Box, V-Funnel, and J-Ring.

+«+ The specimens are tested in the mechanical and durability at an early age and long
curing ages (56, 90, and 180 days). The performance of SCC containing mechanically
treated CBA exposed to different temperatures (200°C, 400°C, 600°C and 800°C) for
one hour. In addition, all samples were visually observed and tested for mass loss and
compressive strength after 28 days of curing.

« Finally, the results related to the different properties: mechanical, durability,
microstructural properties, and elevated temperatures of SCC with ground CBA were

analysed.

Table 1.1 Stages of the experimental work of this study

Stage Experimental work activity

Stage 1 Collected and prepared and characterized for original CBA and
mechanically treated CBA compared with cement particles
(Objective 1 and 2). The limitations are time and energy consuming
to obtain ultra fine particles of CBA.

Stage 2 The optimum size of mechanically treated CBA was used to design
the mixture in SCC for control samples and SCC with ground CBA
to evaluate the fresh, and mechanical properties (Objective 2). The
limitation in this stage for the fresh properties has been set to achieve
the EFNARC standard with target strength 35MPa.

Stage 3 The mechanical properties of SCC containing mechanically treated
CBA as cement replacement and select the optimum compared to
control samples was analysed (Objective 3).

Durability properties of SCC in terms of (water absorption, sulphate
attack, acid attack,) and select the optimum level of replacement for
CBA (Obijective 4).

The effect of SCC containing mechanically treated CBA subjected to
various temperature (200°C, 400°C, 600°C, and 800°C) for one hours
and select the optimum level of replacement was carried out

(objective 4).
Stage 4 Analysis the data of the study.
Stage 5 Conclusion of the study and Recommendation for the future research.




1.5  Significance of Research

The development of concrete with more complicated geometries and dense
reinforcing has been growing progressively. Moreover, the demand increased for
improving the current practices of concrete technology has led to create an approach of
concrete with better qualities, which encouraged scholars to advance further investigations
in this areaof research. Consequently, an innovative type of concrete called SCC has been
improved. Simultaneously, one key challenge, confronted by the civil engineering sector,
is how to go more environmentally friendly. Using waste materials, e.g., CBA, is one of
the carefully utilized techniques inconstruction and building applications. The main aim
of this study is to evaluate the performance of SCC production using supplementary
cementitious materials CBA as acement replacement and to provide a approach with a
strong base for the use of binders in sustainable practices. The outcomes of this research
can contribute to enhancing the implementation of construction applications by reducing
the costs associated with the main materials used in SCC mixtures and reducing the
utilization of non-renewable materials, while enhancing the characteristics of SCC. The
results of this study will provide valuable insight into the use of CBA as cement substitute

in SCC production.

Nevertheless, the results of this study showed that the behaviour of SCC
containing CBA as a partial cement replacement under aggressive conditions such as acid
and sulphate resistance. Furthermore, the present research also would provide the
influence of SCC containing CBA subjected to elevated temperatures. Overall, the use of
an industrial by-product produced from thermal power plants such as CBA plays a crucial
role in maintaining the ecological balance and sustainable development of a country asa
whole and in the building sector in particular. In addition, the use of industrialby-products
as supplementary cementitious materials has the potential to mitigate the greenhouse gas
emissions (carbon dioxide), reduce the waste pollution, and promote environmentally

friendly construction.
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1.6 Thesis Outline

This thesis is structured into six chapters.

Chapter 1 provides a description the introduction, which clarifies the research
objectives, the study area, identify the research gaps and problems, research objectives,

research significant, and scope of study.

Chapter 2 characterizes the literature review relative with this study; a
comprehensive present of earlier and recent studies related to the behavior of utilizing
cementitious material CBA in concrete and the properties of CBA. Primarily this chapter
is divided into two core parts: fresh properties, and mechanical properties of CBA in
SCC. Whereas the second part focuses on the effect of mechanically treated CBA, and
focuses on the utilization of SCC, and application of SCC. This chapter ended with the
influence of elevated temperatures for concrete containing various recycled waste as

cement replacement.

Chapter 3 shows the experimental program and procedures. It is comprised of
the methodology utilized in this research to realize the specified objectives. This chapter
describes the materials characteristics and mixtures design for SCC following the
methods and specific standards. Moreover, the mixing procedures, steps of casting and,
curing process and periods are explained. Details of the materials used in the
experimental work such as cement and river sand aggregate, coarse aggregate,
superplasticizer, and water are also described. The description of the experimental
methods and standards adopted to evaluate various testing performed in the fresh
properties based on (Flow slump, L-Box, V-Funnel, U-Box, J-Ring) and mechanical
properties based on (compressive strength, flexural strength, Ultrasonic pulse velocity
(UPV), splitting tensile strength). Furthermore, experimental producers investigate the
performance of SCC in terms of durability resistance such as (water absorption sulfate
attack and acid attack) are provided in this chapter. Finally in this section methods used
to investigate the SCC when exposed to elevated temperatures are provided.

Chapter 4 presents the results of characterization of mechanically treated CBA
by mechanical grinding in this study, the chemical and physical properties and the
analysis of microstructure and select the optimum parameter in the mechanical grinding

method with various grinding sizes for mechanically treated CBA. The chemical
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composition, Fourier transform infrared (FTIR), X-ray Fluorescence (XRF), X-Ray
diffraction analysis (XRD), Scanning Electron Microscope (SEM), Barrett-Joyner-
Halenda (BJH) and Brunauer-Emmett-Teller (BET), and particle sizes of mechanically
treated CBA are also presented in this chapter. Also, in this chapter discussed the
influence of CBA as pozzolanic materials and testing in various test including strength

activity index (SAI), Thermogravimetric analysis (TGA), Chapelle test, and Frattini test.

Chapter 5 shows the results performed from the fresh, mechanical, and durability
properties of SCC containing ground CBA as partial cement replacement. Furthermore,
in this chapter present the influence of CBA as partial cement replacement in SCC
subjected to various elevated temperature (200°C, 400°C, 600°C, and 800°C).

Chapter 6 Conclusion and Recommendations. This chapter conclude and
summarizes based on the main research outcome and reviews the objectives.
Recommendations for future experimental work and research opportunities are also

elaborated on in this chapter.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter aims to review the relevant research related to the topic of this study
“The influence of pozzolanic reactivity of CBA in SCC”. This chapter discusses in the
light of the available literature, the properties of SCC. Also, this chapter provides an
overview on the CBA characteristics, properties of SCC, and concrete containing CBA
as fine aggregate or cement replacement based on waste by-products. The durability and
elevated temperatures proportions in the concrete or SCC also has been discussed in this
chapter. Therefore, this chapter provided an overview on the using of CBA and the
various properties (fresh, strengths, and durability) in concrete. Moreover, this study
described the CBA used in the applications of civil engineering projects. Furthermore, in
this chapter highlighted the new approach in utilizing CBA as SCC and present the
possibility to utilized CBA as SCC; advantages and disadvantages of using this method.
Finally, a review on the testing of the properties of CBA in concrete as reported by other

researchers is presented.

2.2  Self-Compacting Concrete (SCC)

The next sub-sections discuss the SCC based on the standards and previous
studies. The discussion includes background, advantages and disadvantages mixtures

design, and the application that can applied SCC based on previous studies.

2.2.1 Background

Concrete is a significant component in construction. Concrete has been developed
from a material, which mainly incorporates cement, aggregate, water, in addition to a few
admixtures to a specifically engineered material, which is made of various additional
ingredients that enhance performance in a range of exposure circumstances (Kanyal et
al., 2021; P. Li et al., 2021). Concrete is a frequently utilized building material due to its

beneficial characteristics (Miraldo et al., 2021). However, conventional concrete has
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some flaws in the commercial use of ordinary concrete. To tackle the issue of limited
construction such as Intricate designs, the density of reinforcing steel in structural
components, a shortage of skilled labor, the construction industry’s fast development, and
the poor quality of construction have altogether prompted the adoption of SCC to address
these issues (J. Lietal., 2021; Z. Maet al., 2021; Siddique, 2019). In 1988, Okamura was
the first to introduce the utilization of SCC, which has been developed to tackle the
problem of building extremely overcrowded reinforced concrete components (Alexandra
et al., 2018; Ashish & Verma, 2019; Shi et al., 2015; Yankun et al., 2021). The aim of
developing SCC primarily involves creating a new type of concrete, which enjoys the
capability of flowing through and filling mold corners and reinforcing spaces without
using vibrations or compacting through the casting process (Adesina & Awoyera, 2019;
Chandru et al., 2018).

The primary concept of SCC in the fresh state revolves around its rheological
properties, which are crucial for ensuring its workability and stability. Rheology, the
study of the flow and deformation of materials, is the main design factor for SCC because
it directly influences the concrete's ability to flow, fill intricate formwork, pass through
dense reinforcement, and maintain homogeneity without segregation or bleeding
(Okamura & Ouchi, 2003). Viscosity control is a critical aspect of SCC's rheology. Proper
viscosity ensures that the concrete can flow smoothly while resisting segregation of the
aggregates. A well-designed SCC mix achieves a balance between fluidity and stability,
allowing it to spread into place under its own weight while maintaining uniformity
(EFNARC, 2002). This balance is typically achieved by using a combination of
superplasticizers to enhance flow and viscosity-modifying agents to maintain
cohesiveness (EFNARC, 2002).

Temperature also plays a significant role in the rheology of SCC. Higher
temperatures can accelerate the hydration process, reducing the working time and
increasing the risk of early setting, which can compromise the concrete's flowability and
lead to defects. Conversely, lower temperatures can slow down the hydration process,
affecting the early strength development and workability. Therefore, controlling the
temperature and understanding its effects on the rheological properties of SCC are vital
for ensuring consistent performance (Abed, 2019). In summary, the importance of
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rheology in SCC design lies in its direct impact on the concrete's fresh state properties,
which determine the ease of placement, compaction, and overall quality of the finished
structure. Proper control of viscosity, attention to temperature effects, and the use of
appropriate admixtures are essential to achieving the desired performance characteristics
of SCC.

Generally, SCC is realized by using recently developed generation
superplasticizers to decrease the water-binder ratio. Furthermore, supplementary
cementation or tranquil substances materials such as powdered calcareous plants, natural
pozzolanic, FA and ground CBA would be used. In order to improve viscosity and reduce
the expense of compressive concrete. Exclude for the use of non-vibrators, the similar
trend is realized in regular vibrated concretes with the same components are utilized with
finer content and using very strong superplasticizers in the application. Several previous
studies have carried out SCC experiments using additives such as FA and CBA. Both
ashes are appropriating additive for SCC works as well as minimize circumferential
pollution reasoned by this waste. The CBA is a by-product of coal combustion, which is
commonly not properly used. In most developing countries, such as Malaysia, the by-
product of thermal power stations has been commonly used in the concrete industry as a
cement substitute material this is due to despite its important benefits in terms of
workability and durability (Kasemchaisiri & Tangtermsirikul, 2008; Mangi et al., 2019;
Zainal Abidin et al., 2014).

CBA due to its strong and light weight characteristics, it is a good substitute for
sand and is appropriate for fine aggregate use as reported by several studies
(Kasemchaisiri & Tangtermsirikul, 2008; Mangi et al., 2019; Zainal Abidin et al., 2014).
Furthermore, Mohd Sani et al. (2010) reported that CBA is used for production of
lightweight concrete masonry as a thin aggregate and as a cement substitute for structural
and masonry aims. The utilize of CBA as pozzolanic extension in cement replacement
would revolutionize the cement manufacture (Sani et al.,, 2010). There are many
advantages of using SCC, including reducing construction time and labor cost, giving up
a mechanical vibrator (which helps reduce the energy consumption, noise pollution, and
safe), and improving filling ability when pouring in a highly congested structure, which

ensures good structural performance as shown in the Figure 2.1.
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Speedy Construction Enhanced workability

Sunab.le for congested Benefits of SCC Safe, Healthy, Nmse
reinforcement free construction

Increase lift-height
Low segregation/ No
bleeding

Reduction in labor with
good finish

Figure 2.1 Benefits of use application of SCC
Source: Sani et al., (2010)

2.2.2 Advantages and Disadvantages of SCC

The invention of SCC has significantly benefited the construction industry with a
wide range of advantages due to its unique features in quality and economy. Elimination
of the need for vibration reduces the number of workers and machinery requirements
which reduce construction costs. Okamura and Ouchi et al. (2003) reported that the
number of workers can be decreased by 30% from those required if normal concrete is
used in large applications. SCC has good deformability and passing ability with high
resistance to segregation which can be placed in heavily reinforced applications and
compacted under its self-weight. With no vibration, it accelerates the process of casting
concrete and reduces the mixer truck movement and pump operations, which decreases
the construction time (Okamura & Ouchi, 2003). Okamura and Ouchi et al. (2003) also
stated that the construction period may reduce by 20% in huge scale projects where SCC
is applied (Okamura & Ouchi, 2003).

Recently, a considerable significance has been directed towards SCC due to the
benefits it provides, such as minimizing building time, lowering labour costs, and
improving structural compaction for reinforced complicated shapes (Adesina & Awoyera,
2019; Elemam et al., 2020; Hamzah et al., 2015). The SCC containing CBA has fresh

characteristics to guarantee that it functions very well in the mixture (Kumar & Singh,
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2020; Pathak & Siddique, 2012). The SCC fresh characteristics, including mobility,
filling capability, passing capability, and segregation resistance, are critical criteria that
influence the effectiveness of SCC with the CBA use (Ibrahim et al., 2021a; Singh et al.,
2018). In general, SCC can be obtained by utilizing a new superplasticizer generation by
reducing the ratio of water/binder (w/b) in concrete. SCC has one downside, which
involves the increased costs due to using chemical admixtures like superplasticizers
(Ibrahim et al., 2015). Additionally, supplementary material ingredients, such as CBA are
utilized to enhance the SCC viscosity and lower its cost (Hamzah, Jamaluddin, et al.,
2020). Moreover, previous scholars examined SCC, utilizing various additives, namely
CBA. They found that CBA is an effective ingredient for SCC because of its lightweight
and hard nature in reducing environmental contamination caused by this waste.
Furthermore, the utilization of natural resources linked with main materials production
causes severe environmental impacts (Singh et al., 2019; Sua-lam & Makul, 2015; Zainal
Abidin et al., 2015).

SCC has been applied in several applications. Moreover, besides its advantages
there are some disadvantages to using SCC that should be considered. It demands
designers with high levels of experience to produce and control the SCC mix to achieve
the fresh properties required. SCC is designed with high amounts of chemical admixtures
and cementitious materials which may delayed the setting time (Okamura & Ouchi,
2003). In addition, the low content and small size of coarse aggregates in SCC compared
to normal concrete lead to improve the properties (Turcry et al., 2002). Moreover, SCC
is higher than that of normal concrete (NC) due to high volumes of paste, large quantities
of mineral fillers, low coarse aggregates content and high range of water reducing
admixture (Heirman & Vandewalle, 2003; S.-D. Hwang & Khayat, 2008). Finally, there
are no standard methods or specifications for proportioning self-compacting concrete
materials. However, SCC has been successfully used in many applications, and these
disadvantages can be decreased or eliminated.

2.2.3 Mixture design of SCC

In 1995, Okamura introduced the first recommended SCC mixture design, dubbed
as the Japanese or rational technique at that time. SCC can flow under its weight for filling
gaps in the piece of work, flowing freely all through the reinforcing bars without external
vibrator support. Also, it allows further concrete’s accurate levelling when placed without
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any segregation (Li et al., 2005; Nagamoto & Ozawa, 1999; Okamura, 1997). Therefore,
when the SCC mixture design was developed, various assessments were conducted, such
as V-Funnel, slump flow, and L-Box to evaluate fresh state properties and the SCC
limitation according to EFNARC guidelines as illustrated in Table 2.1 (EFNARC, 2005).
This method is referred to as an empirical design (EFNARC, 2005). Su et al., (2001)
presented the conventionalized empirical design approach’s simple application for
implementation and stated that this method may significantly decrease the amount of
time, binders, and expense involved. This approach primarily aims to enhance workability
via the utilization of a specified amount of paste material for keeping every aggregate
material in place, thus increasing the freshness and strength of the concrete. This is often
referred to as the technique of packing aggregates closely (Shi et al., 2015). This means
that SCC should use a minimum coarse aggregate amount volume, an increased paste
volume, an increased powder volume, a lowering water-to-powder ratio, a higher
superplasticizer dose, and an infrequently necessary viscosity modifying agent (Su et al.,
2001). Recent studies have summarized the SCC mixture design (Danish & Ganesh,
2020) and, in 2015, it was found that the SCC mixture design is determined by five
factors. These include 1) an empirical design method, 2) a close aggregate packing
technique, 3) paste rheology, 4) a method of compressive strength, and 5) a statistical
factorial approach (EFNARC, 2005). Previous research has shown that the SCC
compressive strength ranged between 20 and 100 MPa at 28 curing days, with 40 MPa as
a mean compressive strength (Aggarwal et al., 2008; Jawahar et al., 2012; Sedran et al.,
2004). SCC has a high resilience degree. Also, no extraordinary mix design is required if
it achieves real applicability, economy, practicability, and high quality in both its fresh
and hardened states. General exhibits are determined as a part by the basic materials used
in the mix design (P. L. Domone, 2007).

Table 2.1 Recommended values of SCC fresh properties
Slump flow V-funnel test L-box test

Slump Slump Viscosity  V-funnel Passing Blocking ratio
flow flow classes times (s) ability (H2/H1)

classes (mm) classes
SF1 550-650 VF1 <8 PA1 > (.8 with 2 bars
SF2 660—750 VF2 9-25 PA2 < 0.8 with 3 bars
SF3 760-850 - - - -

Source: EFNARC, (2005)
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On the other hand, several mixture design methods for SCC. Domone, (2009);
Petersson et al., 2004) each introduced an approach in 1996. In 1999, the Laboratory
Central (Sedran & De Larrard, 1999) established a methodology using the BTRHEOM
rheometer and RENE-LCPC applications. Su et al., (2001) established a parameter known
as the packing factor to modify the proportion of aggregate and paste in a material.
Hwang & Tsai, (2005) was introduced a concentrated mixture design approach that was
based on the optimum density theory and excess paste theory. Saak et al., (2001) was
used rheology of a paste model to develop fiber-reinforced self-compacting concrete
(SCC). Kheder & Al Jadiri, (2010) was designed a novel technique that enables the
precise rationing of self-compacting concrete (SCC) mixes with determined compressive
strength. Sonebi, et al. (2004) was introduced a novel mixture design approach that
combines the European standard (EN206-1), the Chinese technique, and the optimization
of granular packing. Additionally, there are other adapted mixture design approaches that
are derived from existing methods(Choi et al., 2006; Dinakar et al., 2013; Wu & An,
2014). The approaches could be categorized into five groups based on design principles:
empirical design method, compressive strength method, close aggregate packing method,
methods based on statistical factorial model, and rheology of paste model. The available
mixture methods for designing SCC in the existing literature are compiled and presented
in Table 2.2

Table 2.2 Presents an overview of the various mixture design methods for SCC that
have been reported in previous studies.
Classification Main features References
Empirical design Fix coarse and fine aggregate first, and then (Okamura &
method obtain self-compactability by adjusting W/B  Ouchi, 2003)
and superplasticizer dosage
Use mortar flow and mortar V-funnel testingto (EDAMATSU et
select the fine aggregate volume, volumetric al., 1999)
water-to-powder ratio and superplasticizer
dosage
For a given set of required properties, make the (P. Domone,
best estimation of the mixture proportions, and 2009)
then carry out trial mixes to prove

Conduct in three phases, i.e. paste, mortar and (Khaleel &
concrete Razak, 2014)
Compressive Based on the ACI 211.1 method for (Kheder & Al

strength method  proportioning conventional concrete and the Jadiri, 2010)
EFNARC method for proportioning SCC.
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Table 2.2 Continued

Classification

Main features

References

Compressive

strength method

Use GGBS in SCC based on the strength
requirements and consider the efficiency of
GGBS.

(Dinakar et

al., 2013)

Close aggregate
packing method

Use Densified Mixture Design Algorithm
(DMDA), derived from the maximum density
theory and excess paste theory.

Use packing factor (PF) to control the content of
fine and coarse aggregate in mixture proportion.
Use software to design SCC based on the
compressible packing model (CPM).

Use a combination of the excessive paste theory
and ACI guidelines to design self-consolidating
lightweight concretes.

Based on FN EN 206-1 standard, compressible
packing mode (CPM) and packing factor (PF)

(C. Hwang &
Tsai, 2005)

et al.,

(Su

2001)
(Sedran & De
Larrard, 1999)
(Shi & Yang,

2005)

(Sebaibi et al.,
2013)

Statistical
factorial model

Obtain a statistical relationship between five
mixture parameters and the properties of concrete
Design in a L18 orthogonal array with six factors,
namely, W/C ratio, water content (W), fine
aggregate to total aggregate (S/a) percent, fly ash
content (FA), air entraining agent (AE) content,
and superplasticizer content (SP).

Useful to evaluate the effect of three types of sand
proportions (river sand, crushed sand and dune
sand), in binary and ternary systems, on fresh and
hardened properties of SCC

(Khayat et al.,
1999)
(Ozbay et al.,
2009)

(Bouziani,
2013)

Rheology
paste model

of

Avoid segregation of the aggregates as a critical
design parameter, then a new  segregation-
controlled design methodology is introduced for
SCC.

Expand Saak’s concepts to include the effects of
aggregate (and paste) volume ratio, particle size
distribution of the aggregates and fine to coarse
aggregate ratio, to propose a new paste rheology
model.

Steel fiber-reinforced SCC based on the paste
rheology model.

(Saak et al.,
2001)

(Bui et al.,

2002)

(Ferrara et al.,
2007)

2.2.4 Application of SCC

Following its success in Japan with more than 400,000 m® of annual production
for bridges and buildings in SCC, other areas of the world have adopted SCC. The

following described several applications was utilized SCC.
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With more than 828m height (2716.5ft) and 166 floors, Burj Khalifa (2010) in Dubai
holds the distinction as the tallest building and self-contained tower in the world with
the highest number of floors. SCC plays a larger role in high-rise construction to
solve the issue of congested reinforcement and ease of positioning. The groundwater
in under construction of the Burj Dubai substructure is especially high, with chloride
concentrations of up to 4.5 % and sulphate concentrations of up to 0.6%. The
amounts of chloride and sulphate present in groundwater are much greater than those
found in seawater. Consequently, the key concern in designing of the piles and the
raft base foundation was durability. The concrete mixture for the piles which are
1.5m in diameter and 43 m long with design capacity of 3000 tonnes (t) each was a
60MPa mix based on a triple blend with 25% FA, 7% silica fume, and a (water to
cement ratio) w/c equal 0.32. A viscosity modifying admixture was utilized to gain
a slump flow of 675 +/- 75mm to limit the possibility of defects during construction.
The construction of the Burj Khalifa, the world's tallest building, required innovative
solutions for pumping concrete to unprecedented heights. The rheological
parameters of the concrete mix were meticulously designed to ensure a balance
between flowability and stability, crucial for high-pressure pumping. A high-
performance concrete mix with low viscosity and controlled yield stress was
developed to minimize friction and avoid segregation during pumping, allowing it to
reach heights of over 600 meters. The pumping rate and pressure were carefully
monitored and adjusted to maintain the mix's integrity throughout the ascent
(Esmaeilkhanian et al., 2014). Similarly, the design of SCC for long bridge spans
and tunnel linings hinges on achieving optimal rheological properties to ensure ease
of placement and durability. For bridges, the SCC mix is designed to have high
flowability to fill formworks and encapsulate dense reinforcement without
mechanical vibration. This requires precise control of viscosity and yield stress to
prevent segregation and bleeding, ensuring a uniform and durable structure (Feys,
2009). In tunnel linings, SCC must flow over long distances and into complex
geometries while maintaining stability. The mix design for tunnel linings often
includes viscosity-modifying admixtures and high powder content to enhance
flowability and prevent segregation, ensuring a consistent and homogenous concrete
lining (P. L. Domone, 2006).
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2.3

Dragon Bridge (2012), Alcala De Guadaira, Seville, Spain. This impressive 124m
long bridge, split into four parts, stands out due to its unusual form. The concrete
structure performs is a dragon that appears to protrude from the Guadaira River in
the province of Seville. The dragon’s body is made up of an egg-shape section, 4
meters high and 2 meters wide of SCC reinforced. Its shape was clad in “trancadis”

using more than 4,500 m? of mosaic tiles.

The 800 million-dollar Sodra Lanken (1997) Project in Sweden. In particular, it was
one of the biggest building infrastructure projects that used SCC. The 6 Km long
four-lane highway in Stockholm involved seven main intersections, and rock tunnels
totalling over 16 km partly lined with concrete and over 225,000 m? of concrete.
Incorporating SCC was ideal to cope with the density of reinforcement required and
the highly uneven rock surfaces. Another example can be found in the UK at St
George Wharf (2004), London Docklands where SCC has been utilized to save time
and manpower. SCC was utilized in fimited areas on two floors in lift shaft walls, up

stand beams and columns and for stairs precast on site.

Coal Bottom Ash (CBA)

The following sub-sections discussed about the production, environmental

issue, pretreatment technique as well as the potential use of CBA in concrete
production that is associated with the aggregate or cement replacement and its
application in structural elements. Consequently, CBA has received a lot of interest
in the construction industry in recent years and its physical properties, chemical
properties and potential utilization of CBA from the previous research were briefly

discussed in the following subsections.

2.3.1 Background

Throughout the world, coal is a highly recommended natural resource that has

been utilized to generate electricity and steam for more than a decade and a half. The

requirement for coal for power generation has increased dramatically in both emerging

and developed nations (Singh & Siddique, 2016). Approximately two-thirds of coal

mined today is being used to generate electricity (Morse, E.,Turgeon, 2012). According

to a study by Pei, (1993), coal was described as black in colour and composed mostly of

carbon. As coal is burnt, carbon goes together in the air with oxygen, much as when oil
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is burnt to make carbon dioxide. Coal ash is mainly released when coal is burned in coal-
fired thermal plants. Several by-products of coal combustion from thermal power plants,
such as boiler slag and CBA, are included in coal ash.

Boiler slag is another type of waste produced in thermal power plants. It is an
inorganic substance produced during the combustion of coal in boilers at temperatures
ranging from 1500°C to 1700°C and is obtained by wet ash removal from wet bottom
boilers. Moreover, it is commonly found in two forms of wet-bottom boilers, sludge tap
boiler and cyclone boiler. Boiler slag is obtained from both the surface of the molten iron
and the bottom of the furnaces. Similarly, in FA, SiO2 (25-45%), Al>O3 (5-30%), MgO
(0-20%) and CaO (35-55%) are the main constituents. Nevertheless, boiler slags usually
have one single size and vary in diameter from 0.5 mm to 5 mm. Typically, boiler slags
have a smooth surface structure, but when gases are trapped in the slag during removal
from the burner, the quenched slag becomes vesicular or porous. Boiler slag produced
from burning lignite or sub-bituminous coal is much more porous than slag produced by
the combustion of coals (Hannan et al., 2017; Heidrich et al., 2013; Robl et al., 2017).

CBA is the term used to refer to the ash accumulated in the furnace’s bottom part.
It is the unburned residue from coal combustion in thermal power plants. It is founded in
the boiler and amounts for up to 20% of total coal ash (Singh, 2018). Chemically, CBA
is a complicated combination of metal carbonates and oxides (Muthusamy et al., 2020).
Physically, CBA is often larger in size, pores, lighter and glassy in origin, granular in
form, and comparable in color to cement (Embong, 2019). The usage of CBA is likely to
sustain the overall economy in the forthcoming construction phase and can help reduce
the consumption of natural resources. CBA is a significant source for production wastes
generated by thermal power plants. Recycling CBA has various benefits, including
environmental, economic, as well as product benefits. The numerous features in the
development and implementation method for CBA had been examined extensively in
earlier researches (Embong et al., 2021: Kim & Lee, 2015).

Additionally, several researchers have utilized materials such as pumice powder
(Ardalan et al., 2017), nano-silica (Bernal et al., 2018; Mastali & Dalvand, 2018), FA
(Ardalan et al., 2017; Guo et al., 2020; Rantung et al., 2019), metakaolin (Ghoddousi &
Saadabadi, 2017), rice husk ash (Raisi et al., 2018), and palm oil fuel ash (Ranjbar et al.,
2016) as a partial of replacement for cement in (SCC). In addition, the majority of

researchers worldwide are currently working for a sustainable environment.
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Consequently, several studies are focused on obtaining benefits from waste materials
causing environmental problems instead of burying such materials (Tang et al., 2020).
For example, CBA industries are considered major by-product industries in some
countries, such as Malaysia, Thailand and Indonesia. These manufactories produce a
substantial amount of waste in the form of CBA, which are used for electricity generation
in coal fired power plants (Abdullah et al., 2019; Cleaner Coal Ash Disposal Gets

Bipartisan Support in Virginia - Circle of Blue, 2019), as shown in Figure 2.2.

Figure 2.2 CBA industry waste. (a) waste of CBA in the landfill (b) Process of clean
CBA in the landfill

Source: Cleaner Coal Ash Disposal Gets Bipartisan Support in Virginia - Circle of Blue,
(2019)

2.3.2 Production of CBA

CBA is a raw material that can be collected from coal plants, warehouses,
manufacturing industries and energy plants. Coal incineration produces huge amounts of
air pollution, as well as waste materials. A sequence of filters works on regulating the air
pollutants emission, which is then emitted through the stacks pollution chimneys of the
air pollutants like nitrous oxide (NOXx), particulate matter (PM), and sulphur (S). Figure
2.3 shows the generation process of CBA with by-product residues generated in coal-
fired thermal power plants and describes the main processes in an exemplary coal-fired
power plant. Around 15 million tons of ground CBA are produced yearly in the US, where
in the range of 10% to 15% are recycled as useful byproducts. In certain cases, CBA can
be used as a road base, snow and ice control, and structural fills (Coal Combustion By
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products, 2018; Eliche-Quesada et al., 2021). Table 2.3 presents CBA production from
various countries among the fossil power resources. Many factors can influence CBA
production, which includes the different types and sources of coal. Coal utilized in energy
plants, hugely affects CBA’s chemical composition, containing sub-bituminous, lignite,
humidity, as well as other levels of compounds, coal, and anthracite coal variable carbon.
Anthracite coal, however, possesses the highest level of carbon, range from 86% to 97%,
followed by bituminous coal with a carbon amount of around 40% to 80% (Kopp, 2018;
Morse & Turgeon, 2012). The specifications for each coal grade vary among countries,
but the key components are organized by (ASTM D388-18a, 2018; ASTM D4326-13,
2013). This variation in the types of coal results in differences in alumina (Al.Oz), silica
(Si0y), loss on ignition (LOI) levels of CBA, and ferric oxide (Fe203), with bituminous
coal waste containing fewer carbon amounts compared with the sub-bituminous or lignite
coal waste. However, coal’s chemical composition utilized for different purposes in the
industry can be identified by their mineral’s geological formations (Morse, E.,Turgeon,
2012).

N Emissions monitors

Power plant

Cooling
Water

Coal

Coal bottom ash

Figure 2.3 The exemplary thermal power plant of coal-fired
Source: Coal combustion by products, (2018)
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Table 2.3 CBA production in various countries

Country CBA Production References
(tons/year)
USA 10 million (American Coal Ash Association,
2018)
Malaysia 1.7 million (Mangi et al., 2018)
Europe 18 million (Cewep, 2017)
China ~ 60 million (Maetal., 2017)
India 100 million (Singh et al., 2017)

2.3.3 Environmental Issues of CBA

In our world, one of the key goals of society is to achieve a better quality of life.
However, the increased consumption of services and goods has exerted a huge effect. The
production of large amounts of wastes and increased pollution is the result of this growing
consumption. From the production of goods to the elimination of wastes, and in every
phase of the system, maximizing the efficiency of energy utilization should be the aim of
any sustainable growth. To address this problem, each step should be related to other
phases or steps of the entire system (Caviglia et al., 2020; Viet et al., 2020). Nowadays,
recycling and management of coal waste are considered one of the main tasks of
environmental protection. Coal occupies the bulk of the whole world’s waste, which has
polluted the Earth as shown in Figure 2.4. For many years, coal has been left for
decomposition in natural conditions (Das et al., 2019). The main coal contaminants that
are the most widely used, such as thermal coal and metallurgical coal, should be taken
into consideration for recycling. Coal waste has a low recycling rate, which contributes
significantly to environmental contamination (Glushkov et al., 2019). However, the open
dumping of CBA from numerous industries and thermal power stations has resulted in
significant environmental contamination and a variety of health concerns. Furthermore,
the way of disposal of CBA waste constituents may move into surface water or
groundwater, posing a threat to living organisms. Also, a spillage risk remains, which fills
the surrounding areas with CBA (J. Li & Wang, 2019). CBA’s effect is toxic, heavy
metals that dissolve and percolate in a leachate shape. This can be a source of groundwater
pollution. According to an experimental study by Ruhl et al., (2009), the chemical
composition of CBA was investigated to determine the ratio of the concentration of
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various element composition in metals such as copper, zinc, arsenic, barium, nickel and
mercury. The obtained concentrations of the aforementioned elements were contrasted to
those recommended by different standards. The desirable percentage of copper, zinc,
arsenic, barium, and nickel in CBA was determined to be up to four times that of the
allowed range. Similarly, several previous studies (Kravchenko & Lyerly, 2018; Ruhl et
al., 2012) had reported comparable findings for heavy metal contents. Therefore, when
CBA is utilized to replace cement in concrete, it will mitigate harmful leachate.
Furthermore, the accumulation of heavy metals makes CBA hazardous than fine
aggregate as it is present in higher amounts. The existence of acidic conditions in the
CBA dumps increases leachability compared to fine aggregate (Amran et al., 2021). This
has necessitated the utilization of coal waste for different applications, such as aggregates
and other uses in concrete and renewable energy (Hannan et al., 2020). This has
necessitated the utilization of coal waste for different applications, such as aggregates and
other uses in concrete and renewable energy. (Hannan et al., 2020).

Figure 2.4 Coal ash waste impact on the earth, water, and groundwater resources
Source: Das et al., (2019)

2.3.4 Pre-Treatment of CBA

Different type of process for pretreatment of CBA have been used to produce CBA
from the industrial wastes. The incorporation of CBA elements into concrete mixture
raises concerns about the environmental impacts such as the possibility of heavy metals

leaching into the under-ground water or in the soil. Leaching is defined as the process
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whereby a waste of CBA component is removed mechanically or chemically into a
solution from a solidified matrix by the passage of solvent such as water. The pre-
treatment process can be divided into two phases. The first phase the chemical
pretreatment method such as alkali metal removal and hydraulic acid treatment and reflux
chemical treatment and other etc. The second phase is mechanical pretreatment include
grinding size, sieving and incineration process in various temperatures. The following
sub-section presented the review of the CBA and other materials treatment process as

reported by various researchers.

2.34.1 Chemical pretreatment

The chemical treatment process was investigated by several researchers
(Kusbiantoro et al., 2019; Hammoud et al., 2017c Jarusiripot, 2014; Mangi et al., 2019).
Kusbiantoro et al., (2019) reported that the aim of the study to enhance the pozzolanic
reactivity of CBA through chemical pre-treatment process. The results showed chemical
oxide composition of ashes that were pre-treated with various acid concentration showed
an optimum peak at 0.5 mol of H2SO4. The inclusion of this CBA as a partial cement
replacement material provide superior performance on the compressive strength of
hardened mortar (Kusbiantoro et al., 2019). Furthermore, Hammoud et al. ( 2017) was
investigated the effect of HCI solution in various concentrations of CBA in concrete.
Also identified heating temperature, time and acidic treatment of CBA pretreatment. The
results show that the pretreatment protocol defined is effective for most elements. There
is a good coherence between experimental and simulated data for elements such as
calcium and sulphur these elements have been well described in the mineralogical
assemblage. Results are less convincing for other elements (e.g. antimony) for which not
enough data exists yet, in order to correctly define their geochemical speciation in the
CBA (Hammoud et al., 2017).

In the study by Feng et al., (2004) investigated the influence of hydrochloric acid
pretreatment on the pozzolanic activity and chemical properties of rice husk ash. It was
observed significant increase in the strength of the rice husk ash (pretreated) specimen.
The pozzolanic activity of rice husk ash by pretreatment is not only stabilized but also
enhanced obviously. It is shown the sensitivity of pozzolanic activity of the rice husk ash
heated hydrochloric acid (HCI) pretreatment rice husk to burning conditions is reduced.
The above explained and discussion for the chemical treatment of CBA is reported by
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several researchers as seen in the Table 2.4. Also demonstrates in Table 2.4 the solution
used with various percentages of CBA and various solutions used for treatment in

concrete mix, also observation of used this solution as is shown in the Table 2.4.
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Table 2.4

Summary of chemical pre-treatment of materials in mortar and concrete

Author /year Source of Materials used and Solution used for treatment  Observation
CBA percentages and amount
(Kusbiantoro et al., Malaysia CBA as cement H>SOg4solution, (0.1 M, 0.5M, The optimum percentage is 5% can be
2019) replacement in  mortar and 1.0 M). improved the compressive strength, also
(0,5%, 10,15,20%) increased the compressive strength when
increased the ages.
(Mangi et al., 2019) Malaysia CBA as cement Sodium sulphate 5% (Na:SO4) The concrete doesn’t change in weight
replacement in concrete and 5% Sodium Chloride when used curing in NaCl and Na>SO4
(NaCl). compared to normal curing in water.
(Tayeh etal., 2019) Iraq CBA as cement 4% of calcium chloride Improved the strength properties when
replacement (10%, 20% solution (CaCl2.2H20) used solution of CaCl2.2H.0O with CBA
and 30%) in concrete mixture.
(Liu etal., 2018) Singapore CBA as cement Alkali solutions such as Alkali treatment enhanced the
replacement in mortar. (sodium hydroxide (NaOH) or pozzolanic properties and removes the
calcium hydroxide (Ca(OH)2) metallic aluminum and minimizes
used = at  pre-determined aeration in incineration CBA blended
alkalinity (pH = 12 or 14) to. cement mortars.
react with incineration CBA at
specific temperatures (25°C or
70°C) at 120 minutes
(Hammoud et al.,, France CBA as fine replacement in  HCI (0.18M, 0.5M, 1M, 1.5M) It has been observed that a low Liquid to

2017)

concrete

solid ratio (L/S) increases the efficiency
of the pre-treatment process, reducing
the production of effluents.
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Table 2.4 Continued

Author /year Source of CBA Materials used and Solution used for treatmentand  Observation
percentages amount

(Embong et al., Malaysia Sugarcane bagasse ash (SBC)  HCI solutions (0.1M,0.5M ,1.0M)  The mechanical properties of

2016) as cement replacement in SBC are gradually decreased
mortar (10%,20 %, when increased the percentages
30%,50%) of replacement.

(Wongkeo et al., Thailand CBA as cement replacement Calcium hydroxide 4:5 by weight, The mechanical and other

2012)

(Feng et al., 2004) Japan

in concrete (0%, 10%, 20%,
30%)

Rice husk ash as cement
replacement in mortar 30%

aluminum powder was added at
0.2% by weigh of mix.

1 N HCI

properties was increased when
with CBA content due to
tobermorite formation.

Reduce the range of pore and
enhance the pozzolanic
reactivity of treated rice husk
ash mortar compared to cement
in normal mortar.
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2.3.4.2  Mechanical pretreatment

In order to use CBA and minimize the environmental influence , mechanical
treatment method such as grinding size was investigated by several researchers Abubakar
& Baharudin, (2012); Khongpermgoson et al., (2020); Tayeh et al., (2019). Burhanudin
et al. (2018) was reported the influence of CBA as cement replacement in concrete, the
particles were used in this research retained particles on a no. 325 pum sieve and the
percentages of this particles was 3% in the mixture concrete. The results showed a low
fineness of CBA would result in a low compressive strength of concrete. Furthermore,
the grinding time change the physical properties and the fineness particles size reduced
the workability of CBA. In similarity, Mangi et al. (2018) was observed the grinding
process is necessary for the CBA to make it useful as a supplementary cementitious
material. The grinding size was passed sieve no 300 pum. The results showed decreased
when increased the percent of replacement in all properties such as compressive and

tensile and density.

In reference Khongpermgoson et al. (2020), the author studied the effect of CBA
in various range of particle size 3.65 to 50.45um as cement replacement in concrete. The
CBA was collected from the thermal power station in Selangor, Malaysia known as Kapar
Energy Ventures (KEV). The CBA was dried in the oven at a temperature of 110+£5°C
for 24 hours. Then, was used to grinding by Los Angeles (LA) grinder machine for
2hours, the process of grinding of CBA done in two stages. First stage grinding process,
it was sieved using 300-micron sieve. The ground CBA which passed through the
300micron sieve was then proceeded for the second stage grinding in a ball mill for
20hours until fine CBA was achieved where almost 75% passed through 63-micron sieve.
it was found the influence of particles size that led to decrease the properties of concrete
contain CBA such as compressive strength, workability, and spilt tensile strength. This is
due to need more grinding to be fineness and the low pozzolanic activity at the early age
of 28 days. In similarly, the above explained and discussion for the mechanical treatment
of CBA is reported by several researcher, as seen in the Table 2.5. Also demonstrates in
Table 2.5 the grinding size of CBA and influence of various ratio of replacement for CBA
in concrete mix, also optimum percentage and the benefit of this as shown in Table 2.5.
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Table 2.5 Summary of mechanical pre-treatment of CBA in mortar and concrete
Author /year Source of CBA Materials used and Particle grinding - .
percentages size Key research findings Observations
Escé?mmend Benefits
(Khongpermgoson Thailand CBA as cement Retained on a sieve 15% Improve the pozzolanic CBA is a suitable material
et al., 2020) replacement (0, 15%, No. 325, passed reactivity when used for use as a pozzolan in
25%, 35%, and 45%) sieve no .600 pm CBA as cement high strength concrete
replacement and, maintaining  a
favourable  mechanical
strength.
(Khongpermgoson Thailand CBA as cement Retained sieve 10% Increased the strength at 10% with w/b ratio give
etal., 2019) replacement  10% (w/b) 28 days when used CBA good strength properties
with  various w/c no. 45 pm as cement replacement and chloride resistance.
(0.15, 0.35 and 10% with w/b
water to binder ratio Also, reduced the
W/b (0.3, 0.7) permeability  of  the
samples
(Tayeh et al., Iraq CBA as cement Passed sieve 10% Achieve strength 10% and 20% of CBA
2019) replacement  (10%, properties almost the replacement was gave the
20%, and 30%) No. 200 mm same of the normal same results compared to

concrete compared to
other percentages was
decreased

normal concrete in the
strength properties. And
30% of CBA replacement
decreased in all properties
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Table 2.5 Continued

Author /year Source of CBA Materials used and Particle grinding - .
percentages size Key research findings Observations
Recommend
level Benefits
(Burhanudin et al., Malysia CBA as cement Passed sieve no 20% The additional fineness The grinding time change
2018) replacement  (10%, 150um particle of CBA in the physical properties
20%, and 30%) concrete increased and also the fines reduced
packing factor which the workability and in the
helps minimize the 20%of CBA increased the
voids and continues strength compared the
pozzolanic activity in others percentages.
cement matrix.
(Mangi et al., Malysia CBA as cement passed sieve 10% Achieve acceptable The CBA was decreased
2018) replacement  (10%, strength properties when  increased  the
20%, and 30%) no 300 pm compared to normal percent of replacement in
concrete and the target  all properties such as
compressive and tensile
and density.
(Jamaluddin et al., Malysia CBA as fine Sieved into sieve 10% CBA with 10% The water cement ratio

2016)

replacement (0, 10%,
15%, 20%, 25%,
30%)

passing 5 mm and
600pum.

replacement have
highest strength
properties compare to
normal concrete

gives the major impact of
the SCC with CBA due to
characteristically

absorbing water during
mixing process. Also, the
optimum 10% of CBA
due to pore refinery
influence by pozzolanic
reactivity of CBA
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2.3.5 Properties of Coal Bottom Ash (CBA)

The CBA contains various size distributions that depend on the rate of combustion
at the power plant. Generally, the particle size of CBA is in the range of fine to coarse
and categorized as lightweight material. Thus, the most crucial part of utilizing CBA as
aggregate or cement replacement in the concrete. The improperly conducted replacement
may not archive the desired strength criteria under the relevance standard. Therefore, The
following sub-sections discussed the physical and chemical properties of CBA as reported

by previous researches.

2.3.5.1 Physical Properties

From the laboratory investigations, the physical characteristics of CBA rely on
the behaviour and size of particles. Furthermore, the characteristics of CBA draw upon
parent rock fragments’ changeability, collected from different sources (Mangi et al.,
2019). Additionally, the rate of pulverization and combustion temperatures has an effect
on the physical characteristics of CBA. In general, the characteristics of CBA particles
show that they are angular and irregular in shape as demonstrated in Figure 2.5 (Al, A2)
(Ankur & Singh, 2021; Rafieizonooz et al., 2016). CBA is lighter and brittle in concrete
when compared to fine aggregate due to its porous inner structure. Earlier researches
Aydin, (2016); Khongpermgoson et al., (2019) on CBA demonstrated that its specific
gravity ranges from 0.8 to 2.9. The low values can be attributed to voids, depending on
the grinding size of CBA. This pore condition of CBA contributes to an increased water
absorption of about 4.1 to 25.8%. The fineness modulus of CBA has a range of 1.5 to 5.6
within the range of standard fine aggregate in concrete (Ahn et al., 2016a; Sanjuan et al.,
2019). The CBA particles’ display suggests that they are much coarser compared to the
fine aggregate particles (Mangi, et al., 2019). The CBA’s unit weight or density falls
within the range of 1200 to 1620 kg/m?®, whereas fine density has a range of 1900 to 2800
kg/m?® (Aali et al., 2019). However, they are heavier in comparison to the fine aggregate
particles. The larger proportion of fine particles and a smaller proportion of medium and
coarse sand make CBA differ somewhat from the fine aggregate. The large diversity in
the characteristics of CBA is due to variations in sources, combustibles, the kind of fuels
utilized, and the duration of the burning. The physical properties of CBA can be varied
by pulverization or grinding CBA particles through different grinding processes as
demonstrated in Figure 2.5 (A3, A4) (Ankur & Singh, 2021; Rafieizonooz et al., 2016).
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The physical properties of CBA can be varied by pulverization or grinding CBA particles
through different grinding processes. With increasing grinding time, the specific gravity
and specific surface area of CBA particles increase (Hannan et al., 2017). Likewise,
another study by Mangi, et al. (2019) reported a continuous change in the properties of
the specific surface area and specific gravity can be seen when the grinding period is
increased. After up to 40 hours of grinding, the specific gravity and specific surface
recorded values of (2.36-3.10), (2347-4870 cm?/g), respectively. Notwithstanding the
increment in the specific surface area and specific gravity of the CBA particles after
grinding, the value of sum alumina, active silica, and ferric oxide improved to be 70 to

80%, indicating a considerable increase in the pozzolanic reactivity of CBA particles.

Overall, the lower specific gravity of CBA compared to cement is primarily due
to the differences in their chemical compositions and physical structures. CBA is a by-
product of coal combustion in thermal power plants, and it typically contains a significant
amount of porous, lightweight particles. This porosity results from the combustion
process, where inorganic components of coal melt and solidify into porous structures. The
specific gravity of CBA typically ranges from 1.8 to 2.9, whereas the specific gravity of
cement is around 3.15. In contrast, cement is a manufactured product composed mainly
of calcium silicates, aluminates, and ferrites, which are denser and have a more uniform,
solid structure. The higher density of these compounds results in a higher specific gravity
for cement. Additionally, the production process of cement involves high-temperature
kilning, which leads to the formation of dense clinker minerals that further contribute to
its higher specific gravity. In Table 2.6 the widely tested physical characteristics of CBA
are included, which are specific gravity (SG), fineness modulus (FM), and water
absorption (%). The application had been implemented according to different authors.

Figure 2.5 CBA collected from thermal power plant was classified as Al) and A2)
Original CBA and A3), A4) various sizes after grinding process

Source: Ankur & Singh, (2021)
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Table 2.6

Physical characteristics of CBA

Authors Specific Water Fineness Application of CBA

Gravity (SG) Absorption (%) Modulus (FM)
(Mangi et al., 2019) 2.4 - - Substitute for cement in concrete
(Mangi et al., 2019) 2.5 - - Substitute for cement in concrete
(Khongpermgoson et al., 2019) 2.9 - - Substitute for cement in concrete
(Sanjuén et al., 2019) 2.1-25 6.8 15 Substitute for cement in concrete
(Mangi et al., 2018) 2.2 - - Substitute for cement in concrete
(Brake et al., 2018) 2.8 - - Substitute for cement in concrete
(Argiz et al., 2018) 2.7 - - Substitute for cement in concrete
(Ngohpok et al., 2018) 2.2 - 2.8 Substitute for cement in concrete
(Abdulmatin et al., 2018) 2.1 -- 2.3 Substitute for cement in bricks
(Vinai et al., 2017) 2.2 - - Substitute for cement in blocks
(Kimetal., 2017) 1.7 - - Substitute for cement in concrete
(Oruiji et al., 2017) 2.8 - - Substitute for cement in mortar
(Hanjitsuwan et al., 2017) 2.1 Substitute for cement in mortar
(Aydin, 2016) 1.4 - - Substitute for cement in brick
(Jang et al., 2016) 19 - - Substitute for cement in mortar
(Ahn et al., 2016b) 1.9 4.1 5.6 Substitute for cement in mortar
(Kim et al., 2015) 18 5.4 2.1 Substitute for cement in concrete
(Ibrahim et al., 2015) 2.6 1.0 2.9 Substitute for cement in mortar
(Naganathan et al., 2015) 2.1-2.7 - - Substitute for cement in bricks
(Lunaetal., 2014) 2.0 - - Substitute for cement in ceramic bricks
(Topgu et al., 2014) 2.2 - - Substitute for cement in mortar
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2.3.5.2  Chemical Composition

The chemical composition of CBA in previous studies are illustrated in Table 2.7.
The chemical composition of the CBA samples were investigated by different researchers
using X-ray fluorescence (XRF) and X-ray diffraction (XRD) analysis, respectively, to
determine the pozzolanic materials containing SiO2 + Al>Os + Fe»O3 content. According
to several previous research Al-Amoudi et al., (2022); Becerra-Duitama & Rojas-
Avellaneda, (2022), pozzolanic is composed of siliceous and aluminous components that
react with calcium hydroxide in the existence of water to form cementitious materials.
The amount of pozzolanic activity is assessed in terms of its reaction with Ca(OH).. The
reaction occurred mostly due to pozzolanic which contains silica, alumina, and ferric iron.
The sum of silica or alumina and ferric iron should be higher than 70% in accordance
with ASTM C618, (2019). Generally, pozzolanic materials are added to portland cement
(PC) to increase its performance. The enhancement in quality occurs as a result of the
pozzolanic reaction between calcium (OH)2 and silica in the presence of water, to the
formation of calcium silicate hydrate (C-S-H) (Wu et al., 2017). However, according to
(Massazza, 2003), the total quantity of calcium hydroxide involved in the pozzolanic
reactions depends on various aspects like curing length, ratio of the Ca(OH)2 to pozzolan,
silica content in the reactive phase, and pozzolan content in the reactive phase. The
reaction’s inactivity of the pozzolanic material of the Ca(OH)z is high. Many factors have
been attributed to this, such as the pozzolan’s surface area, content of cement alkaline,
temperature, as well as water/solid ratios. Often, the material’s pozzolanic action can be
calculated by physical, chemical, and mechanical techniques. CBA retains a higher
reactive fraction with extra pozzolanic characteristics (Yin et al., 2018). CBA particles
consist of silica, alumina, and iron and are categorized as a pozzolanic material according
to (ASTM C618, 2019). The CBA particles contain a higher amount of SiO2 and are
naturally hydrophilic (Ahmad et al., 2010; Arickx et al., 2010; Sadon et al., 2017). In
general, the SiO. content of CBA can greatly affect the forming of (C-S-H) gels in
cement, as well as concrete after hydration (Oruji et al., 2017). On the other hand, the
large particle size of CBA results in a low level of pozzolanic reactivity (Kim & Lee,
2016). Hence, grinding CBA to a smaller particle size would enhance the reactivity of the
silica. It is thought that earlier studies attempted to use CBA in its natural condition
without processing it, emphasizing on energy savings and simplicity of usage to increase

its appeal to concrete producers. In CBA, carbon is produced due to ineffective
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combustion in incinerators or boilers (Kadir et al., 2016). However, this varies based on
the coal exporter, as well as the conditions of processing and operation, which mainly
contains alumina, silica, and ferric oxide. These are the key chemical components in a
calcined, natural pozzolanic that is used in concrete by standard guidelines (ASTM C618,
2019). Based on the literature, the sum of the three compounds is in the range of 56.10%
to 95.4% of the total chemical composition, with a maximum of 0.3 to 11.86% LOI
content. (Mangi et al., 2018; Rafieizonooz et al., 2016). Data based on previous studies
showed that CBA is a pozzolanic substance for a specified class ‘C’ or specified class ‘F’

according to (ASTM C618,2019).
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Table 2.7

Chemical composition properties of CBA

Authors Chemical Composition (%0)
SiO2  AlOs Fe203 CaO NaxO MgO SO3 K20 Mn20s  TiO2  P20s LOl  Sum of SiOg,

Al20Os3, and
Fe20s3

(Mangi etal., 2019) 5250 17.65 8.30 472 - 058 084 - - 217 - 401 78.450

(Aydin, 2016) 55.1 281 8.3 1.1 - 0.3 03 15 - - - 3.9 91.50

(Khongpermgosonet 35.6  19.6 14.9 18.7 - 2.4 1.7 2.3 - - - 3.6 71.10

al., 2019)

(Ghafoori & Bucholc, 41.70 17.10 6.63 225 138 491 042 040 127 127  1.27 1.13 6543

1996)

(Lunaetal., 2014) 6445 1589 7.77 392 089 245 <0.01 1.60 - - <0.01 11.86 88.31

(Ibrahim et al., 2015) 34.10 9.31 12.39 - 0.12 528 091 051 - - - - 55.80

(Naganathanetal., 56.0 26.7 5.80 0.80 020 060 010 260 - 130 - 4.60 88.50

2015)

(Mangi etal.,2018) 53.80 18.10 = 8.70 530 - 058 « 090 « - - 120 - 4.02 80.60

(Ahnetal., 2016b) 49.90 29.30 1050 1.64 - - - 4.69 - 2.83 - - 89.70

(Jang et al., 2016) 4420 3150 89 20 - 2.6 - - - 2.4 - - 84.60

(Yoonetal.,2019) 540 234 8.9 78 08 1.3 03 06 - - - - 86.30

(Argizetal.,2018) 524 275 6.6 24 036 183 - 3.48 - 097 0.12 42.7  86.50
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Table 2.7 Continued

Authors Chemical Composition (%0)
SiO2  AlOs Fe203 CaO NaxO MgO SO3 K20 Mn20s  TiO2  P20s LOl  Sum of SiOg,

Al20Os3, and
Fe20s3

(Hanjitsuwanetal., 26.17 1579 1421 2851 1.05 298 150 1.43 - 0.31 0.25 7.68 56.10

2017)

(Abdulmatinetal., 35.6 19.6 14.9 18.7 1.2 2.4 1.7 23 - - - 3.6 70.10

2018)

(Topguetal., 2014) 5151 18.76 9.57 508 052 093 0.007 256 - - 0.07 10.85 79.84

(Oruji et al., 2017) 58.7 20.1 6.2 95 0.1 1.6 04 10 - - - 0.8 86

(Sanjudnetal., 2019) 54.60 28.80 5.30 140 037 189 - 3.72 - 1.03 0.17 2.30 88.70

(Wongkeo et al., 2012)44.56 22.48 1493 1054 0.77 254 065 1.76 0.12 0.46 0.19 1 81.97

(Jaturapitakkul & 48.12 2347 1055 11.65 0.07 3.45 1.76 3.45 0.07 - - 402 8214

Cheerarot, 2003)

(Hopkins & Oates, 79.8 11 4.6 25 034 08 0.05 < 0.67 0.08 - - 0.3 95.40

1998)

(Menéndez et al., 49.97 2695 834 828 0.14 112 011 0.78 0.05 225 0.95 1.85 85.26

2014)

(Kizgutetal., 2010) 61.36 21.86 6.78 255 044 21 - 35 - 1.03 - 1.75 90
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2.3.6 Microstructure

The microstructure of CBA in applications such as cement, concrete or mortar can
be observed by scanning electron microscopy (SEM) and field emission scanning electron
microscope (FESEM). An observation of the morphology produced changes from the
shape of the raw material into the shape of a hydrated calcium silicate hydrates (C-S-H)
gel. In addition, cracking and various shape changes were observed in the samples.
Furthermore, the pozzolanic reaction degree draws upon pozzolanic characteristics,
including chemical composition, surface area, as well as active phase materials (Embong
et al., 2016; Mertens et al., 2009). Several previous (Singh & Bhardwaj, 2020; Zhou &
Shen, 2020) investigations have demonstrated that silicon dioxide (SiO) and aluminium
oxide (Al.Oz) are the major elements in CBA due to their additional pozzolanic
characteristic, which is identical to that of FA generated in a thermal power plant. These
elements compound interact with calcium hydroxide during the hydration process of
cement to create further C-S-H as displayed in Figure 2.6 (Al and A2) by (Mangi et al.,
2019; Rafieizonooz et al., 2016), the morphology of sharp, irregular, porous, and
spherical CBA particles are shown in Figure 2.6. The CBA was collected and dried in the
oven at a temperature of 110 + 5°C and ground using a ball mill grinder machine to make
it finer. The chemical properties showed that CBA predominantly contains
SiO2+Al,03+Fe20s. Moreover, the grinding of CBA to a lower size resulted in increasing
the specific surface area lead to improve the pozzolanic reaction (Mangi et al., 2019).

The grinding CBA mix has finer particles and a more densely packed C-S-H gel
compared to the samples without CBA based in concrete and mortar. Based on the
microstructure analysis by (Mangi et al., 2019; Oruji et al., 2017), the influence of CBA
was observed after being used as a substitute substance for cement in concrete, and
mortar. (Oruji et al., 2017) performed a microstructural analysis to evaluate the chemical
composition of C-S-H compound contained in CBA in the cement mixture. The findings
identified that hydrated CBA samples at 28 days had a lower and more densely packed
C-S-H compared to conventional mix samples. It was also observed that the pore size was
lower in the samples containing CBA in the blended cement mixture. This is due to the
incomplete pozzolanic reaction that led to lower calcium to silica ratios of the C-S-H
compound in the hydration process at 28 days of curing as shown in Figure 2.6 (B1).
Moreover, this incomplete pozzolanic reaction decreased the strength in this curing age.
According to a study by Mangi et al. (2019), SEM analysis was carried out for concrete
containing CBA at 56 days of curing. The findings showed that the pozzolanic reaction
started at the late age of curing at 56 days. Nevertheless, it was observed that the
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pozzolanic reaction of CBA with calcium hydroxide led to a good form of C-S-H. The
formation of C-S-H gel was discovered in the concrete containing ground CBA, which
could substantially fill the voids in the concrete and lead to the strength development as
shown in Figure 2.6 (B2).

Additionally, CBA contains fractions of mullite vitreous (Massazza, 2003).
Kurama & Kaya, (2008) showed CBA-based in concrete containing CBA microstructural
characterization. A microstructural analysis was conducted via XRD and SEM analysis
to examine various combinations of concrete which contain CBA as a replacement (0 to
25%) of cement replacement. The microstructural analysis of various incorporation
exhibited the existence of further reactive silica in CBA, thereby resulting in additional
C-S-H gel formation. The improved dissolvability of CBA has been proven beneficial for
cement-based composites, according to the estimate of reactive silica obtained by the
XRD analysis (Kurama & Kaya, 2008).

a B

Sharp
irregular
shape

Pore void
crack

ettringite

Figure 2.6 Al and A2 SEM images of grinding CBA and dried before used, Bland
B2 CBA after used in mortar and concrete with magnification 1000x

Source: Mangi et al., (2019)
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2.3.6.1 Pozzolanic Reactivity of CBA

Generally, the ability of the pozzolanic reaction of materials is the capability to
act with Ca(OH).. Also can be defied as a measure of the degree of time or reaction rate
between pozzolan and Ca? or calcium hydroxide (Ca(OH).) in the presence of water. The
level of pozzolanic reaction depends on the pozzolan's specific properties, such as specific
surface area, chemical composition and active phase materials (Mertens et al., 2009).
According to past studies by Rafieizonooz et al., (2016); Mangi et al., (2019c) were
observed that the irregular, sharp, spherical and porous particles morphology of CBA as
shown in Figure 2.7. The CBA was collected and dried in the oven at 110 £+ 5 and grinded
by using ball mill grinder machine to make it finer. Moreover, the chemical properties
indicated that CBA mainly contained SiO2 + Al.Oz + Fe>O3 (Mangi et al., 2019f).
Furthermore, the smaller size particles of CBA lead to increases the specific surface area
necessary to improves pozzolanic reaction (Mangi et al., 2019d). The microstructure
results of the utilization of CBA to replaces cement in concrete. Also, it was observed
when increase the percentages of CBA in concrete shows increase the size and number of
pores in concrete mixture as shown in Figure 2.8 (Oruji et al., 2017; Mangi et al., 2019b).
However according to Massazza et al. (2003) it was reported the total quantity of calcium
hydroxide associated with pozzolanic scanning includes various aspects such as length of
curing, silica content of reactive phases, ratio of Ca(OH) to pozzolan and reactive phase
content of pozzolan. The hesitation of reaction for pozzolanic materials with Ca(OH): is
also highly due to many factors affect such aa the surface area of pozzolan, cement
alkaline content, temperature and water to solid ratio. The pozzolanic action of material
is usually calculated by chemical, physical and mechanical methods (Massazza, 2003).

It has been mentioned that CBA has a high reactive fraction along with additional
pozzolanic characteristics. Additionally, CBA contains fractions mullite vitreous
fractions. Kurama et al. (2008) CBA-based concrete microstructural characterization. The
microstructural analysis was performed using SEM and XRD analysis on various concrete
combinations containing CBA as a substitution (0 to up to 25%) of cement replacement,
the microstructural analysis result of various incorporation shows the presence of more
reactive silica in CBA, resulting in more C-S-H gel forming. Also stated that the
estimation of reactive silica obtained by XRD analysis specifies the improved
dissolvability of CBA, which later proved beneficial for cement-based composites
(Kurama & Kaya, 2008).
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Figure 2.7 SEM images CBA shape grinded and dried before curing
Source: Rafieizonooz et al., (2016)
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Figure 2.8 Samples contain CBA in concrete after hydration and curing 28 days
Source: Oruji et al., (2017)

2.3.6.2  Mineralogical characteristics

The burn temperature and cooling rate are critical parameters in the incineration
phase that greatly affected the CBA microstructure. From the Figure 2.9 it can be
observed the SEM images obtained when increased magnification of the samples for the
different magnification range from up to 20 um (Asokbunyarat et al., 2015). The SEM
image as can be shown in Figure 2.10 can be categorized the particles of CBA into three
categories such as Fine parts of crushed bottom CBA, huge spherical as FA particle, and
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FA classes. The popular particles, though, look like the first form. The particular part of
CBA the same joint with FA particles in which the larger particles were observed

unevenly on the outside surface (Marto et al., 2010).

Kurama & Kaya, (2008) examined the CBA mineralogical analyses. X-Ray
Diffraction (XRD), model S 5000 diffractometer, recorded crystalline mineral phases
with nickel-filtered. Also, the result shows CBA had a relatively natural mineralogy
comprising such as alumina, glass and crystalline phases of quartz, ferrite spinel, and
calcite as can be seen in the Figure 11 (Kurama & Kaya, 2008). Furthermore, another
pervious study was reported endorsed by Gorme et al. (2010) the microstructural analysis
for CBA. The results show subsistence of mullite silicon oxide and silicon phosphates are
essential crystalline forms which can be existent in CBA. The aforementioned
examination also reported that silica was found partially in the crystalline quartz shapes

and in Al as mullite mixture (Gorme et al., 2010). The existence of iron was observed in

the form of oxide magnetite and hematite, encountered similar results by (Marto et al.,
2010).

Figure 2.9 FESEM images for CBA with magnification range up to 20 um
Source: Asokbunyarat et al., (2015)
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Figure 2.10  SEM photomicrographs for CBA categories
Source: Marto et al., (2010)
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Figure 2.11  XRD for CBA element composition
Source: Kurama & Kaya, (2008)

2.3.7 Utilization of CBA in Concrete

The following sub-sections discussed the potential use of CBA in concrete production

that is associated with the aggregate or cement replacement.
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2.3.7.1 CBA as Cement Replacement Materials in Concrete

CBA is used in concrete admixtures to enhance the performance of concrete.
Portland cement contains about 65% lime. Some of this lime becomes free and available
during the hydration process. When CBA is present with free lime, it reacts chemically
to form additional cementations materials, improving many of the properties of the
concrete (Siddique, 2014). Several researchers have investigated the CBA as cement
replacement in concrete in their studies (Mangi et al., 2018; Abubakar & Baharudin,
2012; Khan & Ganesh, 2016) carried out experimental research in concrete on the effects
of original and grinded of CBA. They based on the compressive strength efficiency of
concrete cubes (150mm x 150mm x 150mm) including original BA (OBA) and ground
(GBA) replacing cement for 7, 14, 28, 56 and 90 days. Where M1 is the control specimen,
M2, M3 & M4 represent CBA and M5, M6 & M7 represent a GBA substitution of 10%,
20%, and 30% respectively for cement. After 28 days, concrete containing bottom ash
(BA) gains more strength compared to the control mix due to the pozzolanic reaction
between the BA and calcium hydroxide. Ground bottom ash (GBA) concrete gains more
strength than ordinary bottom ash (OBA) concrete because GBA has a higher pozzolanic
activity. At 56 days, the strength of GBA concrete with 10% replacement (M5) surpasses
the control mix (M1) due to the ongoing pozzolanic reaction. However, at the same 10%
replacement level, OBA concrete (M2) has less strength because it is coarser, with more
voids, and therefore a lower pozzolanic reaction. Mixes M6 and M7, as well as M3 and
M4, have lower strength compared to M5 and M2 respectively, because these mixes
contain less cement and more BA, resulting in less available calcium hydroxide for the
pozzolanic reaction, leading to reduced strength. The compressive strength of CBA-

containing concrete as compared to control specimen was given in Figure 2.12.
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Figure 2.12  Compressive strength of CBA in concrete at various curing period
Source: Khan & Ganesh, (2016)

2.3.7.2 CBA as aggregate replacement materials in concrete

Based on previous researchers, studies several waste materials such as FA, silica
fume, and cement may be used in the building industry. Concrete is one of the most
frequently used building materials. The main materials that constitute such as cement,
aggregates (gravel, and sand). Natural of river sand resources are becoming minimize
gradually limited. The shortage of river sand has caused the cost of concrete production
to rise. In Malaysia the building industry is plagued because finite availability and high
prices for river sand production. On the other hand, thermal power plants have been
accumulating an enormous quantity of CBA from decades. Deposits of CBA wastes are
charming a severe environmental hazard for the surrounding community. According to
the environmental problems posed by CBA. So, several previous researchers have been
reported encouraging results on use of CBA either as partial or as total alternative of river

sand in concrete.

Cheriaf et al. (1999) in the experimental work noticed the strength activity index
of CBA with Ordinary Portland cement after 28 and 90 days of hydration was 0.88 and
0.97 respectively. These values are higher than 0.75 at 28 days and 0.85 at 90 days,
required by the European standard BS EN 450-1, (2012). The larger value of strength
activity index points out that the pozzolanic activity of CBA is a suitable in reaction in
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concrete mixture. They also reported that pozzolanic activity of CBA starts at 14 days
and consumption of calcium hydroxide was significant after 90 days of hydration (Cheriaf
etal., 1999).

Furthermore, Kim et al. (2016) reported that CBA could be utilized as aggregates
in high-strength concrete. They examined high concrete's workability and mechanical
properties and observed that CBA would have more impact on flexural strength than
compressive strength. And also, and in their research, CBA is a possible replacement
material for sand in concrete (Kim et al., 2016). In similarly, Singh & Siddique, (2016);
Aggarwal & Siddique, (2014) reported that concrete properties incorporating high
amounts of CBA as sand replacement were also examined. They found that CBA utilized
in concrete at 28 days of curing, ultra-pulse speed and compressive strength were not
affected (Singh & Siddique, 2016). According to several previous studies by (Aggarwal
& Siddique, 2014; Singh & Siddigue, 2016) examined the microstructure and properties
of concrete incorporating CBA have been examined as a substitute for natural concrete
sand. Singh and Siddique et al. (2016) studied the drying shrinkage and compressive
strength of concrete containing CBA as total or partial replacement of fine aggregate.
They reported that after 90 days of curing period, the compressive strength of CBA
concrete outstripped that of normal concrete. Moreover, they found that drying shrinkage
of CBA concrete mixtures reduced with increase in CBA content in concrete (Aggarwal
& Siddique, 2014; Singh & Siddique, 2016).

The use of CBA in concrete also involves some advantages and disadvantages,
which also have been summarized and provided in Figure 2.13. The fact that the CBA
can be used in two ways either in original or powder (after careful grinding) was well
known. The original coal base ash was commonly used in the concrete construction as a
substitute for natural sand. However, the powdered form of CBA is very limited. Since
the conversion of original coal base ash into ground CBA is needed by the CBA systemic
grinding process. So, few studies of CBA as a partial cement substitute have been
published. It can therefore be summarized, from available literature that CBA provides
major advantages over the initial CBA. The key benefit is that applying ground CBA in
concrete will substantially reduce chloride penetration and decreased environmental
burden. In addition to for instance, some slight drawbacks, it decreases early strength and

absorbs more water during the preparation of concrete mixtures.
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Figure 2.13  Summary of advantages and disadvantages of CBA in concrete application
as investigated by researchers

Source: Aggarwal & Siddique, (2014); Singh & Siddique, (2016)

2.4  Properties of Concrete Containing CBA in SCC

The next sub-sections discuss the fresh and mechanical properties of self-

compacting concrete (SCC) incorporating CBA as fine aggregate.

2.4.1 Fresh Properties of SCC Incorporating CBA

As displayed in Table 2.8, previous studies reported the results of fresh properties
tests of CBA as fine aggregate replacement in the SCC, showing the range of fresh

properties and the impact of adding varying ratios of CBA substitution in SCC.

Table 2.8 Fresh properties of SCC containing CBA as sand replacement reported by

previous researchers

References CBA w/b  Superplasticizer Fresh concrete properties
replaceme (%) .
nt (%) Slump  L-box V- J-ring
flow (H2/H1) funnel (h2—
(mm) (s) hl
mm)
(EFNARC, — — — 650— 0.8-1 - -
2005) 800
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Table 2.8 Continued

References CBA w/b  Superplasticizer  Fresh concrete properties
replaceme (%) .
nt (%) Slump  L-box V- J-ring

flow (H2/H1) funnel (h2-
(mm) (s) hl
mm)
( Ibrahim et al., 0 04 0.16-0.36 730 0.94 — —
2015)
10 710 0.859 — —
20 640 0.80 — —
30 570 0.74 — —
(Hamzah et al., 0 0.35 0.16-0.30 730 0.70 — —
2015 0.4
) 10 9 0 710 0.8 — —
0.45
15 690 0.82 — —
20 640 0.85 — —
25 600 0.9 — —
30 560 0.95 — —
(Keerio et al., 0 0.38 1.7-2.0 740 0.83 7.4 2.5
2021)
10 735 0.85 11.2 4.5
20 760 0.92 11.89 7.4
30 755 0.87 10.22 8.7
40 750 0.89 12 6.8

(Jamaluddin et al., - 0 0.35 + 0.16-0.32 745 0.90 — —

2016) ,

10 0.40 725 0.81 — —

15 ’ 708 0.80 — —
0.45

20 685 0.77 — —

25 648 0.70 — —

30 625 0.66 — —

(Kasemchaisiri & 0 0.31 1,200 cc/m? 700 0.83 — —

Tangtermsirikul,

2008) 10 680 0.80 — —
20 670 0.60 — —
30 560 0.50 — —

52



Table 2.8 Continued

References CBA w/b  Superplasticizer Fresh concrete properties
replaceme (%) .
nt (%) Slump  L-box V- J-ring
flow (H2/H1) funnel (h2-
(mm) (s) hl
mm)
(Siddique & Kunal, 0 0.41 1.88-2.0 673 0.89 7.50 23
2015) 10 ) 673 080 660 4.6
0.55 7 : : :
20 591 0.95 6.20 4.7
30 627 0.82 4.0 11.6
(Aswathy & Paul, 0 0.68 5.16 702 0.99 8 —
2015)
5% 696 0.97 8 —
10% 676 0.96 10 —
15% 670 0.9 11 —
20% 660 0.89 12 —
30% 640 0.88 12 —
(Zainal Abidin et 0 04 0.20 715 0.92 — —
al., 2014
5% 705 0.89 — —
10% 700 0.84 — —
15% 615 0.79 — —
20% 560 0.75 — —
30% 550 0.65 — —

2411 Slump Flow Test

The slump flow test involves an average diameter of a concrete volume after

releasing the conventional slump cone. It can be assessed on a couple of perpendicular
sides (EFNARC, 2005). As shown in Figure 2.14, previous research identified the CBA
quantity impact on the SCC passing ability. Siddique & Kunal, (2015) studied the SCC

fresh properties with the use of CBA at 10%, 20%, 30%, and superplasticizer amount

(1.88-2.0%). The results showed that slump flow increased for all the replacement

percentages, excluding the one containing 20% CBA and 1.90% of superplasticizer
(591mm) (Siddique & Kunal, 2015), as per the guidelines outlined by the standard
EFNARC, ranging between (650-800 mm) of SCC (EFNARC, 2005). Increases in the
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superplasticizer amount resulted in a higher flow, while increases in the CBA amount
resulted in a reduction of slump flow (Siddique & Kunal, 2015). In their study, (Ibrahim
et al., 2015) studied the slump flow for SCC and the results revealed a 740-540 mm range
and reported a relative difference between various mixes because the flow characteristics
of self SCC mixtures contain CBA, which have a higher viscosity than control specimens
(Ibrahim et al., 2015). Another study by Keerio et al., (2021) produced various SCC mixes
using CBA (10-40%) as a fine aggregate substitute and found that CBA content increased
and the slump flow decreased due to the CBA porosity, which, compared with fine
aggregate, absorbed more water. The findings of another study, conducted by Hamzah et
al. (2015) revealed that the time of slump flow increased with an increase in the CBA
replacement content in SCC. Mixtures containing 0-30% CBA content showed slump
flow time, ranging between 2 and 5 seconds, i.e., in line with the range outlined by
(EFNARC, 2005). The reason is that the CBA’s irregular shape lowered interparticle
friction with the addition of CBA, which decreased the SCC mixes’ viscosity.

@ Suddigque et al (2013) Kagemecharzu et al (2008)
- Aswathy et al (2015} 4 Zainal Abwdin et al (2014)

—&— Keericetal (2021} % Jamaluddim et al.(2018)

B~ Hamzah et al (2016) —@- Ibrahim etal (2015)
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Figure 2.14  Variation of slump values in SCC with varying CBA substitution ratios
for sand

Source: Al Biajawi et al. (2023)

54



24.1.2 L-Box Test

The percentage of L-box elevation can be used in tandem with the H2/H1 ratio to
define the self-compacting concrete’s passing abilities (EFNARC, 2005). Several
previous studies examined the effect of CBA quantity on the SCC L-box test, as shown
in Figure 2.15. According to study by Kasemchaisiri & Tangtermsirikul, (2008) reported
that the L-box passage ratio was between 0.83 and 0.05 and that the value decreased in
all mixtures as the CBA percentage in SCC increased. A reduction in the L-box ratio due
to the presence of aggregate blockage in a mixture of SCC, containing CBA, was detected
and a greater level of inter-particle friction was produced by the CBA particles
(Kasemchaisiri & Tangtermsirikul, 2008). Similarly, another study by Jamaluddin et al.
(2016) reported a decrease in the L-box test results with increasing the replacement
proportion of CBA incorporated into the SCC mixture. Nevertheless, when the w/b
proportion increases, the value of the L-box decreases. The results varied between 0.9 and
0.66, indicating that the concrete mixture without CBA had a higher passing ability
(Jamaluddin et al., 2016). This is due to the aggregate clogging up in front of apertures,
which made it difficult for particles to flow freely without occlusion (Jamaluddin et al.,
2016).

Hamzah, et al. (2015) observed that the L-box flow results improved with
increasing the CBA proportion in concrete. The ranges of L-box results is between 0.7
and 0.95 (Hamzah et al., 2015). According to Singh, Mithulraj, etal., (2019), an increase
was observed in the L-box ratio, thereby increasing the replacement proportion of CBA
in the SCC mixture. The value reached up to 1.0 in a 30% of CBA, with a greater value,
which showed an improved passing ability (Singh, Mithulraj, et al., 2019). EFNARC
standard guideline (EFNARC, 2005) categorized L-box passing ratios as (passing
abilityl(PAL) with two rebars) or (passing ability 2 (PA2) with three rebars). The findings
provided by each researcher indicated that the L-box passing ratio is within the acceptable
range (EFNARC, 2005).
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Figure 2.15  L-box values’ variation in SCC using varying CBA replacement ratios for
sand

Source: Al Biajawi et al., (2023)

2.4.1.3 V-Funnel Test

This conducted test verifies the SCC mixtures’ viscosity and flowability. A
mixture’s better flowability denotes a very short flow time and, as per EFNARC, the V-
funnel test’s duration ranges between 6 and 12 seconds (EFNARC, 2005). It was
established in another previous study that the V-funnel flow time for several types of SCC
ranged between 2.5 to 4.6 seconds according to Keerio et al. (2021). They found that the
V-funnel flow time of SCC increases as the replacement ratio of CBA increases. They
also confirmed that a high quantity of superplasticizer is required for producing SCC
when CBA is combined with metakaolin, as compared to SCC made without any
replacement materials (Keerio et al., 2021). Likewise, Aswathy & Paul, (2015) observed
an increment in the V-funnel value as the percentage content of CBA increased due to
increase the duration. The finding of V-funnel value between 8 and 12 seconds,
signifying an enhanced passing ability (Aswathy & Paul, 2015). The EFNARC standard
guideline (EFNARC, 2005) categorized V-funnel flow time into two categories: VF1 (8s),
and VF2 (9-25s) (EFNARC, 2005). According to the findings obtained by each
researcher, the V-funnel flow time of certain results falls into the VF1 category, while
others fall into the VF2 category (EFNARC, 2005).
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24.1.4  J-ring Test

The J-ring test, in parallel to the L-box test, can be applied in conjunction with the
test of slump flow to ascertain that concrete can pass-through bars, as per (EFNARC,
2005). According to ASTM C1621, (2014), J-ring can be defined as a method of testing
concrete’s capacity of passing through under its weight, thereby filling spaces, and getting
a blocking evaluation ASTM C1621, (2014). The J-ring flow results were reported by
Siddique & Kunal, (2015) which ranged between 2.3 and 11.6 mm for various SCC. The
results of the J-ring flow of SCC containing CBA rose as the CBA amount increased for
all the mixtures (Siddique & Kunal, 2015). Also, based on another study by Keerio et al.
(2021) the values of the J-ring ranged between 2.5 to 8.7 mm. As observed, the values
increased with an increase in the CBA replacement ratios in the SCC mixture (Keerio et
al., 2021).

2.4.1.5 Discussion of finding from fresh Properties

Existing research indicates that the ideal content of CBA is between 10% and 20%
to meet the criteria of "filling and passing ability” and "segregation resistance”. The
dependence of the result depends on the water-binder ratio and the amount of
superplasticizer used. An increase in the CBA content has been observed to have a
negative effect on processability and segregation. CBA has the potential to be used at
10% to 20% in SCC, meeting standards set by the (EFNARC). Based on the above-
mentioned previous studies, it was observed that the key properties of CBA in SCC,
namely slump and L-box ratio, show a decrease, while J-ring and V-funnel values
increase with increasing substitution ratio of CBA in the concrete mix. The reduction in
the freshness properties of the mixture can be attributed to the absorption of moisture
content by the CBA particles, resulting in increased friction between the aggregate
particles generated by the CBA particles. The conclusions from all of the previous studies
support the criteria and limitations established in the SCC standards and

recommendations, including the requirements of (EFNARC, 2005).

2.4.2 Mechanical Properties of SCC Incorporating CBA

The next sub-sections discuss the mechanical properties of SCC incorporating CBA as

fine aggregate in mixture. The discussion includes compressive strength, flexural tensile
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strength, and splitting tensile strength. Table 2.9 presents a summary of the CBA effect

on the SCC mechanical properties based on previous studies.
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Table 2.9 Summary of mechanical properties of CBA as sand replacement in SCC mixes

Reference Particles of CBA  CBA replacement ratio Findings
(%) Compressive Strength Flexural Strength  Split Tensile strength
(Siddique et Passing through 4.75 0, 10%, 20%, 30% Decreased for all - Decreased for all
al., 2012a) mm replacement percentages replacement percentages
(Siddique, Passing through 4.75 0, 10%, 20%, Reduction for all - Decreased for all
2013) mm and 30% replacement percentages replacement percentages
0, 10% CBA mixed Decreased for all mixes and - Decreased for all mixes and
(Kumar & Passing through 4.75 with25%, 50%, 75% and all replacement percentages all replacement percentages
Singh, 2020) mm 100% recycled coarse for early age for long term for early age for long term
aggregate increased in each increased in each
percentage. percentage.
(N. Singh, Passing through 4.75 0, 10% of CBA mixed Increased in all percentages - A drop in all percentages of
Mithulraj, et mm with 20% and 30% of FA, of CBA replacement with replacement expect at 50%
al., 2019) and 10% of MK RCA up to 50 after that drop of RCA
in higher percentages
(Siddique &  Passing through 4.75 0, 10%, 20, and 30% Decreased in all replacement - Decreased in all
Kunal, 2015) mm percentages at all curing replacement percentages at
ages all curing ages
(Jamaluddin et Passing through 4.75 0,10%,15%,20%, - Increased by 10% -
al., 2016) mm 25%, and 30% replacement other

percentages was
decreased as CBA
increased
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Table 2.9 Continued

Reference  Particles size CBA replacement Findings
of CBA ratio (%)
Compressive Strength Flexural Strength  Split Tensile strength
(Aswathy & Passing through 4.75 5%, 10%, 15%, 20%, 25% Increased by 5% and 10 %, Increased by 5% and Increased by 5% and other
Paul, 2015) mm , and 30% while other percentages were  10%, while the other percentages were
decreased as CBA increased percentages were decreased as CBA
decreased as CBA  increased.
increased.
(Hamzah et  0.075 mm and 20mm 0,10%,15%,20%,25%, Increased by up to 10% CBA  Increased by upto  Increased by up to 10%
al., 2016) and 30% and other percentages was 10% CBA and other CBA and other

(Zainal Abidin Bigger than5 mm  0,10%,15%,20%,25% ,

etal., 2015)

and30%

decreased as CBA increased.

Increased by up to 15%, and
other percentages were
decreased as CBA increased.

percentages were percentages were
decreased as CBA  decreased as CBA

increased. increased.
Increased by upto  Increased by up to 15%,
15%, and other and other percentages

percentages were were decreased as CBA
decreased as CBA  increased.
increased.
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Table 2.9 Continued

Reference Particles of CBA  CBA replacement Findings
ratio (%)
Compressive Strength Flexural Strength  Split Tensile strength
(Keerio et al., Passing through 10%,20%,30%, Increased in all replacement Increased in all Increased in all
2021) 4.75mm and 40% percentages replacement replacement percentages

(N.Singh, Arya, Passing through
etal.,2019) 4.75mm

(Hamzah, Passing through
Ibrahim, etal., 4.75mm
2020)

(Kasemchaisiri Passing

10 % CBA, 30 % FA,

and 25% to 100 % RCA.

0,10%,15%,20%,25%,
and 30%

0 %, 10 %, 20 %,

percentages

Increased by 10 % CBA with -
RCA up 50%, and other
percentages of RCA with CBA
were decreased.

Increased by 10% and other -
replacement percentages were
decreased as CBA increased

increased by 10% CBA and -

& through 4.75 mm and 30 % other percentages were decreased
Tangtermsirikul as CBA increased
, 2008)
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2.4.2.1 Compressive strength

Compressive strength along with fresh characteristics are regarded as the
significant valuable features of SCC, providing a complete picture of the condition of
concrete as they are closely associated with the cement paste structure (Siddique, 2019).
Furthermore, the concrete’s compressive strength at room temperature is influenced by
ambient curing, water-to-cement ratio, aggregate particles size and category, aggregate-
paste interface transition zone, categories of admixture, and stress applied (Neville, 2011).
Previous researchers Hamzah, Ibrahim, et al., (2020); Hamzah, Jamaluddin, et al., (2020);
Kasemchaisiri & Tangtermsirikul, (2008) confirmed the CBA suitable percentages of use
in the SCC mix, i.e., 10%-20%; such a percentage improved compressive strength
properties. According to study by Siddique et al., (2012a) examined how the compressive
strength of the SCC containing CBA and FA can be affected by the utilizing water to
powder ratio (w/p). The results showed a comparable behavior with regular SCC when
strength was increased by lowering the w/p ratio. SCC showed enhanced strength
properties as the w/p ratio decreased, 1.e., 0.439 to 0.414 for the 0% CBA, a decrease from
0.50 to 0.47 for the 10% CBA, with a decrease from 0.58 to 0.51 for the 20% CBA, and
from 0.620 to 0.546 for the 30% CBA. SCC can be produced at 40-50 MPa compressive

strength using various percentages of CBA merged with coal FA between 15% and 30%.

As reported by Kasemchaisiri & Tangtermsirikul, (2008) the SCC compressive
strength with CBA 'is 10%-30%, compared with the control samples without CBA. It was
found that 10 % of CBA obtained higher values of compressive strength. The one with
percentages were decreased, which can be attributed to delayed pozzolanic reaction,
which dominated over the raised porosity. Similar observations were also made by
Hamzah, Ibrahim, et al.,(2020), whereby increasing replacement amounts of CBA
ranging from 10% to 30% decreased the compressive strength. The decrease was between
54 MPa and 42 MPa at 180 curing days, as demonstrated in Figure 2.16. Another study
by Zainal Abidin et al.,(2014) recorded an increased compressive strength up to 15%
CBA in the SCC mix. These increased properties of strength revealed that there was a
pozzolanic reactivity in SCC containing CBA particles. Compressive strength obtained
these increases: 44.30MPa, 50.33MPa, 54.05MPa, 37.90MPa, 36.65MPa for CBA0%,
CBA10%, CBA15%, and CBA20%, CBA25%, respectively.
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A reduction in concrete strength was obtained by Siddique & Kunal, (2015)
throughout the curing initial stages due to CBA’s delayed pozzolanic reactivity. However,
the concrete strength improved significantly during the long period of curing. The
compressive strength in SCC decreased with increasing the water-to-binder ratio and the
proportion of CBA replacement. According to the conducted review of previous studies,
the behavior of SCC containing CBA can be affected by the percentages of CBA, the
superplasticizer inclusion, and the utilized w/c ratio. Therefore, adding a finer size of
CBA using appropriate proportions encourages the formation of pozzolanic reactions.
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Figure 2.16  The samples’ compressive strength with varying replacement percentages
for aggregate with CBA in SCC

Source: Hamzah et al., (2020)

2.4.2.2  Flexural strength

According to Jamaluddin et al., (2016), a reduced flexural strength for SCC
incorporating CBA was observed at different ages, as exhibited in Figure 2.17. Fine
aggregate was substituted with CBA at varying ratios of replacement up to 30%.
Furthermore, the optimal percentage of 10% CBA is higher when compared with control
samples. The authors reported an increased flexural strength with a higher value of 8.2
MPa with 0.35 w/c during the lengthy time of curing ages. Conversely, the flexural
strength was decreased for all water-cement ratios when 15%, 20%, 25%, and 30%
alternative of CBA is utilized in SCC (Jamaluddin et al., 2016). Another study by Zainal
Abidin et al. (2015) reported that CBA’s flexural strength in self-compacting concrete
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with 10% and 15% alternative of CBA is greater compared to SCC without the addition
of CBA at 7-28 days ages of curing. Furthermore, flexural strength for other replacement

percentages was decreased.

Another study by Siddique et al. (2012a) reported that the flexural strength of SCC
was decreased as CBA increased. They showed that when the CBA replacement ratio
increases, flexural strength drops because of a weaker contact between the cement paste
and ashes. According to study by Keerio et al. (2021) the SCC mixes’ flexural strength
with CBA from (10% to 30%) decreased as the replacement percentages increased at
various ages starting from 3 to 180 days of curing in contrast to regular concrete without
CBA. The reduction occurred due to low inter-particle abrasion between the aggregate

particles, as the CBA particles have spheres formed.
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Figure 2.17  Flexural strength of samples with various replacement for fine aggregate
ratios of in SCC at different curing ages

Source: Jamaluddin et al., (2016)

2.4.2.3  Splitting tensile strength

Various mechanical characteristics of concrete can be assessed using one of the
fundamental and significant characteristics (Ibrahim et al., 2015). The splitting tensile
strength of the concrete structures significantly affects the cracking development and size
(Tbrahim et al., 2015). Concrete is weak under tension and, therefore, it is essential to
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conduct a preliminary assessment of the concrete’s splitting tensile strength (Ibrahim et
al., 2015). Another study by Siddique & Kunal, (2015) examined the splitting tensile
strength of SCC containing 10%, 15%, 20%, 25%, 30% of CBA as a partial replacement
for fine aggregate in concrete. There was a decrease in the concrete’s splitting tensile
strength with increased amounts of CBA at the entire ages of curing due to insufficient
interlocking of the fine aggregate particles replacing the fine aggregate with CBA. Similar
trend observations were also made by Sandhya & Reshma, (2013), who reported a
decrease in the SCC splitting tensile strength with increased CBA replacement

percentages, while strength increased with curing ages.

Another study by Zainal Abidin et al. (2015) recorded splitting tensile strengths
of 3.6 MPa, 3.75 MPa, 3.9 MPa, 3.5 MPa, 3.4 MPa, and 3.1 MPa at 28 days, in the
examined SCC mixture containing CBA 0%, 10%, 15%, 20%, 25%, 30%, respectively.
An increase was reported in the splitting tensile strength of the samples as the CBA
replacement ratio reached 15%, as shown in Figure 2.18. Similarly, another study by
Aswathy & Paul, (2015) reported an increase in the splitting tensile strength as the
replacement ratio of CBA reached 10% using a fixed 0.45 w/c ratio. This increased CBA
replacement resulted in more porous concrete, having larger pores, which were scattered
across the CBA aggregate surface, thereby decreasing its tensile strength (Aswathy &
Paul, 2015).
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Figure 2.18 CBA samples’ splitting tensile strength with varying replacement
percentages of fine aggregate in SCC at different curing ages

Source: Zainal Abidin et al.,( 2015)
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2.4.2.4  Ultrasonic Pulse Velocity (UPV)

The ultrasonic pulse velocity (UPV) test involves the impulse method. It has been
utilized for a non-destructive test, which determines the calibers of concrete and selects
an appropriate structure survey to determine the degree of cracking or degradation and to
evaluate any change in the concrete properties. It is also applied to demonstrate the
presence of cracks and voids, evaluate the efficacy of crack repairs, and demonstrate the
relative quality and uniformity of concrete. Pulse velocity can be measured by dividing
the length by transit time of the samples as mentioned by ASTM C597, (2016). A few
studies (Rafieizonooz et al., 2016, 2017) are currently available for assessing the UPV of
concrete containing CBA. The study by (Rafieizonooz et al., 2016, 2017) reported that
using CBA as a different percentage of cement substitute influenced the ultrasonic pulse
velocity of concrete. According to study by Rafieizonooz et al. (2016) reported that pulse
velocity decreased with the increasing percentage of CBA as a cement alternative material
in the concrete mix. The ranges of quality were from medium to excellent and the ranges
of UPV were 3000 to 4300 m/s. The reduction was due to a decrease in permeable pore
space. Another previous work Rafieizonooz et al. (2017) reported that ultrasonic UPV
decreased with increasing percentages of replacement. The results showed that the UPV
values were drastically decreased when the temperature increased. Thus, further research
needs to be carried out to generate an adequate ultrasonic pulse velocity of concrete when
using CBA as a cement alternative material in the concrete mix. Table 2.10 illustrates
CBA percentages and the influence of CBA at varied ratios of substitution in the concrete

mix.

Table 2.10  Effect of CBA as a cement replacement on the UPV of concrete

CBA replacement level Influence on the UPV with the
(%) replacement ratio

The UPV of CBA as a cement
alternative decreased at an early age,
but in the long term, it increased with

Authors

(Rafieizonooz

etal., 2016) 0,20 the range from 3900 to 4300 m/s and
the range of quality was from medium
to excellent.
The UPV of CBA as a cement
(Rafieizonooz 0.20 50 75 alternative material decreased with
etal., 2017) reT increased substitution percentages at 91

days of curing; different elevated
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Table 2.10 Continued

CBA replacement level Influence on the UPV with the

Authors (%) replacement ratio

(Rafieizonooz
etal., 2017)

temperatures led to a drastic reduction
in UPV values.

The UPV of CBA as a cement
alternative increased with the increase

0,55, 65,75 of CBA mixed with FA. This is because
finer particles filled the porous in
concrete mixture.

0, 20, 50, 75

(Naganathan et
al., 2015)

2.4.2.5 Discussion of finding from Mechanical Properties

The investigation of the influence of the CBA volume in SCC on its strength
characteristics revealed that the incorporation of CBA as sand replacement material at
levels of up to 10% yielded a significant improvement relative to traditional concrete.
Previous research has shown that the incorporation of a modest amount of CBA as sand
replacement in SCC has resulted in notable improvements in mechanical parameters,
including compressive strength, split tensile strength, and flexural strength. These
enhancements have been seen that reach up to 10% in the majority of the results. The
increase in strength may be ascribed to the pore refinement effect resulting from the
pozzolanic activity of CBA. The use of CBA as sand replacement material leads to an
enhanced level of porosity. However, it is worth noting that the presence of silica in CBA
particles plays a crucial role in facilitating the synthesis of C-S-H, a gel-like substance
that significantly contributes to the development of strength in materials. The observed
increase in strength may be attributed to the higher concentration of C-S-H in the SCC
samples mixed with CBA. This increase in C-S-H is a consequence of the reaction
between the calcium hydroxide produced during cement hydration and the reactive silica
present in the CBA.

2.4.3 Durability Properties

Durability of concrete may be defined as the ability of concrete to resist
weathering action, chemical attack, and abrasion while maintaining its desired
engineering properties (Alexander et al., 2017; Bijen, 2003). Durability refers to a
structure's capacity to retain essentially its original performance, strength, and soundness

over an extended period of time (Page & Page, 2007). In the construction industries,
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durability is one of the most important properties of concrete structure. It is important to
produce the concrete with good durability to ensure the concrete structure performs
satisfactorily throughout its lifetime (Richardson, 2002; Tayeh et al., 2022). Concrete
samples’ durability is affected by a variety of parameters, some of which are external and
are linked to service circumstances that are beyond the designer's control and should be
considered throughout the design process (Bijen, 2003). The following sub-sections
present a review on the durability properties of concrete in terms of acid attack, sulphate
attack.

24.3.1 Acid Attack

Sulfuric acid is one of the most corrosive acids for concrete and, depending on its
content and the way it is produced, can cause significant deterioration and damage to
concrete structures that come into contact with it. This acid is formed in concrete by the
oxidation of iron sulphide minerals such as pyrite or marcasite. Furthermore, acids attack
concrete by dissolving the hydrated and un-hydrated compounds of cement paste and
removing part of it, leaving soft and weak mass. The intensity of the attack depends on
the acidity level. Usually, pH less than 4.5 leads to a severe damage. Concrete
permeability, cementitious material content and water to cement ratio are the major
factors that influence the resistance to acid attack. This action results in an increase in
capillary porosity, loss of cohesiveness and eventually loss of strength. The formation of
ettringite leads to an increase in solid volume, resulting in expansion, cracking, and mass
loss, particularly when restrained. Concretes are also affected by acid attack due to the
exposure to the rain that contains sulphuric acid and nitric acid with pH between 4.0 — 4.5
(Neville, 2011). Due to the alkalinity of cement paste, the acid has the chance to attack
the cement and decomposes the cementitious matrix by decalcifying (C-S—H), thus
causing strength loss. According to studies Aiken et al. (2022); Zivica & Bajza, (2002),
there are several acidic resistance factors of cement-based materials such as kind of acidic,
concentration ratio, type of cement, cement content, water cement-ratio, curing condition,
pore structure and protective measures. It can be measured based on the alkalinity level
in the concrete. For the reaction to occur, the acid reacts with calcium hydroxide (C-H)
exists in concrete and produces gypsum. Corrosion of concrete due to sulphuric acidcan
generally be characterized by the following reactions namely chemical, microbiological,

and specific sulphuric acid environment.
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Sulfuric acid (H2SO4) one of the most acidic can deteriorate the properties of
concrete. According to Khan & Ganesh, (2016) reported the influence of CBA as cement
replacement at varying percentages of 10%, 20%, and 30% and different ages of curing
was investigated. The findings for the effect of CBA when immersed in 1% acid solution
are as illustrated in Figure 2.19. Also, it was observed that the grinding CBA had more
resistance to acid attacks and sulphate resistance than original CBA as cement
replacement in the concrete mixture. According to study by Muthusamy et al., (2021)
reported that the influence of concrete containing CBA as partial sand replacement in
concrete subjected to H.SO4 with 5% concentration solution in the concrete samples at 7
days and 28 days. Figure 2.20 shows the influence of H,SOs exhibit to physical

appearance change in the concrete samples at early and late age.

Based on previous works by Khongpermgoson et al. (2019); Menéndez et al.
(2019), the incorporation of CBA as an alternative material has led to a reduction in
interconnected pores in concrete because of the grinding of CBA to fine particle sizes.
This is because of the positive effect of both chemical and physical performance of ground
bottom ash and dense of the concrete structure when CBA was ground to increase the
fineness. The existence of CBA, regardless of the process treatment, tends to enhance the
resistance of sulfuric acid, as well as chloride attacks in concrete and mortar.
Consequently, concrete and mortar containing CBA can be safely utilized in acid rain or

other chemically hazardous environmental conditions.
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Figure 2.19  Percentage of loss by weight of CBA in concrete mixes at various curing
ages

Source: Khan & Ganesh (2016)

Figure 2.20  Influence of the Sulfuric acid of concrete samples at 7 days and 28days
Source: Muthusamy et al. (2021)

2.4.3.2 Sulphate Attack

Sulfate attack of concrete is a complex process, which includes physical salt attack
due to salt crystallization and chemical sulfate attack by sulfates from seawater or any
chemical containing sulphate ions. Sulfate attack can lead to expansion, cracking, strength
loss, and disintegration of the concrete (Kanaan et al., 2022; Ting & Yi, 2023). Sulfate

attack is generally attributed to the reaction of sulfate ions with calcium hydroxide and
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calcium aluminate hydrate to form ettringite. This mechanism is also one of the important
factors influencing the durability of concrete (Akhshah et al., 2023; Rahman & Bassuoni,
2014). Sulphate can react with hydrated calcium aluminate and produce expansive
products, such as ettringite and gypsum. As a result, the concrete becomes more compact,
and its strength is slightly increased in the initial stage of the reaction process (Abba et
al., 2017; Diaz Caselles et al., 2021). However, with the gradual formation of an expansive
stress on concrete throughcontinuous accumulation of expansive products, tensile stress
is developed in the concrete. Once the stress exceeds the tensile strength of the concrete,
cracks are formed that finally result in the reduction of the bearing capacity. This causes
the concrete to crack, further damaging the concrete. In addition to the formation of
ettringite and gypsum and its subsequent expansion, the deterioration due to sulfate attack
is partially caused by the degradation of the calcium silicate hydrate through leaching
calcium compounds (Tang et al., 2021; Whittaker & Black, 2015). This process leads to
loss in calcium silicate hydrate gel stiffness-and an overall deterioration of the concrete

mixture.

In terms of prevention, the use of sulphate resisting cements would provide
additional safety against sulphate attack. Consequently, protecting against sulphate attack
requires appropriate cementitious materials to reduce the ingress of sulphates into
concrete mixture (Elahi et al., 2021; Nadir & Ahmed, 2022). In terms of pozzolans
materials helps to increase concrete resistance and deterioration towards sulphate attack
(Aragon et al., 2020). According to several previous studies Gagatek & Hooton, (2019;
Lawrence, (1990) have shown that some pozzolans increase the life expectancy of
concrete exposed to sulphate. The sulphate resistance may be improved by limiting
tricalcium aluminate (CsA) content in cement by restricting the amount of Ca(OH)>
formed in the hydrated cement paste, or by converting the Ca(OH)2 to more stable form
such as C-S-H. The use of blended cement decreases the total amount of Ca(OH): in
cement and thus inhibits the reaction between sulphate and Ca(OH). which lead to

ettringite formation.

Several previous studies Cohen & Mather, (1991); Hodhod & Salama, (2013);
Khan & Siddique, 2011) stated that the strength properties of concrete that was exposed
to sulphate solution which showed reduction in the strength with the utilization of CBA
in concrete mixture. The occurs due to C-S—H gel deprivation, and volumetric expansion

leading to cracking. This attack also triggers the gypsum precipitation and deformation
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of C-S-H. The deformation of C-S-H destroys the bonding ability of C-S-H and due to
that strength loss in concrete. Consequently, sulphate reaction leads towards volumetric
expansion and develops internal stresses which create interruption in concrete. According
to study by Mangi et al. (2019) used CBA as partial cement replacement subjected to 5%
Na>SO;4 solution for concrete samples. The finding showed that loss in weight when

immersed to sulphate solution compared to water curing and acid curing as shown in
Figure 2.21.
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Figure 2.21  Weight loss when used CBA as partial cement replacement and immersed
in sulfate for various curing

Source: Mangi et al., (2019)

On the other hand, several previous studies Durgun & Seving, (2022); Kasaniya
et al., (2021); Wan Ibrahim et al., (2021a) reported that the strength of concrete that was
exposed to sulphate solution can be enhanced with the utilization of CBA in the concrete
mix. This is due to CBA that has less calcium but high in silica content. When pozzolanic
reaction takes place, Ca(OH). will react with silica from CBA thus resulting in formation
of the secondary C-S-H gel (Ganesan et al., 2023; Wan Ibrahim et al., 2021b). The
formation of this secondary C-S-H gel has been significantly producing concrete with
high resistance to sulphate attack and increase the durability of the concrete. The internal
structure of the concrete will become denser with the formation of C-S-H gel, which will

reduce the porosity and permeability of the concrete making it unavailable for sulphate,
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ettringite or gypsum to form, thus the chances for sulphate ion penetrating the concrete
will be lower (Chambua et al., 2021; Zhou et al., 2022). The result was supported by
researches done by Kaminskas et al., (2020); Mangi et al., (2019) which shown that the
addition of CBA in concrete mixture will improve the resistance to sulphate attacks.

2.4.3.3  Water Absorption

Water absorption is one of the essential tests that assess concrete durability. Also,
this test is used to evaluate the percentage of water absorption in the concrete mix. This
test was performed on hardened samples at 28 days of curing according to (EN, 2013).
Mangi et al., (2018) presented that the percentage of water absorption decreased due to
increased CBA replacement level in the concrete mixture. The reduction in water
absorption due to water demand driven by the rise specific surface area of CBA. The
percentages alternative level of CBA was 10%, 20%, 30%, and 40% by total cement
weight in concrete. The water absorption result was 5.40% ,5.37%, 5.32,5.24%,
respectively as shown in Figure 2.22 (Mangi et al., 2018).
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Figure 2.22  Variation of water absorption with different percentages of CBA
Source: Mangi et al., (2018)

Khan et al. (2016) studied the effect of CBA on concrete properties, especially

water absorption. The water absorption was found the water absorption was increased
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when increased the percentages of CBA as cement replacement in various level (0%,
10%, 20%, and 30%). The increased due to fineness of CBA and the porosity of the
particles that allow for the samples to be more absorbed (Khan & Ganesh, 2016).
Similarly, another study was reported by Mangi et al., (2019) was found the increased in
the water absorption when increased the CBA replacement level in concrete. The
increased in the water absorption due to increased fineness of CBA and the porosity of
the particles (Mangi et al., 2019). Furthermore, several studies were reported that the
influence of CBA in water absorption of the concrete mixture depending on the
percentages of replacement. This is due to the higher water demand driven by the rise
specific surface area of CBA (Aydin, 2016; Balasubramaniam & Thirugnanam, 2015).
Moreover, the concrete containing CBA could be an influence for water absorption and
porosity due to the rates of chloride entry into the concrete (Kim et al., 2014). It was
recorded the highest water absorption 32%, and the lowest water absorption is 1.20%
respectively (Aydin, 2016; Balasubramaniam & Thirugnanam, 2015). Besides, (Kalaw
et al., 2015). has reported the influence of CBA's water absorption level. They found that
the mixture containing CBA has a significant effect through the increased water
absorption of concrete more than that of the control specimen. This is due to amount of
CBA, which usually has larger particle sizes and a smaller specific surface area,
increasing water absorption capacity. In this study was used CBA as fine aggregate
replacement in concrete production. The water absorption lead to increased with increase

the replacement ratios of CBA due to large particles of CBA.

Overall, incorporating CBA as an alternative material in the concrete mix has
increased concrete water absorption. The samples with rising replacement ratios showed
rising absorption levels. At the same time, those with lower replacement ratios were less

porous and, therefore, absorbed fewer quantities of water.

2.4.4 Elevated Temperatures

An elevated temperature is one of the most severe as well as unpredictable hazards
that may affect the functioning of a structural system in its lifetime. Exposure to high
temperatures may be caused by unintentional or intentional fires, which can result in
damage to both the afflicted building and its surrounding structures (Kodur et al., 2020;
Malik et al., 2021). Temperature increase can lead to changes in the microstructure (the
physical and chemical characteristics) of concrete, and therefore certain qualities of the
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concrete may be damaged. Different temperatures and exposure times have different
effects on the properties of concrete (Qian et al., 2023; Tawfik et al., 2023). SCC mixing
ingredients also influence the strength properties when exposed to high temperatures. In
high-temperature settings, the internal composition experiences a range of physical
transformations followed by chemical reactions, resulting in irreversible changes
affecting efficiency and, in the worst-case scenario, leading to the material's total loss
(Amran et al., 2022; Saif et al., 2023). There are several factors influence in the
performance of concrete when exposed to elevated temperatures (Shah et al., 2019).
According to previous study by Babalola et al., (2021) reported that there are two factor
influence the concrete behavior when exposed to high temperatures such as material and
environmental factors. The materials factors such as types of aggregate, properties of
cement paste, the adhesion of aggregate and cement paste and thermal incompatibility
between components of the composite influence the strength of SCC at high temperatures
(Mathews et al., 2021). Moreover, environmental factors including heating rate, duration
of exposure to maximum temperature, cooling rate, loading conditions and moisture
regime, which are also important for the behaviour of concrete composites at high

temperatures(Aslani & Samali, 2015).

According to several previous studies Ahn et al., (2016b); Nadeem et al., (2014)
reported that moisture loss, evaporation, and chemical structure decomposition may
change for those specimens as temperatures rise, potentially leading to more cracks. The
rise in temperature leads in the evaporation of water, the dehydration of C-S-H gel, the
breakdown of calcium hydroxide and calcium aluminates, and, changes in the aggregate
occur, as a result of these changes, the strengths (Martin-Garrido et al., 2020; Song et al.,
2022). In practice, 300°C is considered a critical temperature, and temperatures beyond
this point may result in serious damage to concrete. The compressive strength of concrete
drastically declines between 300°C and 500°C, and concrete heated beyond 600°C to
800C is no longer structurally useful (Khan et al., 2023; Zaid et al., 2024). According to
study by Malik et al. (2021) mass loss that occurs between 20°C and 400°C is due to the
loss of physically bound water in the aggregate and cement matrix, as well as thermal
swelling of the physically bound water, which results in an increase in capillary porosity.
CBA when subjected to elevated temperature (200°C to 800°C) exhibit higher mass loss
due to the larger pores produced (Nathe & Patil, 2022). However, the compressive
strength of CBA in concrete after exposed to the elevated temperature is greater than that
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of control because the CBA particles present in the sample enhances its microstructure

by filling voids, hence increasing its compressive strength (Singh et al., 2023).

2.5  Summary of Research Gap

Several researchers investigated the effect of potential application of CBA as
alternative materials in concrete. Furthermore, the investigation of ground CBA as partial
cement replacement on SCC has not yet been investigated. Nevertheless, identification of
suitable method that can be used to provided CBA with micro fine particles that can be
used as partial cement replacement in SCC. However, the details are merely focus on the
performance of using various sizes of CBA in cementitious framework without any
pretreatment process. According to summary in literature review listed in the Table 2.11.
There are a few gaps that could be completed to contribute to obtaining novel knowledge
on the production and application of micro fine CBA based in the pozzolanic with a new
method in concrete is SCC. As can be seen from the Table 2.11, the pretreatment process
such as mechanical pretreatments and utilization of used those materials in SCC. Finally,
the aims of this study is to thoroughly investigate its feasibility as a see component and
its influence on the fresh and hardened, durability and microstructural properties of the
produced mixtures in concrete. Also, conducted to further embrace the possible extensive
work on CBA to improving the pozzolanic reactivity by the mechanically pretreatment
and produced new materials that can be applied in various application of civil engineering

and safe the environment from any waste disposed to landfill.
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Table 2.11 ~ Summarized of the research gap as reported by several researchers
Author/Year Materials used in Mechanical Utilization in SCC  Limitation
concrete pretreatment
(Meena et al., 2023) CBA as fine Passing sieve 1.Slump flow In this study, the compressive strength was increased
aggregate no. 4.75mm 2.Vfunnel with increased CBA up to 20% content at late curing
replacement (0, 10%, 3.Ts00 (S) ages. This is due to late pozzolanic rection and
20%, and 30%). 4.J-Ring developed at late ages.
5. L-box
(Keerio et al., 2021) CBA as fine Passing sieve 1.Slump flow In this study, SCC properties such as slump flow, L-
aggregate 4.75 mm 2.Vfunnel box shows increased while increasing the alternative
replacement (0, 10%, 3.Ts00(S) percentages of coal bottom ash. This is due to high
20%, and 30%). 4.J-Ring viscosity, different value of water cement ratio SP.
5. L-box
(Cabrera et al., CBA as fine Passing sieve 1.Slump flow In this study, the mechanical properties decreased with
2021) aggregate 5mm and 2.V Funnel increased the replacement ratios of CBA. This could be
replacement (0, 10%, retained 3.J-Ring mainly attributed to the pozzolanicity of the CBA.
20%, 30%,) 0.25mm 4. L-box
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Table 2.10 Continued

Author/Year Materials used in Mechanical Utilization in SCC  Limitation
concrete pretreatment
(Simdes et al., CBA as fine Passing sieve 1.Slump flow In this study, the mechanical properties of coal bottom
2021) aggregate 4.75 mm 2.V-funnel ash in self-compacting concrete have decreased with
replacement (0, 20%, 3. L-box increased the percentages of replacement. This is due
30%, 40% and 50%) to no binding ability upon hydration process.
(Hamzah et al., CBA as fine Passing sieve 1.Slump flow In this study, the compressive strength with 10% CBA
2020) replacement (0%, 4.75mm was recorded highest as compared to other mixes at
10%, 15%, 20%, curing age after 28 days.
25%, and 30%).
(Hamzah et al., CBA as fine CBA within the 1.Slump flow The fresh properties of CBA in SCC shows decreased
2015) replacement (0%, range size of 2.V Funnel when the percentages of CBA content increased. Also,
10%, 15%, 20%, 0.075mm 3.Ts00(S) the compressive strength was decreased when
25% , and 30%) 4. L-box increased the CBA content. This is due to increase of

water cement ratio and due to more pore effect from
CBA.
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Table 2.10 Continued

Author/Year Materials used in Mechanical Utilization in SCC  Limitation
concrete pretreatment
(lbrahim et al., CBA as fine Passing sieve 1. Slump flow test. SCC properties such as slump flow, L-box shows
2015) aggregate size 5 mm. reduced while increasing the alternative percentages of
replacement (0, 2 L-box CBA. This is due to high viscosity, different value of
10%,20,30) water cement ratio, and CBA has more absorbing
compared to normal concrete.
(Aswathy & Paul, CBA as fine Passing sieve 1.Slump flow The mechanical properties of CBA in SCC has
2015) replacement (5%, no.4.75 mm decreased with increased the percentages of
10%, 15%, 2.\/ Eunnel replacement. The results shows for slump flow and the
20%, 25%, L-box were decreased with increased the percentages
and 30%) of replacement. Furthermore, for V-funnel and T500
3.Ts00 () was increased with increased the percentages of
replacement. This is due to porosity of CBA, and more
4. L-box absorb, and cohesiveness and lack in paste volume.
(Siddique, 2013) CBA as fine Retained  on 1. Slump flow, In this study the compressive strength was increased
aggregate sieve no 90 with increased CBA content. Also, indicated low
replacement O, pm 2. J-ring, chloride permeability resistance with CBA content in
10%,20,30) SCC. This is due to higher CBA content in the mixture.
3.V Funnel,
4. L-box and
5. U box
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Table 2.10 Continued

Author/Year Materials used in Mechanical Utilization in SCC  Limitation
concrete pretreatment

(Kasemchaisiri & CBA as fine Passing sieve 1. Slump flow test. Slump flow and L-box of the self-compacting concrete

Tangtermsirikul, aggregate no 4.75mm with CBA was decreased compared to normal

2008) replacement 2 L-box concrete. This is due increase of inter-particle frictions
(0, 10%,20, and 30) between aggregate particles produced from CBA

particles. The resistance against sodium sulfate
(Na2SO4) was enhanced with the increase of CBA
content.

(Lin & Lin, 2006) CBA cement Passing sieve No Utilization as In this research, examined the pozzolanic reactions and
replacement in  no 200 mm SI01C: engineering properties of CBA mixed with cement in
mortar (10%, and mortar. The results shows decreased in early age
20%) strength when increase the percentages of replacement.

This is due to late of hydration for CBA compared to
cement. Finally, the pozzolanic reactivity in the CBA
can be used as cement replacement
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Table 2.10 Continued

Author/Year Materials used in Mechanical Utilization in SCC  Limitation
concrete pretreatment

(Mohammad, Ground CBA as particles 1.Flow slump 1. To -evaluate the physical, chemical, and

2024) partial cement passing 75 um 2.L-box microstructural properties of original CBA and
replacement  (10%, retained in 3. V-funnel mechanically treated CBA as alternative cementitious
20%,30%,40%,50%)  45um 4.J-Ring materials.

2. To analyze the influence of mechanically treated
CBA on its pozzolanic properties based on
Thermogravimetric analysis (TGA), strength activity
index (SAI), Chapelle test, and Frattini test in
cementitious binder.

3. To analyse the effect of mechanically treated CBA
as partial cement replacement in the fresh properties of
(SCC) based on slump flow, L-box, V-funnel, J-Ring,
and mechanical properties of SCC based on
compressive strength, flexural strength, Ultrasonic
pulse velocity (UPV), splitting tensile strength.

4. To evaluate the influence of mechanically treated
CBA as partial cement replacement on the durability
properties based on (water absorption, sulphate attack,
acid attack) and influence of elevated temperature
(200°C, 400°C, 600°C, and 800°C).
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter elaborates the methodology that has been applied in this research. In
this study, it is focused on the use of one of supplementary cementitious materials in order
to evaluate the pozzolanic reaction of micro-fine ground CBA as cement replacement in
SCC. Furthermore, pretreatment processes of mechanically grinding of CBA was
explored in various SCC tests. In addition, the mechanical properties and durability of the
SCC mixture were tested at various curing ages. After that, the influence of micro-fine
ground CBA under different elevated temperatures of SCC were investigated in this
study. Subsequently, the mix design process used for SCC mixture is presented. Finally,
the testing procedures essential to accomplish the study's objectives are described. The
methodology used in this research that has been applied comprises the four stages as the

following:

Stage 1: Review and collect the materials.

Stage 2: Pre-treatment process for CBA using mechanical treatment grinding process
(Objective 1).

Stage 3: Test the raw and various sizes of mechanically treated CBA in the chemical,

physical, and microstructural properties at different pozzolanic tests
(Objective 2).

Stage 4: Cementitious framework evaluation and test of optimum sizes by
mechanically treated CBA in various SCC fresh, mechanical, and durability
properties and influence under various elevated temperatures (Objectives 3
and 4).

Stage 5: Analysis the results and presentation of data.

82



3.2

Flow-Chart of Experimental Work

Figure 3.1 shows the applied flowchart of research methodology in this study. The

methodology of this research is expected to be feasible as the standard method that could

be used for production of micro fine ground CBA. The experimental methods and

procedures adopted in this study are based on earlier works and directives from different

international standards. The experimental work in this research was carried out in detail

in the following sections.
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3.3  Materials Preparation

In the experimental work the materials used include ordinary portland cement
(OPC), river sand as fine aggregate, coarse aggregate, superplasticizer, and micro fine
ground CBA. The CBA was collected from the Department of Environment in coal
thermal power plant Tanjung Bin, Johor, Malaysia, which is a by-product of coal
combustion, and the Portland cement was used in this research according to ASTM
C150/C150M. The following details about the materials used in this research and

specification for the materials:

3.3.1 Tap Water

In this research, the water used for SCC mixing was obtained from the domestic
water supply in the structure and concrete laboratory at faculty of civil engineering
technology. Water used in SCC mixing is clean and free from harmful quantities of oils,
acids, alkalis, salts, organic materials, or other substances that may be harmful to

concrete.

3.3.2 Ordinary Portland Cement (OPC)

OPC was used in this research as a main binder for all concrete mixture mixing
with CBA production. The OPC used was produced by PANDA Corporation Berhad,
Malaysia, and followed with ASTM C150, (2016) specifications as shown in Figure 3.2.
The OPC was utilized for the preparation of control and modified SCC samples with a
specific gravity equal 3.15. The chemical oxides composition and physical properties of
OPC illustrated in Table 3.1 and Table 3.2.
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Figure 3.2 Cement binder used in this experimental study

Table 3.1 Chemical composition of cement (OPC)

Chemical / Oxide Composition

Percentages (%0)

Calcium Oxide (CaO)
Silicon Dioxide (SiO2)
Sulphur trioxide (SO3)

Iron Oxide (Fe20s)
Aluminum Oxide (Al205)
Potassium Oxide (K20)
Magnesium Oxide (MgO)
Phosphorus Pentoxide (P20s)

Loss of Ignition (LOI)

76.6
115
2.86
4.00
2.39
0.937
0.397
0.578

2.20

Table 3.2 Physical properties of cement (OPC)

Physical Properties (Units) Values
Blaine Fineness (m?/g) 0.867
Initial Setting Time (mins) 95
Soundness (mm) 1.0
BET Surface Area (m?/g) 0.563
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3.3.3 Coal bottom ash (CBA)

CBA particles are angular, irregular and pores, gruff surface texture. The particle
size ranges from coarse size to fine sand as shown in Figure 3.3. The CBA particles range
of the size from coarse (gravel) to fine (sand). Furthermore, the particles of CBA are
interlocking characteristics. The particle size of original CBA fall within the range of 0.1
mm to 10 mm as shown in the Figure 3.3 a). CBA is lighter and brittler than natural sand.
In this study, the CBA was used at with grinding size passing 75um retained in 45um.
Then, the CBA was dried in the oven. The CBA were dried in the electric oven at 105°C
for 24 hours to remove the moisture. The next step was sieving CBA at 300 um to remove
coarse particles. Then, the original CBA was placed into Los Angeles machine until get
the required fineness. The size of steel ball was used is 50mm and the number of steel
balls was 20. Afterward, the ground CBA was sieved in order to reach a residue less than
35% in sieve 45um in accordance with ASTM C618, (2019), and this study classified as
class F ash type as shown in Figure 3.3 b). According to ASTM C618, (2019)to be
considered as pozzolanic properties should retained less than 35% with sieve 45um of
total weight of the powder sample. The CBA was screened to remove the oversized
particles to be more fineness and used as cement replacement. The original CBA and
ground CBA have average particles size rages less than 4.75mm to passing sieve less than
45 um respectively. The particles size of CBA can be reduced by increasing the grinding

duration.

Figure 3.3 Particles of CBA a) Original CBA, b) Micro-fine ground CBA



3.3.4 Fine Aggregate

River sand neutrally occurs as granular materials composed of finely divided from
the rock and mineral particles. The river sand as fine aggregate was used in this
experimental work. The aggregate was obtained from Gambang, Kuantan in Pahang. The
fine aggregate was sieved using the mechanical electric shaker to perform the grading of
particles distribution. The aggregate was cleaned by washing to remove the clay and
organic materials, after that dried in the laboratory oven at 100 + 5°C for 24 hours before
using and sieving according to ASTM C136, (2003). Furthermore, in this research, the
particle size of fine aggregate was used less than or passes through the sieve size 4.75mm
in accordance with guidelines in the ASTM C136 standard as shown in Figure 3.4. Table
3.3 showed the particle size distribution.

Table 3.3 Particle size distribution and physical properties of fine aggregate
Sieve 10 475 236 118 0.600 0.300 0.150 Specific Moisture Absorption
size gravity content (%)
(mm)
Passing 100 974 939 739 457 151 34 2.62 0.50 0.90

%

Figure 3.4 Fine aggregate used in this experimental work
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3.3.5 Coarse Aggregate

In this research crushed stone granite was used as coarse aggregate in the concrete
mixture as shown in Figure 3.5. The particle size of the coarse aggregate was used in this
research passing 20 mm and retained in the size 10 mm were used in accordance with
EFNARC, (2005). The coarse aggregate has been cleaned by washing to remove the clay
and organic materials, after that dried in the laboratory oven at 100 = 5°C for 24 hours
before using and sieving according to ASTM C33, (2003). Table 3.4 shows the particle

size distribution of coarse aggregate.

Table 3.4 Particle size distribution and physical properties of coarse aggregate
Sieve 20 16 14 125 10 475  Specific Moisture  Absorption
size gravity  content (%)

(mm)
Passing 100 97.2 654 156 230 0 261 0.25 0.78

%

Figure 3.5 Coarse aggregate used in this experimental work

3.3.6 Superplasticizer (SP)

A Superplasticizer (SP) type Sika Visco Crete -2044 PC provided from branch of
Sika Company in Kuantan, Pahang, Malaysia was utilized as shown in Figure 3.6. In this
experimental work the SP used in accordance with guideline in the standard ASTM C494-

86, (2009). Superplasticizer an important component of most modern SCC mixes, water
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reducers, enhance the flowability of mixture while reducing the water utilized in the mix.
Composed of more advanced, the SP offering advantages such as lower segregation and
bleeding, enhanced bond strength, increased sample density. Superplasticizer used in the
current experimental work as shown in Figure 3.6, to achieve superior and improve
flowability at low water/binder (w/b) ratio. Sika Visco Crete -2044 PC does not contain
any chloride or other components which promote steel corrosion. Table 3.5 shows the

characteristics of Sika Visco Crete -2044 was used in the experimental work.

Figure 3.6 SP used in the experimental work for SCC mixture production a) is the
total SP collect for experimental work b) SP amount used in each mix

Table 3.5 Characteristics of SP brand Sika Visco Crete -2044

Properties Description in accordance to ASTMC494 and BS-EN5075
Part3

Type Sika Visco Crete -2044 PC

Color Brownish liquid

Strong Condition Stored properly in original, unopened and undamaged

packaging in dry conditions and protected from direct sunlight
at temperatures between +5 °C and +35 °C.

Chemical Base Aqueous solution of modified polycarboxylates

Dosage use 1.0-2.0% by weight of cement.
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3.4  Characteristics and Testing of Materials used in SCC

The materials used in this study such as cement, fine aggregate, coarse aggregate,
micro fine CBA. This section is explained the characteristics for the all the materials

using various characterization tools that can be explained in the sub sections below.

3.4.1 Sieve Analysis Test

Sieve analysis is a method used to establish particle size distribution of a material
such as original and micro fine CBA, fine aggregate, coarse aggregate as shown in Figure
3.7. This method is performed by sifting a particles sample through a stack of wire mesh
sieves, separating it into discrete size ranges. A sieve shaker was utilized vibrates the
sieve stack for a fixed time. Vibration reorients irregularly formed particles as they fall
through sieves. This test is conducted to assess the percentage of various grain sizes
contained within. The sieve analysis was used to select finer particle distribution. The
size distribution is a crucial factor that significantly influences the selection of materials
used. In this experimental work, the standard ASTM C136/C136M was used.

Figure 3.7 Sieve shaker apparatus to sieve particles of CBA and ingredient of SCC

3.4.2 Particles Size Analysis

Particles size analysis was used to evaluate the particles of the original CBA and

mechanically pretreatment CBA the results explained in the next chapter. There are two
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type of particle size analysers ranges to measure the particles. The first range particles
for CBA dynamic light scattering analysers measure particles in solutions in the 0.6 nm
to 6 um range. The second range particles for CBA Laser diffraction analysers are used
for particles in a CBA within the range of 10 um to 1 mm. In this experimental work, the
second range to observe the size particles of cement and original CBA and micro-CBA

using device as illustrated in Figure 3.8.

Figure 3.8 Particle Size instrument (Malvern Hydro 2000MU)

3.4.3 Moisture Content of Aggregate and CBA

The moisture content of aggregate, original CBA, and micro ground CBA in
accordance with guidelines in the ASTM C566. The test starts with a weight of 2500¢g of
coarse aggregate, and for the fine materials such as fine aggregate, original CBA, and
micro-CBA 500g was used before determining the dry weight. After that, the same
amount of the materials was put it in the electric oven at temperature rate 110°C + 5°C
for 24 hours. The moisture content is the weight losses of the samples due to dried at
electric oven as shown in Table 3.6. It can be calculated according to the following
Equation 3.1.

Wtl-wt2

Moisture content (%) = ( —

)x100% 3.1

Where, Wt1= weight of air-dried samples for the materials, Wt>= weight of electric oven

dried samples for the materials.
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Table 3.6 Moisture content (%) of the materials used in the experimental work

Properties/ Coarse Fine aggregate  Ground CBA  Original
Materials aggregate CBA
Moisture content (%)  0.25 0.50 1.07 0.95

3.4.4 Fineness Modulus (FM) of Aggregates and CBA

This test method is used primarily to determine the grading of materials proposed
for use as fine materials or coarser materials. The fineness modulus of coarse aggregate
and original CBA and micro fine ground CBA in accordance with the guidelines(ASTM
C136, 2012). The fineness modulus FM is a single parameter to describe the grading
curve; it can be useful in checking the uniformity of grading. A small number of fineness
modulus indicates fine grading, while the bigger fineness coarser. In this test, a sample
of dry aggregate of known mass is separated through a series of sieves of progressively
smaller openings for determination of particle size. The sizes of sieves used in the test
were: 20mm, 16mm, 14 mm, 12.5 mm,10 mm and pan. Where the standard sieves for
fine aggregate used were 4.75mm, 2.36mm, 1.18mm, 0.600mm, 0.300mm, 0.150mm,
0.75mm. Table 3.7 showed the fineness modulus of fine, original CBA, and micro fine

ground CBA. It can be calculated according to the following Equations 3.2 and 3.3.

For coarse aggregate

Cumulative percent retained on standard

FM coarse aggregate = ( 00 ) 3.2
For fine aggregates:
FM fine = ( Cumulative percentlr(')eotained on standard ) 33
Table 3.7 Fineness modulus of the materials used in the experimental work
P&%‘:g:it;elzl agCgorae;sz;e Fine aggregate Gé%uxd Original CBA
Fineness modulus 3.80 2.60 2.65 2.54
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3.4.5 Absorption and Specific Gravity of CBA and SCC Ingredient

The specific gravity of aggregate was specified to guarantee the right quantity is
utilized during the concrete casting as shown in Table 3.8. This test was conducted
according to ASTM C127, (2012). For measuring the water absorption, the aggregate was
sunken in water with a depth more than 50mm above the basket top. The aggregates were
allowed to be fully immersed in water for 24 hours. The both aggregate and basket under
water was labelled as (B) was weighted. After that, the aggregate was placed on a dry
cloth. On the other hand, the empty basket was weighed in water, and the value was
known as (C). The aggregate weight was taken as (A) when using cloth to dry the surface
of aggregate when the water is not visible. To determine the water absorption, the
aggregate was oven at 110+10°C for 24 hours. It was determined according to the
Equations 3.4 and 3.5.

Water absorption = (A-D)/D) x100% 3.4
Specific gravity = (A)/(A-(B-C) x 100% 3.5

where,

A = mass of SSD sample in air (g), B = mass of basket in water containing
saturated aggregate sample (g), C = mass of the empty basket in water (g), and D = mass
of the oven-dried aggregate in air (Q).

Table 3.8 Absorption and specific gravity of the materials used in the experimental
work
Properties/ Coarse Fine aggregate Ground CBA  Original CBA
Materials aggregate
Absorption 0.78 0.90 6.15 5.30
Specific Gravity 2.61 2.62 2.43 2.21

3.5  Experimental program

In the next subsections, the mixture design of SCC with ground CBA as a partial
cement replacement and the sample preparation at different curing ages are discussed. In
addition, the mechanical pretreatment to prepare ground CBA for use in the SCC mix is

discussed in the following subsection.
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3.5.1 Designing of Mix for SCC

The mix design of SCC is very complicated because of different variability and
the characteristics of the materials used. Furthermore, the mix design of SCC that
influence by the mix proportion of the main ingredients and the proportion of admixture
to achieve high flowability. A rational mix-design method for SCC using a variety of
materials is necessary. (Okamura et al., 1995) have proposed a simple mix proportioning
system assuming general supply from ready-mixed concrete plants.

In this study, mix design of SCC was selected in accordance with standard of
(EFNARC, 2005) which was proposed by (Okamura et al., 1995) at University of Tokyo
in Japan. Moreover, several series of trial mixes occurred with different calculations
according to varying the percentage of superplasticizer content and water -powder ratio,
in order to achieve a target strength with high flowability. In accordance with guidelines
in the standard (EFNARC, 2005) the fine and coarse aggregate were fixed that can
achieve the self-compatibility of SCC mixture. Various superplasticizer dosage was used
in the experimental work, the optimal that can achieve SCC mixture with high flowability
was chosen. In this experimental work, the mix design was carried out with coarse
aggregate ratio 45% and fine aggregate ratio 55% by the volume of concrete mixture this
comply with the (EFNARC, 2005) and followed the Japanese method for SCC. The trial
mix were designed with content from 1.8 % of SP for all cast samples. Furthermore, the
target strength was designed to achieve 35MPa. The selected mix design for SCC is as
shown in Table 3.9. After achieving the mix design for control SCC, where replaced the
partial cement was replaced with micro fine CBA with ratio 10%, 20%,30%,40%, and
50% in the SCC mixture. After preparation, all the samples were tested for its mechanical,

durability properties and under various elevated temperatures.
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Table 3.9 Mixture design proportion for 1 m® SCC mixture in (kg/m?)

Samples  Water Cement  Fine Coarse CBA Superplasticizer

ID content  (kg/m®  aggregate aggregate content (% Binder)
(kg/m®) (kg/m®)  (kg/m®)  (kg/m®)

Control 185 550 952 620 0 1.8

CBA 185 495 952 620 55 1.8

10%

CBA 185 440 952 620 110 1.8

20%

CBA 185 385 952 620 165 1.8

30%

CBA 185 330 952 620 220 1.8

40%

CBA 185 275 952 620 275 1.8

50%

3.5.2 Preparation and Casting of Samples

In this experimental work, the SCC samples were designed to achieve the target
strength of 35MPa with high flowability to achieve the workability of SCC. Before
starting to prepare the samples, each of the required main materials and micro fine CBA
were measured and weighed with high precision. SCC mixture was performed using drum
with medium size mixer. However, to prepare the samples, all the tools were wet to
reduce the water loss during mixing and natural evaporation. To ensure, powder materials
such as cement and fine and micro fine ground CBA were put it in the drum mixer. First,
the drum mixer was started mixing for three minutes to ensure all the materials mix
properly and homogeneously. After that, superplasticizer was mixed with water to allow
for uniform distribution throughout the concrete mixing process. The mixer was then
filled twice with the water. At the beginning of the mixing process, 50% of the water
content was added, and the remaining 50% was added two minutes later. After adding
the water, the concrete mixing lasted for another three minutes for a consistent mixture
to be obtained. Concrete mix was stirred for a further three minutes after adding the given
water for a more consistent mixture of concrete. After that, mixing continued for a further

three minutes, often pausing for three minutes so that lumped concrete cannot be formed
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in the mixer. After testing of the fresh concrete properties, casting was carried out
immediately after this process of mixing as shown in Figure 3.9. After twenty-four hours,
the specimens were taken out from the moulds under certain laboratory conditions with

a 27+3°C temperature. These steps were recorded as shown in Figure 3.10.

Figure 3.9 Preparation of the SCC specimens at the laboratory (a Materials for
mixing, b) concrete insde drum mixer, ¢) concrete after put in cubes moulds, and c)
concrete after put in beam moulds
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Ingredients (cement, fine, coarse aggregate,
micro fine CBA, water, and superplasticizer)
were weighed.

Ingredients are mixed for 3 minutes for each step
insidedrum mixer.

Fresh self-compacting concrete properties such as
Slump flow, T500, L-box, V-funnel, J-Ring were
measured

v

The concrete mixture was cured in the moulds
and leftover for 24 hours before demoulded.

\ 4
The cast samples were demoulded and put it curing
tank for testing.

Figure 3.10  Preparation process for SCC samples containing micro fine CBA

3.5.3 Curing Method for the Samples

Appropriate curing of concrete structures is essential in order to ensure that the
concrete meets the requirements of performance and durability. The curing method is the
final stage in the production of newly placed concrete. When concrete is adequately
cured, water in the concrete will make cement particles interact with the water throughout
the cement hydration process and develop the strength to resist contraction stress. The
type of curing method that is used in this research are among all types of curing
techniques such as water curing as shown in Figure 3.11. Curing condition is very
important in gaining the strength of samples. Curing of SCC samples was commenced as

soon as after adequate hardening of the sample under room temperature for a minimum
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period of 18 to 24 hours as recommended by the standard. For this study, SCC samples
were cured in a water basin for 7, 14, 28, 56, 90, and 180 days until the testing ages,
respectively. This process is known as curing. Adequate curing is vital to quality concrete
according to ASTM C31, (2016).

Figure 3.11  Curing method for the SCC samples a) all samples for experimental work
(b Prism samples for flexural strength

3.5.4 Mechanical Grinding Process for CBA

The process of mechanical grinding for CBA to convert it to ground CBA with
various sizes to be used as pozzolanic materials as shown in the Figure 3.12. The
mechanical grinding process for ground CBA starts with dried in the electric oven at
temperature 110+5°C to remove all traces of moisture content for 24 hours. Consequently,
the CBA was sieved using an electric sieve to separate the coarse particles and fine
particles. After that, the fine particles placed in the electric Los Angeles machine and
ground for 3000 cycles, 5000 cycles, and 7000 cycles as shown in Figure 3.12.
Subsequential, the micro fine particles of CBA sieved with sieve mesh less than 45 um
to achieve the standard guidelines as mentioned in the ASTM C618. Hereafter, the

materials were characterized with physical and chemical and microstructure properties.
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/S(ep 1 Raw coal bottom ash ‘\

Step 2 ‘ Dried coal bottom ash g
Step 3 Sle\ ed coal bottom ash
Mechanical grinding
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ash) (3000,5000,7000) cycles
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Micro fine coal bottom ash

St to used as cement
replacement

Figure 3.12  Mechanical grinding process for original CBA to micro-fine ground CBA
to be used in SCC

3.6  Testing of samples

The testing methods covers the determinations of fresh, mechanical and durability
properties of SCC containing ground CBA as partial cement replacement. Furthermore,
in the following subsections discussed the tests used for pozzolanic properties and the
microstructural characteristics of CBA in SCC samples. All the forms of testing complied

with the required standards.

3.6.1 Fresh Properties of SCC

For the purpose of assessing the SCC properties in the concrete’s fresh state, the
following tests, including slump flow test, V-funnel test, and L-box test were performed.
For mitigating the time impact on the test results of SCC, fresh workability tests of SCC
were performed immediately after the mixing was completed. The entire tests of fresh
SCC were accomplished following the EFNARC, (2005) for producers and processors,
who are specialized in SCC mixes. According to EFNARC, (2005), the fresh properties
of SCC are typically classified into one of three categories, Table 3.10 lists the classes
required for a variety of applications. A detailed description of the fresh properties and

the standards is provided as follows:
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Table 3.10  Categories of fresh properties for SCC in accordance with (EFNARC,
2005) standard.

Slump flow (SF) categories Slump flow range (mm)
SF 1 (mm) 550-650

SF2 (mm) 660750

SF 3 (mm) 760-850

Viscosity Flow (VF) categories V-funnel time (s)
VF1 <8

VF2 9to 25

Passing ability (L-box) categories L-box Rage

PAl > 0,80 with 2 rebars
PA2 > 0,80 with 3 rebars
J-ring (Step height in mm)
- 0-10

3.6.1.1  Slump Flow Test

The flow slump test is used to evaluate the horizontal flow of SCC in the absence
of obstruction. The slump flow test is a measure of mixture filling ability. This test is
performed similarly to the conventional slump test using the standard EFNARC, (2002)
slump cone as shown in Figure 3.13, instead of measuring the slumping distance
vertically, the mean spread of the resulting concrete patty is measured horizontally. This
number is recorded as the slump flow. The visual stability index (VSI) is determined
through rating the apparent stability of the slump flow patty. This test is performed
according to the standard EFNARC, (2002).
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Figure 3.13  Slump flow test apparatus (a test flow SCC b) Slump flow apparatus

3.6.1.2 L-Box Test

The device consists of a rectangular section box in ‘L' form, with an upper and
lower section divided by a moveable, in front of which vertical lengths of reinforcement
bars are fitted as shown in Figure 3.14. The vertical section is filled with concrete, and
the gate raised to allow concrete to flow into the horizontal section. When the flow ends,
the concrete height at the end of the horizontal segment is expressed as a proportion of
that remaining in the vertical section (H2/Hj in the diagram). The height of the concrete
left in the vertical section (hy) and at the end of the horizontal section (h2) is measured.
The concrete height remaining in the vertical section (h1) and the horizontal section (h.)
end is calculated. The ratio of ho/hy is measured as the blocking ratio. It shows the
concrete's slope at rest. This is an indicator of passing capacity, or the degree to which
concrete passage through the bars is limited. The box's horizontal portion can be marked
at 200 mm and 400 mm from the gate and the time taken to calculate these points. This
test is performed according to the standard EFNARC, (2002).

101



Figure 3.14  Apparatus of the L-box test (a L-box flow test b) L-box apparatus

3.6.1.3 V-Funnel Test

The V-shaped funnel machinery used to calculate concrete self-compacting
capacity. The V- funnel has opening slide at the bottom. The filling time is defined as the
time necessary for vertical flow from the V-funnel lower opening after it is full with fresh
SCC. The specified V-funnel is used to evaluate concrete with maximum aggregate size
of 20 mm as shown in Figure 3.15. The funnel is filled about 12 liter of concrete the time
take for it to flow through the apparatus was measured. The funnel is filled with about 12
litres of concrete the time to flow through the device calculated. Then, this funnel can be
refilled concrete, and left for 5 minutes. If the concrete shows segregation, then the flow
time will increase significantly. Therefore, concrete refill the funnel, and left for 5
minutes. If the concrete displays segregation, the flow time increases dramatically. This
test is performed according to the standard (EFNARC, 2002).
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Figure 3.15  V-funnel test apparatus a) V-funnel flow test b) V-funnel apparatus

3.6.14 J-Ring Test

The test is utilized to assess the concrete's passing ability. The apparatus requires
a rectangular steel ring (width 30mm x length 25mm), drilled vertically with hole to
accommodate threaded portions of the reinforcement bar as shown in Figure 3.16. These
bar sections may be of various diameters and spaced at various intervals. With usual
reinforcement considerations 3x the maximum aggregate size could be sufficient in
accordance (EFNARC, 2002). The diameter of the ring of vertical bars is 300 mm, and
the height 100 mm as shown in Figure 3.16. This test was evaluated according to the
specification as mentioned by standard (EFNARC, 2002).

Shamp cone

00

i WOmm 4

Figure 3.16  J-Ring test apparatus a) J-Ring flow test b) J-Ring apparatus
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3.6.2 Mechanical Properties of SCC

Several of mechanical properties has been performed in this experimental work
such as compressive strength, splitting tensile strength, flexural strength, and ultrasonic
pulse velocity. The following subsections showed each of the producers of properties in

details in accordance with standards.

3.6.2.1 Compressive strength Test

The most important property of SCC is compressive strength. In this study for all
mixes, three cubes for each percentage of replacement in SCC mixture. The dimensions
of the samples (100mm x 100mm x 100mm) were tested at in this research at ages of
7,14, 28,56 90, and 180 days. In this research, the test was carried out using an automated
concrete compression machine as shown in Figure 3.17, with 3000 kN strength, to
evaluate compressive strength for all samples. The concrete cube samples were tested
according to (ASTM C39, 2020). The mean compressive strength was estimated using

Equation 3.6 below:

Load Failure (N/mmz)

Surface Area of sample (mm)

3.6

Compressive Strength (MPa) =

Figure 3.17  Automatic compressive strength machine
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3.6.2.2  Splitting Tensile Strength Test

Splitting tensile strength is indirect technique of assessing concrete tensile
strength using a cylinder sample that tensile strength across vertical diameter as shown
in Figure 3.18. Moreover, the tensile strength for concrete samples is the tensile stresses
developed due to the application of the compressive load at which the concrete samples
might crack. as mentioned by ASTM C469, (2011). The splitting tensile test was
performed on the cylinder samples with the dimensions of 100 mm diameter and 200 mm
of height. The test procedure was adapted by following ASTM C469, (2011). The test
was performed at the age of 7, 14, 28, 56, 90, and 180 days on the normal substrate and
treated CBA samples. The cylindrical samples were tested by applying the force
narrowing the region along the sample length that at the end contributes the samples to
fail in tension. The splitting cylinder tensile strength was calculated by Equation 3.7 as
following:

_ (2xPp)
. (mXLXD)

3.7

ct

Fet is the spilt tensile strength, in Mega Pascal (MPa).

P is the maximum load, in Newton (N).
L is the length of the line of contact of the samples, in millimeters.
D is the design of cross-sectional dimension, in millimeters

Figure 3.18  Automatic Splitting tensile strength machine
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3.6.2.3  Flexural strength Test

In this study, the flexural strength is determined by the maximum bending stress
that could be applied for the materials before it yields as shown in Figure 3.19. Flexural
strength is evaluated with beam (prismatic) samples those are undergo to a bending
moment by application of load through upper and lower rollers as mentioned by (ASTM
C78, 2010). At the age of 7, 14, 28, 56, 90 and 180 ages of curing, the flexural strength
test was performed with the specimen’s size of 100 mm % 100 mm X 500 mm according
the procedure from (ASTM C78, 2010). The test was examined in order to investigate
the bending tensile strength of the normal SCC and mechanically pre-treated CBA
concentrate. The test was carried out by using the 100 KN AG-X Shimadzu Universal
Testing Machine at the concrete laboratory with the loading rate of 1 MPa/min. as shown
in Figure 3.19. The flexural strength was estimated using Equation 3.8 below:

(PXL)

of T (aixaz?) 3.8

Fer is the flexural strength, in mega pascals (MPa)
P is the maximum flexural load, in (N)
L is the distance between supporting roller, in millimeters

di, d2 is the lateral dimensions of the samples, in millimeters

Figure 3.19  Flexural strength test machine
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3.6.2.4  Ultrasonic pulse velocity (UPV) Test

The Ultrasonic-Pulse Velocity (UPV) test is used in structural applications to
determine the consistency of concrete between or within members, to identify the cracks
and voids inside concrete members, that is important in evaluation of concrete properties
and realize the microstructure of concrete status in aging or exposure to any severe
conditions. Moreover, as a tool for quantifying the quality control through calculating the
relationship between velocity and distance over the average time on each point as shown
in Figure 3.20. In this study, the UPV test was carried out using SCC cube with 100 mm
sides. At least three cubes were used for each mixture. The UPV test was performed in
accordance with the requirements of the ASTM C 597, (2016). The UPV test represented
the required time of the wave transferred between two opposite faces of the cubes in
horizontal directions. The average reading was calculated and the pulse velocity, v (m/s)

for all cubes samples was measured using the following Equation 3.9.

— Dupv 39

Vupv: Pulse velocity, Dupv: Distance (m). T: is the average time on each point

selected in the test that the pulse needs to travel from two opposing faces (sec).

Figure 3.20  UPV device used in the experimental study
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3.6.3 Durability Properties

Several of durability properties has been performed in this experimental work
such as water absorption, acid resistance, and sulphate resistance. The following
subsections showed each of the producers of properties in details in accordance with

standards

3.6.3.1  Water absorption Test

This test is used to determine the percentage of water absorption of the concrete
mixture as shown in Figure 3.21. This test is performed to determine the effect of micro-
fine CBA as a partial replacement of cement towards the water absorption of SCC. The
fabricated and modified SCC samples were tested for water absorption under the effect
of micro fine CBA. The test was done according to ASTM C642-13, (2013). The samples
were cured in the water curing tank for 7, 28, 56, 90, and 180 days. The concrete cubes
samples having dimensions of 100mm x 100mm x 100mm were fabricated. The cubes
were dried in an electric oven at a temperature of 105 + 5°C for a period of not less than
24 hours. After drying, and then the samples were weighted by immersing them in the
water, about 50 + 5 mm water was maintained on the surface of the fabricated samples.
After that, the surface of the samples was dried using a dried piece of cloth to get saturated
condition then the weight was recorded. The water absorption values of the samples
containing mechanically micro fine CBA were calculated using Equation 3.10. The
obtained results were compared with results obtained from the control samples. Water
absorption results are expressed as a percentage of the dry weight of the samples in the
Equation 3.10.

Water absorption (%) = % X100% 3.10

where, Ww: weight of saturated specimen in water, (g), Wd: weight of specimen in dry

condition after drying in the oven, (g).
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Figure 3.21  Electric oven used for water absorption in this experimental work

3.6.3.2 Acid Resistance Test

This test method provides a means of assessing the acid resistance that determines
the durability performance of CBA as cement replacement in SCC samples as shown in
Figure 3.22. The acid solution was prepared according to ASTM C1898, (2020). Acid
resistance test was conducted to determine the effect of CBA as partial cement
replacement towards acid resistance of SCC samples. During this test, the three
parameters to be determined are measurement of mass loss, visual assessment, and
strength loss. This test was conducted by preparing 72 cubes of 100 mm x 100 mm x 100
mm size containing CBA as partial cement replacement in SCC mixture for this
experimental work, it contained 10%, 20%, 30% 40%, and 50% CBA as cement
replacement in SCC samples. The samples were cured in water curing until 28 days. After
28 days, the mass of all SCC samples was measured. Then, three samples from each mix
were immersed in 5% sulfuric acid (H2S0Os) solutions for various duration of immersion
at 7, 28, 56, 90 days. At every immersion duration the loss in weight of the samples was
measured and any changes in terms of specimen’s shape and strength were observed. The
prepared cubes were cured in water for 28 days after which they were immersed in 5%
H2S0Oa in accordance with ASTM C1898, (2020). The initial mass and the mass of SCC
samples after the immersion period of 7, 28, 56, and 90 days were measured for finding
the mass loss due to the deterioration of concrete samples. The average value of three
samples was considered for assessment. The mass loss and strength loss were determined

by using Equations 3.11 and 3.12.
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Mass loss (%) = ((M1-M2) /M1) x100% 3.11

Where,
M; mass of samples before immersion
M. mass of samples after immersion

Ft1-Ft2

Change in the compressive strength (%) = ( ) X 100% 3.12

Fu= Average compressive strength of SCC samples after curing at various ages of test.

Fro= Average compressive strength of SCC samples after immersion in acid solution

after curing at various age of test.

Sulfuric acid
| (112504)

Figure 3.22  Sulphuric acid preparation and samples immered in acidic solution

3.6.3.3  Sulphate Resistance Test

This test method provides a means of assessing the sulphate resistance that
determines the durability performance of CBA as cement replacement in SCC samples
as shown in Figure 3.23. The sulphate solution was prepared according to (ASTM C1012,
(2018). The degree of sulphate attack was evaluated by measuring strength reduction and
mass loss of SCC samples. During this test, three parameters to be determined are
measurement of mass loss, visual assessment, and strength loss. This test was conducted
by preparing 72 concrete cubes of 100 mm x 100 mm x 100 mm size containing CBA as

partial cement replacement in SCC mixture. SCC mixture for this experimental work
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contains 10%, 20%, 30% 40%, and 50% CBA as cement replacement. The samples were
cured in water curing for 28 days. After 28 days, the mass of all SCC samples was
measured. Then, three samples from each mix were immersed in 5% sodium sulphate
acid (Na,S0O,) solutions for various ages of curing at 7, 28, 56, and 90 days. At every
curing age the loss in weight of the samples was measured and any changes in terms of
specimen’s shape and strength were observed. The prepared cubes were cured in water
for 28 days after which they were immersed in 5% Na,SO, at all times of the immersion
period. The initial mass and the mass of SCC samples after the immersion period of 7,
28, 56 and 90 days were measured for finding the mass loss due to the deterioration of
SCC samples. The average value of three samples was considered for assessment. The

mass loss and strength loss were determined by using Equations 3.13 and 3.14.

where,
Mass loss (%) = ((m1-m2)/m1) x100% 3.13
M; = Mass of samples before immersion
M, = Mass of samples after immersion

Ft1-Ft2

Change in the compressive strength (%) = ( ) X 100% 3.14

Fu= Average compressive strength of SCC samples after curing at various age of test.

Fro= Average compressive strength of SCC samples after immersion in acid solution

after curing at various age of test.

Figure 3.23  Sodium sulphate preparation and samples immered sulphate solution
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3.6.4 Microstructural Properties

For the purpose of assessing the microstructural characteristics for the materials
to observe the change in the structure and the chemical composition of SCC control
samples and SCC contain CBA as partial cement replacement. Several of microstructure
characteristics has been performed in this experimental work such as Field Emission
Scanning Electron Microscopy (FESEM), X-ray Fluorescence (XRF), X-Ray diffraction
analysis (XRD), Brunauer-Emmett-Teller (BET), Scanning Electron Microscopy
(SEM), Thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy
(FTIR), and Energy-dispersive X-ray spectroscopy (EDX). The following subsections

describes testing producer performed in the current study.

3.6.4.1 Field Emission Scanning Electron Microscopy (FESEM)

Field Emission Scanning Electron Microscopy analysis (FESEM) was used to
investigate the morphologies of CBA particles before and after mechanically pre-
treatment process. Supra 55 VP Inca X-Act Oxford FESEM device was used to
implement the test. The morphology of the particles obtained from the prepared samples
was analyzed with the machine at a +20 kV and under low vacuum conditions. For each
sample tested, the working distance (WD) of the lens of the machine and samples were
varied in the range from 5 to 9mm to facilitate the observing of the formation of fabricated
CBA in SCC. All of the samples were crushed into small pieces, and then polished in

order to obtain highly smoothed surfaces as shown in Figure 3.24.

Figure 3.24  FESEM instrument used in this experimental work
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3.6.4.2 X-Ray Fluorescence Test (XRF)

X-Ray Fluorescence (XRF) is an analytical technique that used to determine its
elemental oxides composition for raw and ground CBA before and after mechanical
pretreatment to be used in the SCC mixture as shown in Figure 3.25. The major
components of ash content directly affect the chemical composition of CBA. While
different category standards could be established in the regions for each coal class ASTM
D388-18a, (2018); ASTM D4326-13, (2013) regulate the essential constituents of coal.
Analyses of XRF were performed on CBA samples. The chemical composition results of
the original CBA, ground CBA with various sizes of grinding. Main chemical compounds
such as SiO2, Al>O3, and Fe2O3 were detected as major components by XRF, as well as a
variety of other chemicals in lower proportions. Raw CBA, and ground CBA and cement

were analyzed using this XRF test.

Figure 3.25  XRF used in this experimental work

3.6.4.3 X-Ray Diffraction Method (XRD)

X-ray diffraction (XRD) is used to obtain information about the structure,
composition and state of polycrystalline materials (Flewitt & Wild, 2017; Zhang et al.,
2008). The XRD was used to investigate CBA after mechanical and chemical process by

using Rigaku Miniflex X-Ray Diffractometer in a diffraction pattern measurement from
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3 to 145 degree, the range for testing 26 scanning range as shown in Figure 3.26. XRD
constrictive interference angle calculates for the wavelength and crystalline structural
face for the samples. The sample in the form of powder, solid, film or ribbons. The
minimum amount of material required is about 10g. However, greater accuracy is
achieved if 10g of sample is available. There are restrictions on sample dimensions if the

sample is to be mounted in an automatic sample changer (Zhang et al., 2008).

Figure 3.26  XRD instrument used in the present experimental work

3.6.4.4  Brunauer Emmett Teller (BET)

Brunauer -Emmet -Teller (BET) test with the accelerated surface area and
porosimetery system were conducted in this study. The BET explains the physical
adsorption of gas molecules on a solid surface and serves as the basis for an important
analysis technique. This test was used to measure the specific surface area and pore
volume and pore size of the original and micro fine ground CBA with various sizes by
using nitrogen adsorption isotherm. Specific surface areas of the samples were
determined by nitrogen adsorption using the BET analyzer. Furthermore, BET was used
to measure the surface area in porous materials such as CBA. First, samples were dried
in an oven at 105°C for 24 hours. Then testing was conducted according to (Brunauer et
al., 1938). Every sample of CBA was weighed with the range 0.5g and placed in the rod
for testing. The device used for BET test as shown in the Figure 3.27.
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Figure 3.27  BET instrument used in the present experimental work

3.6.4.5 Scanning Electronic Microscopy (SEM)

The scanning Electron Microscope (SEM) utilizes a condensed beam of high-
energy electrons to produce a range of signals on the surface of solid samples as shown
in Figure 3.28. The range magnification ranging from 20X to approximately 10,000X,
spatial resolution of 50 to 100 nm, and the area ranges around 1 cm to 5 microns of the
samples. The SEM in this study was used to identify the impact of before and after
mechanical pre-treated of CBA. Furthermore, the test was conducted for various grinding
sizes of CBA. The test was accomplished according to guideline of hardened concrete
properties described in ASTM C1723-10, (2010).
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Figure 3.28  SEM used in the present experimental work

3.6.4.6  Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was used in this study to determine the
thermal characterization of cement paste with and without pozzolanic material. STA7000
Hitachi was used to determine the mass loss of material, upon heating the material from
room temperature to 1000°C as shown in Figure 3.29. It was conducted in an inert
atmosphere using nitrogen gas with a constant flow of 10 ml/min. The mass loss indicated
the decomposition of cementitious and pozzolan phase i.e. calcium hydroxide and glassy
silica. The test was conducted with full compliant with ASTM E1131,(2020).

To prevent any data misconception, the batch of sample was prepared by mixing
cement, CBA, and water. The samples were cured in the water bath with temperature
+30C room temperature until curing aged required. The samples were kept for curing age
7, 28, and 56 days for control and samples contain micro-fine CBA. On the testing day,
the specimen was prepared by crushing the hardened specimen and sieve it to pass 300
pum screen. 20 g of this cement paste powder was collected and kept in a sealed lock
plastic bag prior to the testing.
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Figure 3.29  TGA device used in the present experimental work

3.6.4.7  Fourier transform infrared (FTIR)

The Fourier Transform Infrared Spectrometer (FTIR) model of the device used in
this experimental study is the VERTEX 80 as shown in Figure 3.30. The characteristic of
FTIR test is to conduct non-destructive analysis of samples to study the composition
structure and chemical bond types of molecules. It measures the bond length of
molecules, guess the three-dimensional configuration of molecules, and determine the
composition of organic functional groups in samples. The Fourier Transform Infrared
Spectrometer (FTIR) was used to collect infrared diffuse spectra of CBA samples. Fourier
transform infrared (FTIR) spectroscopy was used to identify functional groups by
measuring the absorption at characteristic wavelengths of bonds that vibrate
independently of one another. The characteristic of FTIR test is to conduct non-
destructive analysis of samples to study the composition structure and chemical bond
types of molecules. It can measure the bond length of molecules, guess the three-
dimensional configuration of molecules, and determine the composition of organic

functional groups in samples.
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Figure 3.30  FTIR device used in this experimental work

3.6.4.8 Energy Dispersive X-Ray Analysis (EDX)

Energy Dispersive X-ray spectroscopy (EDX) is a method for characterizing
materials chemically or analytically. EDX systems are typically affixed to an electron
microscope. Furthermore, element spatial distributions of the surface were illustrated
using the (EDX) mapping function of the SEM. EDX were carried out in this
experimental work to examine the micro-structure of cement, CBA, and for the SCC
samples containing CBA as cement replacement. EDX is used for the elemental analysis
or chemical characterization of a sample were investigated to understand the
physiochemical properties of the cement, original CBA, and ground CBA. It relies on the
interaction of some source of X-ray excitation and the sample as shown in Figure 3.31.
Its characterization capabilities are due in a large part to the fundamental principle that
each element has a unique atomic structure allowing a unique set of peaks on its
electromagnetic emission spectrum. The EDX analysis was employed to determine the
chemical components and the EDX analysis was used to find the peak formation of C—
S-H and C-H for cement and CBA samples. Moreover, EDX is used for chemical
identification of elements and their concentration. In EDX, electrons knock out electrons

from atoms, producing X-rays of characteristic wavelength.
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Figure 3.31 EDX device used in the present experimental work

3.6.5 Pozzolanic Properties Test

In this section, the pozzolanic properties of original CBA and various grinding
sizes have discussed. The following sub-sections discuss the influence of the pozzolanic
properties of CBA when used as partial cement replacement. Several of pozzolanic
properties has been performed in this experimental work such Chapelle, Farttini tests,
strength activity index (SAI) in accordance with the standard specifications for each test.
Furthermore, the hardened mortar compressive strength and strength activity index were
presented in subsequent section to achieve the pozzolanic characteristics in accordance
with ASTM C618. For the strength activity index were calculated based on the

compressive strength results at various curing ages.

3.6.5.1 Chapelle test

In this experimental study, a Chapelle activity test was used to investigate the
pozzolanic reactivity of CBA from a chemical point of view. In the present study, the
pozzolanic activity of CBA was investigated in accordance with the guidelines given in
NF P18-513, (2012). The procedures for performing the Chappelle activity test of the
pozzolanic materials used in this study are shown in the Figure 3.32, according to
established standard guidelines. In an Erlenmeyer flask with a capacity of 500 mL, 1.0 ¢
of pozzolan was mixed with 2.0 g of calcium oxide (CaO) in 250 mL of deionized water.
The flask was then hermetically sealed and placed in a water bath at a temperature of

8015 °C for 16 + 2 hours, while being constantly shaken with small stainless-steel balls
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to improve the mixing process. The resulting solution was brought to ambient
temperature, then 250 mL of a sucrose-containing solution (240g/L), prepared in
deionized water at ambient temperature just before use) was added to the flasks. The
flasks were then stirred with a magnetic stirrer for 15 minutes while the solution was
agitated. The solution was then passed through the filter paper, and 25 mL of the
supernatant was titrated with 0.1 M HCI, using a few drops of phenolphthalein as an
indicator. Filtration and piping were done as quickly as possible to prevent the uptake of
carbon dioxide from the environment. Equations (3.15) and (3.16) are a representation of

the titration process that takes place throughout the procedure.
CaO+2HCI—CaCl,+H.0 3.15
Ca(OH)2+2HCI—CaCl>+2H20 3.16

In addition, the activity at the Chapelle test was determined by applying the
formulas in the Equations 3.17 as follows:

(28)(2)(2)(V3M3-V2)

M2M3M4 3.17

Pozzolanic activity (mg CaO conssumed /g CBA) =

where:

Ma: Weight of CBA in grams, Ms: Weight of CaO mixed with CBA in grams. M 4: Weight
of CaO in the blank sample in grams, V2: is the amount of 0.1 M HCI consumed by the
sample solution, measured in millilitres. V3: is the amount of 0.1 M HCI consumed by

the blank solution, measured in millilitres.
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Figure 3.32  Experimental process of the Chapelle test for CBA to check the pozzolanic
reactivity

3.6.5.2 Frattini Test

The Frattini test method is considered as a direct evaluation of the pozzolanic
activity according to the European standards BS EN 196-5, (2011). It is a chemical
method to determine the presence of calcium oxide which is the active pozzolanic
material and hence establish the pozzolanic activity a given sample as shown in Figure
3.33. This test in accordance with the guideline in the standard BS EN 196-5, (2011).
Test samples were prepared as a mixture by weight of 80% cement and 20% of ground
CBA with various sizes. Blended cements and a control sample prepared with 100%
cement (OPC) were mixed with 100 ml of distilled water as shown in Figure 3.34. This
sample is then added to 100 mL distilled water at 40°C and vigorously soaked for 20
seconds, after which it is placed in an electric oven at 40°C for four days. After, it is
filtered under vacuum conditions and then analyzed via titration to quantify both [OH]~
and [Ca]?* ions, the former using 0.1 mol/L HCI solution and five drops of methyl-orange
indicator, the latter with 0.03 mol/L EDTA solution and Patton and Reeders indicator.
The last titration is performed after a pH correction to achieve a pH value of 12.00 + 0.5
as shown in Figure 3.35. The same test was carried out for a sample made using cement
only and another was replaced with 20% of ground CBA in accordance to standard
guideline BS EN 196-5, (2011). Samples were left for 8 days and 15 days in a sealed
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plastic bottle in an oven at 40°C. Then, the samples were filtered using (Whatman No.
542 filter paper, nominal pore size diameter ~3 um) and the filtrate cooled to ambient
temperature in a sealed bottle. The following procedure as shown in the Figures 3.34 and
3.35 below. The concentration of hydroxyl ions (OH") in millimoles per liter was

determined as:
[OH 7] = (1000x0.1V3xf2)/(50) 3.18

where V3 is the volume of 0.1 mol/L HCI consumed during titration in millilitres and f2

is the HCI factor = 0.1 mol/L.

After the completion of the OH- ion titration, the solution was adjusted to a pH
of 12.0 £ 0.5 with NaOH. Subsequently, Calcon was added to the solution as an indicator.
Then, titration was performed using an EDTA solution (maintaining the pH value by
adding an NaOH solution if necessary) to change the colour from purple to blue. The
concentration of Ca?* (expressed as CaO) in millimoles per litre was determined as:

[CaO]= ((1000X0.3V4xF1) / (50)) 3.19
where, V4 is the volume of EDTA solution used for the titration, in millilitres;

f1 is the factor of the EDTA solution.
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Figure 3.33  Graphical process of the Frattini test to check the pozzolanic reactivity of
CBA
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Figure 3.35  Determination of [OH] and [Ca]*? concentration
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3.6.6 Elevated Temperature

Each concrete mixture was cast in moulds to determine the variations in the
compressive strength and the weight of the test samples before and after subjected to high
temperature as well as to survey the crack patterns on the concrete surface after being
exposed to elevated temperature. Furthermore, elevated temperature testing is important
to determine the influence of CBA as cement replacement in SCC mixture. In this
experimental work, the samples of 100 mm x 100 mm x 100 mm SCC cubes were
prepared which consist of 10% to 50% of CBA as cement replacement in the SCC
mixture. After 28 days of two stages of water curing, the samples were removed from the
tank and dried in an oven for one day at a temperature of 1105 °C. Next, they were
subjected to higher elevated temperatures (200°C, 400°C, 600°C, and 800°C) in an
electric muffle furnace to reduce their moisture content by evaporation to lower degree,
hence minimizing the possibility of early explosive spalling of samples when exposed to
elevated temperatures in the furnace. For exposures to elevated temperatures, an electric
furnace was used to elevate the temperature at a heating rate of 10°C/minute. After that,
the samples were heated in an electric furnace at different temperatures of 200°C, 400°C,
600°C, and 800°C to simulate the actual environment wherein the concrete is exposed to
elevated temperature for one hour as shown in Figure 3.36. To ensure a homogeneous
heating environment around the samples, about 20 mm was kept between samples to
ensure regular heating rate. After heating, the samples were kept it to cool down until
reach to the room temperature. The loss in weight and compressive strength of the

samples were examined and calculated using Equations 3.20 and 3.21 respectively.

Weight loss (%) = “——— X100 3.20
where,
M1 = Weight of samples before heated
M2 =  Weight of samples after heated
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0, -
Strength loss (%) = X 100 3.21
where,
Fuc zAverage compressive strength of samples before exposure to
elevated temperature
Fn zAverage compressive strength of samples after exposure to

elevated temperature

Figure 3.36  Samples exposure to elevated temperature in the electric furnace

3.7  Statistical Analysis for the Results

The statistical analysis used in this experimental work is Pearson correlation. It
was used to analyze the experimental results of the physical properties such as Brunauer-
Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH), and specific gravity, and to find
the correlation among the properties. Hence, evaluation of the engineering properties and
comparison between the properties. The main feature in this study, to find the comparison
and correlation by using Pearson correlation. The statistical analysis was conducted in
various grinding sizes of CBA to choose the most suitable size to produce the SCC
mixture. Pearson correlation was performed to obtain the correlation between each
variable in all properties and ages of the samples. The limit of Pearson correlation from

+1to -1 where +1 indicates the positive perfect and good relation, -1 indicate the negative
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perfect and good relation, 0 that’s mean no relation exists. Pearson correlation was
divided into various degree of correlation such as perfect, high degree, moderate degree

low degree, and no correlation.

3.8  Summary

All experimental testing was conducted in accordance with the research flowchart
of the experimental work. Besides that, data was collected to achieve the objectives and
justify the result. The industrial waste materials namely CBA were prepared at the
concrete laboratory in the Universiti Malaysia Pahang Al-Sultan Abdullah (UMPSA),
Malaysia. Characterization of these materials was also conducted. Casting and testing all
properties of SCC was conducted. Furthermore, the testing in the experimental work was
divided into four main stages including (a) evaluate the physical, chemical, and
microstructural properties of mechanically treated CBA as pozzolanic materials (b)
analyse the influence of mechanically treated CBA on its pozzolanic properties based on
Thermogravimetric analysis (TGA), strength activity index (SAI), Chapelle test, and
Frattini test in cementitious binder (c) analyse the effect of mechanically treated CBA as
partial cement replacement in the fresh properties of SCC based on slump flow, L-box,
V-funnel, J-Ring, and mechanical properties of SCC based on compressive strength,
flexural strength, Ultrasonic pulse velocity (UPV), splitting tensile strength (d) evaluate
the influence of mechanically treated CBA as partial cement replacement on the
durability properties based on (water absorption, sulphate attack, acid attack) and
influence of elevated temperature (200°C, 400°C, 600°C, and 800°C). The results of each
stage are analysed and discussed in chapter 4 and chapter 5. Then, the results are
presented in the form of graphs, and tables in the next chapter.
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CHAPTER 4

PHYSICAL, CHEMICAL, MICROSTRUCTURE AND POZZOLANIC
CHARACTERISTICS OF CBA

4.1 Introduction

This chapter presents the results of the physical, mechanical and microstructure
properties of raw CBA, cement, and various sizes of CBA used as partial cement
replacement in SCC mixture. Furthermore, in this chapter, the characteristics of various
sizes of micro fine CBA are discussed and the influence of the characteristics in the
pozzolanic properties is evaluated. The characteristics of various sizes of ground CBA
(CBA-3000, CBA-5000, and CBA-7000) in various testing such as BET, BJH, XRF,
FTIR, TGA, and SEM with EDX are discussed in this chapter. Also, the influence of
cement pastes in the pozzolanic properties such as strength activity index, Chapelle test,
Frattini test were analyzed in this chapter. The optimum value for various sizes of ground
CBA were evaluated using the physical, chemical and microstructure properties then will

be used in the SCC mixture. Finally, the chapter ends with a summary of the key findings.

4.2  Properties and Characterization of CBA as Supplementary Cementitious
Materials

4.2.1 Physical Properties of Original CBA and Ground CBA with Various sizes
Compared to Cement

Ordinary Portland Cement (OPC) was used as the main binder. The cement was
supplied by local Malaysian manufacture. The average size of cement is 6.920 pum with
specific surfacearea 0.867 m?/g. The binder property is important for designing the
mixture proportion. This can have a significant effect on the strength. The physical
properties of CBA and CBA with various grinding cycles of 3000, 5000, 7000 cycles
using electric Los Angeles machine such as moisture content, fineness modulus, specific
gravity, and water absorption as illustrated in the Table 4.1. The specific surface area of
original CBA 0.179 m?/g and the surface weighted Mean sizes 33.468 pm. It was found
that the specific gravity for ground CBA is 2.31, 2.35, 2.43 for CBA-3000, CBA-5000,
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CBA-7000 cycles respectively. The finding result shows the increment of grinding cycles
of CBA increased the specific gravity value. Also, the specific surface area of ground
CBA increased with the increase of grinding cycles led to produced higher specific
surface area compared to cement. Furthermore, the colour of CBA was observed in this
study to be grey after grinding was found to be darker in colour as dark grey or blackish
as illustrated in Table 4.1. Generally, the CBA was well graded, and the range of particle
size was comparable to cement, the results of range of particle size as shown in the Figure
4.1. Whereas, according to study by (Mangi et al., 2019) it was observed that the particles
size for ground CBA less than 45 um and the colour of CBA was from grey to dark grey
after grinding period. The water absorption rate for CBA was found to be 5.30% which
was higher absorption due to its porous inner structure (M. I. Al Biajawi et al., 2022). To
achieve the high fineness of CBA by using various grinding processes with Los Angles
machine was used and mentioned in the subsequent characterization. This phenomenon
IS important because combustion can generate different-sized particles in CBA.
According to study by Mangi et al., (2019) reported that the grinding time influence on
the physical properties of CBA as partial cement replacement in concrete mixture.
According to study by Mangi et al., (2019) was observed a continuous change in the
properties of the specific surface area and specific gravity can be seen when the grinding
period is increased. Nevertheless, the increment in the specific surface area and specific
gravity of the CBA particles after grinding, the value of total alumina, active silica, and
ferric oxide improved to be 70% to 80%, indicating a considerable increase in the

pozzolanic reactivity of CBA particles.

Overall, the original CBA had a particle size ranging from 10 um to over 1000
pum. Nevertheless, the mechanical pre-treatment effectively decreases the particle sizes
with different grinding cycles (CBA-3000, CBA-5000, and CBA-7000) in comparison to
the original CBA. Moreover, the CBA mostly consists of carbon particles with a higher
LOI value and reactive CBA particles of around 500um. According to this findings,
grinding CBA would enhance the interparticle reactivity, specifically among cement and

CBA pozzolanic particles.
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Table 4.1

various grinding sizes

Physical properties of cement, original CBA and ground CBA with

Sample Specific Color Volume of  Specific  Range of Particle Size
ID Gravity pores BJH Surface  (Micron)
(cmd/g) Area D10 D50 D90
(m?/g)
Cement  3.15 Grey 0.005739 0.867 3.753 20.689 52.420
Original  2.21 Gray, 0.057857 0.179 22.857 130.820 391.875
CBA Brownish
CBA- 2.31 Dark grey  0.010330 0.428 6.983 88.319 422.591
3000 (blackish)
CBA- 2.35 Dark grey  0.010952 0.392 8.024 88.054 440.504
5000 (blackish)
CBA- 2.43 Dark grey  0.007822 0.494 5.970 64.683 357.448
7000 (blackish)
7
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Figure 4.1 Particle size distribution of cement, original CBA and ground CBA with

various grinding sizes

4.2.2 Chemical Oxides Composition of Original CBA and CBA with Various
Sizes Compared to Cement

The X-ray Fluorescence (XRF) was used in order to obtain the chemical
composition of CBA and ground CBA (CBA-3000, CBA-5000, CBA-7000) and cement.
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The characterization of cement (OPC) as a main binder was important in the research. It
controlled interaction with the chemical bonding of CBA final products. The cement
consists mainly of 78.2% composition of SiO, + CaO. The MgO formed 0.693 % of the
total oxide and the remaining alkalis are derived in form of K,O (0.818%), TiO> (1.48%)
and P20s (0.0485). The chemical oxide compositions of raw materials (cement, and
original CBA) and ground CBA with various sizes CBA-3000, CBA-5000, and CBA-
7000 are presented in Table 4.2. From the results of chemical oxides composition, it was
observed that CBA and ground CBA are rich in silicon dioxide. CBA has a significantly

high composition of ferric oxide of about 18.1% when compared to cement. The chemical
composition of composite oxide of SiO,+ Al,O3 + Fe,03 was at 80.8% for CBA., The LOI
value was marginally higher for CBA compared to cement. The major components of ash
content directly affect the chemical composition of CBA. While different category
standards could be established in the regions for each coal class ASTM D388-18a,
(2018); ASTM D4326-13, (2013) regulate the essential constituents of coal. The chemical
composition results of the original CBA, CBA-3000, CBA-5000, and CBA-7000 are
shown in Table 4.2. The sum of SiO>+ Al,Oz +SOs satisfies ASTM C618, (2019)
requirement as a natural pozzolana and in the range limit of the standard. Furthermore,
the sum of SiO2>+ Al2O3 +SOgz can be classified as class F in accordance with ASTM
C618, (2019) standard. Nevertheless, the total sum of silica, alumina and iron is the most
important indication of the pozzolanic properties of the material. The analysis result
shows, this ground CBA with various grinding sizes can be classified as pozzolanic
material Class F —FA base on total amount (%) of SiO., Al.Oz, and Fe>Osfor CBA-3000,
CBA-5000, and CBA-7000 cycles is 81.930%, 81.60% and 79.70% respectively. Similar
result has been reported by Mangi et al. (2019) was found the ground CBA after grinding
achieve the pozzolanic properties in accordance with (ASTM C618, 2019). However,
CBA is to be used as a pozzolanic material, several aspects must be considered, including
the chemical composition, the size of the CBA particles, the amount of water required,
and the SAI of the mortar. The CBA obtained from different sources had different
chemical compositions. Moreover, previous (Duxson et al., 2005; Steveson & Sagoe-
Crentsil, 2005) studies have shown that when the average particle size of CBA is less
than 10 um fineness plays a greater role in inhibiting alkali-silica reaction (ASR)
mitigation. Consequently, it has been shown that SiO./Al,O (SA) ratios with
compositions in the range up to 3.9 exhibit higher strength (De Silva et al., 2007; Latifi
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et al., 2015). While changes in SA ratio above this range are associated with weak

strength for the structural element. Therefore, the original CBA and the ground CBA
(CBA-3000, CBA-5000, and CBA-7000) were evaluated based on the elemental
composition of the oxides for the samples as shown in the Equation 4.1 below. The results
show that the SA ratios for the original CBA and the ground CBA (CBA-3000, CBA-
5000, and CBA-7000) as 3.827, 3.577, and 3.98 respectively, which is the range as

reported in the previous studies.

Table 4.2

SA ratios =

Si02
Al203

50.90

SA ratios of (CBA — 3000) = T30 =3.827
SA ratios of (CBA — 5000) = 22 =3,577

SA ratios of (CBA — 7000) = 222 =3.98

0=

4.1

Chemical composition in oxide content (%) of cement, original CBA and
CBA with various grinding sizes

Chemical elements Cement Original CBA- CBA- CBA- Class of pozzolanic materials ASTM
(%) OPC CBA 3000 5000 - 7000  C-618

Class N Class F Class C
Silicon Dioxide 115 49.1 50.90 50.80 50.20 Minimum Minimum Minimum
(SiOy) 70% 70% 50%
Aluminium Oxide  2.39 13.6 13.30 14.20 12.6
(Al03)
Ferric Oxide 4.00 18.1 17.30 16.60 16.90
(Fe203)
Sulphur Trioxide 2.86 0.621 0.534 0.460 0.573 Maximum Maximum Maximum
(SO3) 4% 5% 5%
Calcium Oxide 76.6 11.8 11.20 11.20 11.6 - - -
(Ca0)
Magnesium oxide  0.397 1.49 1520 0.251 1.69 Maximum Maximum Maximum
(MgO) 4.0 % 5.0% 5.0%
Potassium Oxide 0937 151 2070 166 2.63 - -
(K20)
Titanium Dioxide - 1.48 1320 1.30 1.45 - -
(TiOy)
Phosphorus 0578 1.23 1.310 1.04 153 - - -
pentoxide (P20s)
SiO,+Al,O3+Fe,0;3 17.89  80.8 81.93 81.60 79.70 - - -
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4.2.3 Microstructural Characteristics of Original CBA and Ground CBA with
Various sizes Compared to Cement

This section discusses the microstructure properties from the experimental work of
various sizes of CBA and ground CBA (CBA-3000, CBA-5000, CBA-7000) and
compared to cement characteristics. The microstructure characteristics includes such as
X-ray diffraction (XRD), Scanning Electron Microscope (SEM), Fourier-transform
infrared spectroscopy (FTIR), and Thermogravimetric Analysis (TGA). The SEM, XRD,
FTIR and TGA analysis of CBA, ground CBA (CBA-3000, CBA-5000, CBA-7000) and

cement analysed and reported in the following subsections.

4.2.3.1 X-ray Diffraction (XRD)

The X-ray diffraction (XRD) analysis of OPC as the main binder is presented in
Figure 4.2. XRD analysis was performed with the diffraction angle 20 ranging from 10°
to 70°. Phases were identified from the diffraction peaks and the main peak intensities
showed various peaks formation for cement and CBA. The formation of the cement
consists of main chemical compound such as Silicate (C3S), dicalcium silicate (C.S),
tricalcium aluminate (C3A), and Tetracalcium aluminoferrite (C4AF). Throughout every
instance, the cement phases appeared to be highly crystallised, with the major calcium
silicate phases (C3S, C2S) showing maximum at the values that correlate to 260 as shown
in Figure 4.2. The strong correlation of significant peak intensity of all the major phases
of cement components in the angular range for two values of 30° to 35° is one of the main
obstacles experienced in the qualitative and quantitative evaluation of cement. This

necessitates the identification of the individual elements is extremely difficult.
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Figure 4.2 XRD Diffractogram pattern of cement OPC binder

The XRD was utilized to investigate the different phases present in the original
CBA and ground CBA (CBA-3000, CBA-5000, CBA-7000). Figure 4.3 depicts an XRD
diffraction pattern with a succession of peaks that correlate to certain planes in the mineral
crystalline phase of original CBA sample. The XRD of CBA formed silica is in perfect
accordance to result of the experimental work, in agreement with a number of prior results
which reveal that peaks demonstrate the existence of silicon dioxide (Abbas et al., 2020;
Zhu et al., 2018). According to Figure 4.3 of the XRD findings, the key components
in CBA were found include such as quartz (SiO2), mullite (AleSi2O13), and iron oxide
(Fe203). This finding was consistent with the findings of the chemical properties. The
chemical evaluation conducted by the CBA demonstrated that these materials could be
utilized as building alternatives. These patterns differ from X-Rays of a certain
wavelength at a specific angle, often represented in degrees. Consequently, the diffraction
peaks of each peaks are unique and can be utilized to classify minerals or calculate
component quantities. With an increased in the grinding sizes which is lead to amorphous
material content develops, causing diffraction peaks to spread and vanish while
backgrounds intensity rise. A considerable quantity of quartz (SiO2) and mullite
(AleSi2013) was detected by XRD analysis in both the original specimens. CBA has been
demonstrated to have a crystalline structure. Consisting of quartz, hematite, and mullite.

The findings have further established the existence of SiO; and Fe;Os phases in
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CBA using XRD test. In addition, the high crystallinity of each component is shown by
a peaks structure that is tight and distinctive (Z. Khan et al., 2014; Rafieizonooz et al.,
2022).
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Figure 4.3 XRD Diffractogram analysis result for raw CBA, CBA-3000, CBA-5000,
and CBA-7000

4.2.3.2  Scanning Electron Microscope (SEM) with Energy Dispersive X-ray
(EDX)

SEM test assists in analysing the sample's structure and shape which is known as
morphological investigation. The SEM investigation and study of the morphological
properties of solid objects includes the characterization of micro particles. Through
morphology investigation, it was observed from the SEM image of the cement particles
at low magnification 1000x and high magnification 5000x as shown in Figure 4.4. At low
magnification 1000x it was observed the cement particles have irregular shape and dense
structure. It also shows fine particles and the most of particles small angular in shape as
shown in Figure 4.4 a). Furthermore, it was observed that for cement particles at high
magnification 5000x has needle-like structure is visible, needle-like crystals and angular
as shown in Figure 4.4 b). According to study by Mangi et al., (2019) stated that the

cement particles fine and dense structure from the SEM observations.

134



Figure 4.4 SEM morphology of cement at low and high magnification 1000x and
5000x

Figure 4.5 shows the (SEM) micrograph of the morphological properties of solid
objects includes the characterization of micro particles. The surface morphology and
mapping of the original CBA and ground CBA with various grinding sizes (CBA-3000,
CBA-5000, CBA-7000) are presented in Figure 4.5. Meanwhile, the elemental
composition analysis of the original CBA and ground CBA with various grinding sizes
(CBA-3000, CBA-5000, CBA-7000) are shown in Figure 4.5. Through morphology
investigation, it was observed from the (SEM) image of the original CBA, and ground
CBA (CBA-3000, CBA-5000, CBA-7000) that the particles had a porous, irregular, and
sharp shape. In addition, the composite has an extremely dense structure. In these
examples, the pore sizes have been reduced. This is due to the mechanical grinding
process of CBA in the types (CBA-3000, CBA-5000, CBA-7000), which causes the
material to expand and some voids to gradually fill. When use CBA with increase the
grinding cycle led to fill the voids are shown 4.5. The porous particles indicated that the
CBA experienced melting and volatile was released during the combustion of the coal.
The irregular and porous structure shows that it could provide surfaces for better contact
of biomass gasification agent. Similar observation has also been noticed by Reddy et al.
(2018) it was observed that CBA is of coarser, irregular, large size with rough surface
texture in dark grey color because of the presence of unburnt carbon. Different glassy

spheres, spheroids and aggregate with improper form are predominant in the CBA.

On the other hand, elemental composition of original CBA and ground CBA with
various grinding sizes (CBA-3000, CBA-5000, CBA-7000) were analyzed by using the
Energy Dispersive X-ray (EDX) and illustrated in the Figure 4.5. It can be noticed that
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from EDX analysis for original CBA and ground CBA samples contain main element
composition such as silicon (Si), aluminum (Al), carbon (C), calcium (Ca), potassium
(K), oxygen (O), and iron (Fe). Based on the analysis of the EDX spectrum, it can be
inferred that the particles primarily comprise of Calcium-aluminosilicate. The EDX
results were a mean value derived from the image's three marked locations. These
remarks are consistent with previous studies (Abbas et al., 2020; Bai et al., 2008;
McLennan et al., 2000). As the temperatures surpass 1000°C, the mineral predominantly
found in coal ash, namely kaolinite, experiences a process of recrystallization. This
results in the formation of mullite and the release of supplementary SiO». Analysis of the
CBA and iron-rich particles revealed the presence of carbon on their surfaces. This
implies that un-combusted carbon exhibits a tendency to preferentially amalgamate
with constituents of coal ash. The reaction between unburned carbon and SiO2 is
anticipated to yield the formation of Si-C at elevated temperatures. During the process
of quenching, there exists a possibility of the Si-C compound undergoing a reaction on the
surface of particles that are rich in iron (Abbas et al., 2020; Jaturapitakkul & Cheerarot,
2003).
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Figure 4.5 Scanning electron microscope (SEM) with Energy Dispersive X-ray
(EDX) images with magnification of 1000x for (a)Original CBA, (b) CBA-3000, (c)
CBA-5000, (d) CBA-7000
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4.2.3.3  Fourier-transform infrared spectroscopy (FTIR)

Another important analysis to provide evidence on the formation chemical
structures of functional groups of original CBA, and ground CBA (CBA-3000, CBA-
5000, and CBA-700), and cement networks were further analyzed by Fourier Transform
Infrared Spectroscopy (FTIR) analysis for all the specimens. To observe the changes in
FTIR spectra of these four regions namely, O-H stretching, O-H bending, C-O stretching,
and Si-O/S-0 stretching vibrations are considered. The waves for the cement at 1000 cm
"L started stretching are observed. From the FTIR results in the Figure 4.6 for the cement
was found that the peaks above 1000 cm * become more to straight line and the waves
was reduced. This is due to the presence of quartz in cement. Nevertheless, a sharp FTIR
for cement at the range of 2000 cm™ to 4000 cm™ is mostly due to the present of CsS, C2S,
and C4AF in the compounds of the cement particles. This finding in the agreement of the
previous studies by (Danchuwa et al., 2022; Shrestha, 2018)

Cement

Transmittance (%)

I I | I I I I I
500 1000 1500 2000 2500 3000 3500 4000
wavenumber (cm-1)

Figure 4.6 Fourier-Transform Infrared Spectroscopy (FTIR) analysis for cement

On the other hand, Figure 4.7 displays the FTIR spectra for original CBA, and
ground CBA-3000, CBA-5000, and CBA-7000. For original CBA, it was observed less
wavelength and the most characteristics band or the most peak value is located in the
range of 500 cm™ to 1000 cm “1. For the weaves were observed associated with C—H

aromatic (Huda et al., 2021; Zhu et al., 2018). Furthermore, from Figure 4.7 shows
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vibrational peaks of the functional groups appeared at wave number of 2250, 2800, 2900
cm— associated with C—H aromatic O—H, respectively. For the ground CBA (CBA-3000,
CBA-5000, CBA-7000) it shows the most peaks 1000 to 1500 cm—! which is due to two
reasons. First reason the Si—O-Si bending mode for ground CBA (CBA-3000, CBA-
5000, CBA-7000) due to high percentage of silica compared to cement. Also, Si—O-Si
for ground CBA (CBA-3000, CBA-5000, CBA-7000) position is shifted to the right
position or lower frequency compared with the original CBA, implying a chemical
change and different particles size. The second reason is due to lager particle size for the
original CBA, and ground CBA (CBA-3000, CBA-5000, CBA-7000) compared to
cement particles. Overall, the CBA was observed that high waves number indicate that
higher absorbed moisture as collected from their sources, which indicates that the main
components of CBA particles are SiO2 and Al>Os. According to previous research
conducted by (Kalaw et al., 2016) it was reported that the influence CBA in geopolymer
using FTIR spectroscopy method, and the finding showed that FTIR spectroscopy results
the most band for CBA is H-O-H, Si-O-Si, and Si-O-Fe in various wavelength and this
indicated that the CBA highly amorphous of silica and higher absorbed moisture as
collected from their sources. Similarly, another studies by (Criado et al., 2007; Zhu et al.,
2018) used FTIR spectroscopy to investigate the gel composition in Alkali-activated
materials (AAMs). The findings showed that the range of wavelength 800-1100 cm™ is
assigned to stretching vibrations of Si-O and reflecting that SiO- is the main chemical

constituent of both the CBA and the alkaline solution.
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Figure 4.7 Fourier-Transform Infrared Spectroscopy (FTIR) results analysis for
original CBA and ground CBA (CBA-3000, CBA-5000, CBA-7000)

4.2.3.4  Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) is a modern analytical technique that is easy
to operate, as it offers a comprehensive account of both mass and thermal transformations
that occur simultaneously during heating. During thermal treatment, the sample
undergoes degradation in three successive stages, namely drying, combustion reaction,
and end of combustion. In the drying phase, a small amount of water is released, and the
overall decomposition is negligible. The combustion reaction phase is bifurcated into two
phases: the first phase involves volatile combustion, while the second phase deals with
char combustion. The final phase is the end of combustion, where decomposition ceases,
and the heat flow reaches zero. TGA is a widely employed technique for exploring
physical and chemical processes that lead to changes in mass, encompassing gas
adsorption (e.g., Nitrogen), thermal degradation, sample moisture uptake, and other
heterogeneous reactions (Tian et al., 2023). This technique permitted continuous
weighing of the sample as a function of temperature at a desired temperature from room
temperature (28°C) to 1000°C using the device (TGA Q500). The TGA of the cement is
as shown in Figure 4.8. For cement, the total weight loss around 5.0 wt% corresponds to
the weight loss due to the evaporation of surface adsorbed water. The adsorbed water was
extracted by cement from the atmospheric air while it was kept in storage.
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Figure 4.8 Thermogravimetric (TGA) analysis result for Cement OPC binder

For the original CBA, the total weight loss around 16wt% corresponds to the
water loss physically adsorbed or contained inside the pore structure in the case of
original CBA. The curve of original CBA shows three major weight losses at room
temperature 28°C to 200°C, and 200C to 400C, and 400°C to 1000°C as shown in Figure
4.9. For the ground CBA (CBA-3000, CBA-5000, CBA-7000), the total weight loss of
around 25 % corresponds to the moisture absorbed during preparation and grinding
process of ground CBA (CBA-3000, CBA-5000, CBA-7000). The curve of ground CBA
(CBA-3000, CBA-5000, CBA-7000) gradual weight loss from room temperature (28°C)
to 400°C because of absorbed moisture during grinding process which is oven dried
before starting the grinding process. A major weight loss is observed from 400°C to
750°C attributed to oxidation and burning of the organic particles entrapped inside the
ground CBA (CBA-3000, CBA-5000, CBA-7000). From 750°C onward, weight loss is
reduced although it continues to decrease up to 1000°C and beyond. Consequently, TGA
of ground CBA shows different thermal behaviour compared to cement, original CBA.
This is due to the original CBA presence of excess of water; absorbed during cooling
with water at power plant (ul Haq et al., 2014). Furthermore, cement contains surface
moisture particles due to storage process. Overall, the main weight loss for CBA is due
to the removal of moisture from the samples. Moreover, the weight loss of CBA at a
higher temperature after burning carbon is very low. This showed that CBA was
thermally stable and can be used in thermal applications. Apart from that, this finding in
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the agreement of the previous studies by (Hashemi et al., 2018; Phutthananon et al.,
2023).
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Figure 4.9 Thermogravimetric (TGA) analysis result for original CBA, CBA-3000,
CBA-5000, and CBA-7000

4.2.4 Pozzolanic Characteristics of Original CBA and Ground CBA Compared
to Cement

In this section, the pozzolanic properties from the experimental work of CBA with
different grinding sizes are discussed to understand that CBA was used as an alternative
for cement in the preparation of mixtures for hardened mortar samples. The pozzolanic
properties characteristics includes such as Chapelle, Farttini tests, strength activity index
(SAI) in accordance with the standard specifications for each test. Furthermore, the
hardened mortar compressive strength and strength activity index were presented in
subsequent section to achieve the pozzolanic characteristics in accordance with ASTM
C618. For the strength activity index, it was calculated based on the compressive strength
results at various curing ages. The following subsection elaborate each test for

determining the pozzolanic properties.

142



4.2.4.1 Chapelle Test of Original CBA and Ground CBA with Various Sizes
Compared to Cement

The Chapelle test is another direct method to assess the pozzolanic reactivity of
pozzolans. In literatures, it is very commonly used for testing the pozzolanic materials
such as metakaolin (Ferraz et al., 2015; Quarcioni et al., 2015). In this study, pozzolanic
reactivity of ground CBA (CBA-3000, CBA-5000, CBA-5000) was investigated using
modified Chapelle method NF P18-513, (2012) to evaluate the reactivity of pozzolanic
material based on the consumption of Ca(OH)2. From the results, the pozzolanic activity
by Chapelle analysis of CBA would be determined in an indirect manner by measuring
Ca(OH)2 consumption. Higher utilization of Ca(OH)2 by activated silica from ground
CBA (CBA-3000, CBA-5000, CBA-5000) would be associated with the presence of
secondary C—-S—H structures in cementitious materials. This structure would facilitate the
filling of micro-voids and increase the strength properties of the cementitious substance.
In addition, Chapelle activity is a method of measuring the amount of CaO consumed by
pozzolans; the higher the value of Chapelle reactivity, the higher the pozzolanic reactivity
of the sample. Figure 4.10 shows the CaO values of the different sizes constitutes based
on the modified Chapelle test and calculated according to Equations in the standard NF
P18-513, (2012).

The result is as expected based on the higher proportion of SiO2 in ground CBA
(CBA-3000, CBA-5000, and CBA-5000) with increase the fineness compared to original
CBA. However, the reduction of grinding cycle led to bigger particles of ground CBA
which provided less significant impact to the rate of CaO consumption. Based on the
results of the Chapelle test shown in the Figure 4.10, the CBA with CBA-5000 consumed
the most CaO. The expected result is consistent with the higher silica content of this
powder. However, the influence of the low strength and delayed pozzolanic activity of
the original CBA on the amount of CaO consumption was comparatively insignificant.
For the other fineness sizes of ground CBA (CBA-3000, CBA-5000, CBA-7000), the
pozzolanic reactivity is increased, resulting in a higher proportion of silica in the samples.
Based on the previously conducted in this study of chemical oxides and pozzolanic
reactivity, the different sizes of CBA showed the optimum and recommended CBA-5000
with high pozzolanic activity. However, the improvement due to additional C-S-H
product in the sample, which lead to the improvement in terms of mechanical

performance of the sample.
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Figure 4.10  Pozzolanic activity of ground CBA with various sizes using Chapelle
test

4.2.4.2  Frattini Test of original CBA and Ground CBA with Various Sizes
Compared to Cement

The results of the Frattini test are presented in Figures 4.11 and 4.12 in accordance
with EN 196-5 as an x/y-chart, with CaO [mmol/I] on the y-axis versus OH  [mmol/l] on
the x-axis, and the solubility curve of Ca(OH).. Results appearing below the solubility
curve indicate the removal of Ca?* from the solution which is attributed to pozzolanic
activity, and results above the solubility curve indicate saturation or oversaturation with
Ca(OH)2 and thus no pozzolanic activity at 8 days and 15 days in accordance with BS
EN 196-5, (2011). The described, possible filler effect was the main reason to determine
the pozzolanic reactivity with the more reliable Frattini method. All the tested samples
are plotted in the graph as a relation between the hydroxyl ions [OH] and the calcium

ions [CaO] measured in the solution after 8 days, and 15 days.

The results are reported in Figure 4.11 indicates the control samples and the
samples containing 80% cement and 20% pozzolan of original CBA and ground (CBA-
3000, CBA-5000, CBA-7000) shows pozzolanic activity at 8 days. For control samples
showed that non pozzolanic activity materials which plotted above the curve indicated
that amount of Ca?* ions located in the portlandite zone and low percentages of limestone
at 8 days. As expected, cement being hydraulic showed non-pozzolanic activity, and the

mean value after the Frattini test was located on the solubility curve. Furthermore, control
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samples containing only cement hydration, which is results in a saturated solution of
Ca(OH)2 and the presence of reactive silicate and aluminate surfaces in test pozzolans
ensures removal of dissolved Ca from solution. For other such as original CBA were
results above the solubility curve in the regain that represents non pozzolanic
characteristics. This is due to the pozzolanic reaction that took place and not initiated in
the original CBA. According to study by (Faleschini et al., 2021) was observed that
incineration original CBA was found to non-pozzolanic reaction was mentioned the
reason due to no other sources of Ca?* is present in the test system, while the negative
values of CaO removal implies the presence of calcium in the solution (Donatello et al.,
2010). Thus, the CaO was not only consumed, but probably added to the system. The
effect could be related to the precipitated portlandite or C-S-H gel passing through the
filter.

On the other hand, Figure 4.11 shows Frattini test results for [CaO] versus [OH]
of mechanical grinding of CBA with sizes (CBA-3000, CBA-5000, CBA-7000) at 8 days.
For ground (CBA-3000, CBA-5000, CBA-7000) presented positive pozzolanicity at 8
days when 20% of OPC was replaced by ground CBA, according to standard BS EN 196-
5, (2011) for pozzolanic cements. The ground (CBA-3000, CBA-5000, CBA-7000)
blends cement showed a clear pozzolanic reaction, with both CaO concentration and
alkalinity indicating undersaturation with respect to portlandite. Furthermore, the
pozzolanic activity of ground CBA slows pozzolanic characteristics which enhance by
increased the grinding and decreasing the size of the CBA compared to original CBA and
control samples. Moreover, all the ground CBA residues processed contained fairly high
amounts of CaO. However, this is the clear evidence that improve the pozzolanic
characteristics and reduced the consumption of calcium hydroxide in the pozzolanic
reaction. The other reason for ground CBA is due to increase the reactive SiO2 content
by grinding size (Kramar & Ducman, 2018). According to study by Wu et al. (2020) was
reported that the pozzolanic reactivity was enhanced for waste magnetite tailing as
cement replacement indicates that part of the Ca®'released by cement hydration into
solution was removed due to the progress of the pozzolanic reaction, and that the amount

of Ca%* that was removed was small.
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Figure 4.11  Results of the Frattini test for control and various sizes of ground CBA
samples at 8 days

Figure 4.12 displays the Frattini test results for [CaO] versus [OH] and influence
of control samples, original CBA, and ground CBA (CBA-3000, CBA-5000, CBA-7000)
at 15 days in accordance with BS EN 196-5, (2011) standard. As shown in Figure 4.12
all of the plotted data for ground CBA (CBA-3000, CBA-5000, CBA-7000) are located
underneath the saturation curve of lime, indicating some pozzolanic activity at 15 days.
For others such as control and original CBA samples which are located above the
saturation curve of lime non pozzolanic activity, which is represented as having
insufficient pozzolanic activity. The reason for this is pozzolanic inactivity due to original
CBA and control particles and inhibits Ca ions from reacting with amorphous Si surfaces.
The second reason contains a high proportion of Ca?* ions, which negatively affects the

result of this test.

On the other hand, it is clear that the highest rate of the pozzolanic activity was
achieved for ground CBA (CBA-7000) which consumed the lowest of the CaO at 15 days
of curing. The enhance in the pozzolanic activity with increase the grinding size of ground
CBA due to enhance the process of hydrates and a distinct relationship of the
amorphization. Furthermore, for the results of ground CBA (CBA-3000, CBA-5000,
CBA-7000) lying below the saturation curve indicates the removal of Ca?* from the
solution attributed to the start the hydration process which led to enhance the pozzolanic
activity. According to (Rosales et al., 2022) was observed that the reference cements not
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being pozzolanic cements, were above the reference line, indicating non-pozzolanicity.
Also another study was conducted by (Khan et al., 2022) observed that total amount of
calcium hydroxide that react with pozzolanic material is determined by the content of the
reactive phases in the pozzolan, the SiO> concentration of reactive phases, the calcium

hydroxide/pozzolan ratio, and the curing duration.

Overall, according to aforementioned results show that original CBA and control
are not pozzolanic at 8 and 15 days of curing while the ground CBA (CBA-3000, CBA-
5000, and CBA-7000) as pozzolanic reactivity at 8 and 15 days. The negative value of %
CaO removal for original CBA and control samples was surprising as the amount of
calcium in solution appears greater than expected. Also, many factors play the important
role that can improve the pozzolanic reactivity such as content, reactive phases, pozzolan
ratio, and the curing duration.
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Figure 4.12  Results of the Frattini test for control and various sizes of ground CBA
samples at 15 days

4.2.4.3 Compressive strength and Strength Activity Index of Hardened Mortar

The findings related to the compressive strength test for mortars containing
various types of ground CBA (CBA-3000, CBA-5000, CBA-7000) as partial cement
replacement and different ages of curing 7, 14, 28, 56, 90, and 180 days of curing are
presented in Figures 4.13, 4.14, and 4.15 respectively. The compressive strength of CBA-
based mortars was enhanced up to CBA 10% than control at the early age of curing in
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comparison to conventional samples. However, the findings showed late pozzolanic
reaction effect and gained higher compressive strength after 28 days of curing. From
these illustrations, the compressive strength at age 7 days shows the mortar with 10% was
higher compared to control samples. The strength reduced as larger amounts of CBA in
higher percentage were integrated into the mix. However, at 28, 60, and 90 days of age,
the other mortar specimens with larger amounts of ground CBA in higher percentage
exhibited higher compressive strengths up to 20% compared to that of the reference
mortar of 0% CBA. It can be understood that the compressive strength of mortar with
various percentage of CBA would continue to increase with increasing curing age. The
compressive strength improved with longer curing ages due to the continuous formation
of calcium silicate hydrate (C-S-H) gel product (Argiz et al., 2017). Similar trend had
been reported by (Ibrahim et al., 2015) integrated ground CBA as partial cement

replacement in the mortar mixture.

Figures 4.13, 4.14, and 4.15 illustrates, the compressive strength of hardened
mortar with different ratios and with various grinding sizes of CBA (CBA-3000, CBA-
5000, CBA-7000) as partial cement replacement. Control specimen, without CBA in the
mixture,would act as a benchmark for other mixtures. Other notation used are ground
CBA (CBA-3000, CBA-5000, CBA-7000) describes the mixture that contains CBA with
various sizes in mortar mixture. Furthermore, the compilation of raw data for strength

activity index is included in the Appendices (Appendix B).

In terms of various grinding sizes for CBA, a comparison between ground CBA-
3000, CBA-5000, CBA-7000 mortars, it was found that the strength of CBA-7000
mortars recorded higher values compared to that of the CBA-3000, and CBA-5000
mortars as illustrated in Figures 4.13, 4.14, and 4.15. Based on 7, 14 28, 56, 90, and 180
days, three different fineness levels and five different ratios of CBA were used to
determine the optimum combination to be used after that in SCC mixture. At different
CBA contents, the compressive strength initially improved up to a cement replacement
of 20% and then started to decrease with increasing CBA content. For all CBA types of
(CBA-3000, CBA-5000, CBA-7000), the optimal replacement ratio for CBA was 20% at
all curing ages. However, due to a pozzolanic reaction occurring between CBA and

cement, they are improved at an early age, which is consistent with the results of (Cheah
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et al., 2023) reported predicted that C—-S—H development from cement hydration results
in faster strength increase than C—S—H formation due to the interaction between pozzolan
and portlandite (also known as pozzolanic behavior) at an early age. According to
(Burhanudin et al., 2023; Cheah et al., 2023) showed that the impact of grinding was
examined in terms of the ratio by-weight of CBA retained on a 45 um sieve. Numerous
replacement ratios were used. The findings show the compressive strength values
increased by 4% with particle size 4.3um at all curing periods. All mortar mixes with
ground CBA as cement were found to have met the target strength at 28 days.

Figure 4.13 shows a conventional strength development trend of mortar mixture
containing ground CBA-3000 as partial cement replacement. In overall, the inclusion of
ground CBA-3000 in the mixture as a cement replacement material improved the strength
properties up to 10% while the other replacement of ground CBA-3000 file to improve
the strength performance. The strength improvements of 3.516% at 10% of ground CBA-
3000, while the strength reduction 25.604%, 36.929%, 46.354%, 59.607% was observed
in 20%, 30%, 40%, 50% of ground CBA-3000 in mortar mixture, respectively. However,
there was strength reduction when curing continued up to 56 days at 20% to 50% of
ground CBA-3000 compared to control mortar samples. The same trend could also be
seen at 10% of ground CBA-3000 at 56 days and 90 days. Nevertheless, the strength
performance of CBA-3000 becomes comparable with the control after 180 days of curing.
In summary, CBA 10% of ground CBA-3000 was the optimum replacement for achieving

the improvement in the strength value with the control.
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Figure 4.13  Compressive strength results of CBA-3000 as cement replacement in
mortar mixture

As shown in Figure 4.14 different replacement level of ground CBA-5000
substitution and curing days had significant effects on the strength of hardened mortars.
Conventional strength development also be seen in ground CBA-5000 mortar specimens
as shown in Figure 4.14. Strength reduction at the early age of 19.201%, 27.596%, and
59.168%, was observed in 30%,40%, and 50% specimens of ground CBA-5000 mixture,
respectively. However, after 28 days, the substitution of cement with 20% of ground
CBA-5000 had accelerated its pozzolanic reaction and increased strength to 13.288%
higher than the control. Even though the grinding cycle for CBA-5000 was increased
compared to CBA-3000 and other proportions of 30%, 40% and 50% showed a
decreasing trend. Nevertheless, the mechanical grinding shows long term effect on
compressive strength results, where other replacement ratios 30% 40%, and 50% enhance

the strength properties at 180 days in compared to early age curing at 28 days.
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Figure 4.14  Compressive strength results of CBA-5000 as cement replacement in
mortar mixture

Lower early strength performance for ground CBA-5000 specimens is related to
the pozzolanic reaction had not initiated significantly, so the early strength was due to the
presence of CBA in the higher amounts of CBA-5000 as partial cement replacement in
mortar mixture. The second reason due to porous structure of ground CBA-5000 which
lead to increase the absorptions of CBA particles in comparison to cement particles. Also,
the effect of porosity in the CBA-5000 lead to delay for hydration process and the
quantity of water required for mixture. These data are supported by the previous studies,
which reported that before 14 days of curing, the pozzolanic activity of ground CBA with
lime was very low and pozzolanic activity only started after 28 days. Meanwhile, a higher
strength value up to CBA 20% after 28 days compared to control samples which was
pointed out that pozzolanic activity begun at this stage, which is, due to the consumption
of excess (Ca(OH).) from the hydration product of cement. Moreover, due to the addition
of CBA, the hydration process of the cement-mortar involves the chemical interaction
between water and cement, resulting in the formation of a bonding agent. The results of
the study demonstrated a steady reduction in compressive strength as the amount of
CBA added to the mixture increased at 180 days. The stable strength performance can be
seen at late curing ages 180 days compared to CBA-3000 and control samples in the
mortar mixture. Nevertheless, the decreasing trend for CBA-5000 at 30% and 40%, 50%
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is probably due to finer particles provide an increased the specific surface area and
absorbed more available water in the mix, which lowers its pozzolanic reactivity in

hydration process of the mortar mixture (Abdulmatin et al., 2018; Loginova et al., 2019).

Figure 4.15 displays the compressive strength performance of mortar specimens
containing ground CBA-7000. At different CBA contents, the compressive strength
initially improved up to a cement replacement of 20% and then started to decrease with
increasing CBA content. However, due to a pozzolanic reaction occurring between CBA
and cement, they are improved at an later curing age, which is consistent with the results
of (Canpolat et al., 2004) they predicted that C-S—H development from cement hydration
results in faster strength increase than C—-S—H formation due to the interaction between
pozzolan and portlandite (also known as pozzolanic behavior) at an early age. Moreover,
the reduction strength at the early age of 11.423%, 30.648%, 41.794% and 67.342% for
20%, 30%,40%, and 50%, respectively at 7 days of curing. The conversion of ground
CBA-3000, and ground CBA-5000, the ground CBA-7000 showed a significant
improvement of 8.44% and 12.635% for 10% and 20% of the mortar containing ground
CBA-7000 with higher strength than the control at 90 days of curing. However,
replacement up to 20% remained from the early to the later age. However, adding more
than 20% of ground CBA-7000 produced lower strength values of 8.989%, 22.082% and
40.537% for 30%, 40%, and 50%, respectively, compared to the reference mortar.
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Figure 4.15 Compressive strength results of CBA-7000 as cement replacement in
mortar mixture
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In overall, late pozzolanic reaction is a general phenomenon in the use of ground
(CBA-3000, CBA-5000, and CBA-7000) as a cement replacement material in mortar
mixture. This is a common trend when the amount of cement is reduced. Insufficient
hydration from the lack of tricalcium silicate compound from cement in the ground CBA
(CBA-3000, CBA-5000, and CBA-7000) mixture has generated fewer portlandite to be
consumed by additional reactive silica. It diminishes the role of secondary calcium
silicate hydrate (C-S-H) framework produced by pozzolanic reaction. However, roles
would be exchanged at a later age. Slower hydration produces less primary C-S-H gels,
yet the abundance of portlandite provides a critical source for pozzolanic reaction. Hence,
secondary C-S-H gels from late pozzolanic reaction give additional support to the mortar
In sustaining strength. This situation justifies the slight increment of strength for the
mortar containing 10% of ground CBA. Meanwhile, unstable strength performance in
this cluster is mainly due to delayed as ground CBA leads to retardation of cement
hydration (Chindasiriphan et al., 2023; Chuang et al., 2023). In this sense, additional
grinding process to get ultra fine particles should be added in future research to reduce
the particles into smaller size and improve the strength properties, thereby will enhances
their pozzolanic performance. In short, the amount of cement replacement by ground
CBA could be doubled from original CBA.

4.3  Statistical Analysis Pearson Correlation Analysis

Statistical analysis was conducted to justify the obtained results using
mathematical inferences for a more solid conclusion. Furthermore, statistical analysis can
be used to propagate the measurement error through a mathematical model to estimate
the error in the derived quantity. Also, statistical analysis is an important tool in
experimental research and is essential for the reliable interpretation of experimental
results. The Pearson's correlation compares two average or calledas means of data and
shows the significant differences between the data sets. In this study,comparison was made

to justify the accuracy of the data sets and the significant differences between the data.

The grinding process for various sizes of CBA as pozzolanic material are not well known
especially the details of sizes and characteristics to be used as eco-friendly approach.
Therefore, one of the most popular correlation methods is Pearson's correlation, which
produces a score that can vary from (—1 to +1). However, the Pearson correlation

coefficient was adopted to provide analysis in the correlation level between each size of
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CBA. The IBM package of statistical program was used to analyze the available data
and measure interrelationship between pairs of variables. Table 4.3 presents the
complete results of Pearson correlation matrix for each variable. The following equation
calculates the Pearson correlation based on the results between two variables. The
Pearson correlation results derived from BET Surface Area, Volume of pores BJH
(cmd/g), specific gravity, tests with various sizes of CBA in comparison original CBA
as shown in Table 4.3. The analysis on the calculated correlation coefficient was derived
from the classification of each of the independent variables, namely, potentially
Important, possibly important, not important. However, the rules for classified the
variables according to the results and statistics which knowns as Correlation coefficient
between -1.0 and -0.6 or +0.6 and +1.0, Correlation coefficient between -0.6 and -0.2 or
+0.2 and +0.6, and Correlation coefficient between -0.2 and +0.2.

Table 4.3 Pearson correlation analysis for various grinding sizes in comparison to
Original CBA
. - . BET Surface Area BJH Volume of
Variable Specific Gravity (m2lg) pores (cm?/g)
Original CBA 1.00 1.00 1.00
CBA -3000 0.884615 0.91766 0.804223
CBA-5000 0.838627 0.96026 0.904263
CBA-7000 0.981980 0.99210 0.916814

According to the results for Pearson correlation was mentioned in the above Table
4.3 was found the range of the data 1.0 and -0.6 or +0.6 and +1.0 and classified as
potentially Important. Furthermore the result for correlation coefficient were found in the
first break point approximately + 0.6 based on the fact the 95% confidence level for the
correlation coefficient was derived from former statistic literatures in Pearson correlation
analysis (Stehlik-Barry & Babinec, 2017). Based on this correlation coefficients, it can
be concluded that CBA with size CBA-7000 the features had potentially important
correlation to the amount of original CBA to be used in the SCC mixture. Furthermore,
it can be concluded that CBA-7000 had potentially important correlations to the original
CBA in terms of physical properties such as BET, BJH, and specific gravity. It was

expected, because the more fineness of CBA which is suitable to be use as cement
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replacement with micro size of CBA that can achieve the standard requirements ASTM
C618.

4.4  Summary of Key Findings

Based on the results of this study, the effectiveness of mechanical treatment for
CBA with various grinding sizes were tested in the characteristics to improve the
pozzolanic properties. The optimum sizes of original CBA and ground CBA (CBA-3000,
CBA-5000, CBA-7000) were characterized accordingly by its potential application as
pozzolanic material in cementitious system. Furthermore, the optimum sizes of CBA
were used in the SCC mixture to investigate their influence in the properties of SCC. The

following conclusion were derived based on a comparative study of test results:

Based on the physical properties of CBA were observed the average particle sizes
33.468 um, also was observed the specific gravity leading to increase by increased
the grinding cycle of CBA from CBA-3000 to CBA-7000. Furthermore, the specific
surface area of ground CBA with increased the grinding cycles of ground CBA led to
produced higher specific surface area compared to cement and original CBA. The
colour of CBA change form gray after grinding was found to be darker in color as
dark gray or blackish due to mechanical pretreatment process which impact in the
change the color of the materials. The CBA performs as reservoir for water with
higher surface area which leads to_higher the water requirement. The particle size

analysis revealed that the CBA particles had diverse porosity textures, and irregular shapes.

Based on the chemical composition, the XRF test results indicated that chemical
oxides composition was observed that CBA and ground CBA are rich in silicon
dioxide and achieve the ASTM C618 guideline as pozzolanic replacement materials.

Based on the XRD analysis indicated that the original CBA and ground CBA (CBA-
3000, CBA-5000, CBA-7000) samples consisted primarily of quartz (SiOz), mullite
(3AI203 - 2Si0O2) and iron (Fe203). Furthermore, the cement sample consisted
primarily compounds of tricalcium Silicate (C3S), dicalcium silicate (C.S), tricalcium

aluminate (C3A), and Tetracalcium aluminoferrite (C4AF).

Based on the SEM, the morphology was observed the cement particles have dense

structure and irregular shape it showed also fine particles and the most of particles

155



Vi.

Vii.

viil.

small angular in shape. The original CBA, and ground CBA (CBA-3000, CBA-5000,
CBA-7000) that the particles had a porous, irregular, and sharp shape.

Based on the FTIR spectral analysis, indicated that the CBA samples have main
functional bond Si—O-Si due to high amount of silica for original and ground CBA
which increased with increased the grinding cycles and lead to reduce the size of
ground CBA. Furthermore, the main functional bond for cement contains Si-O, which

makes the CBA suitable materials to be used as partial cement replacement.

Based on the TGA, the total weight loss for cement was around 5.0wt% due to the
evaporation of surface adsorbed water. For the original CBA the total weight loss
around 16wt% and for ground CBA the total weight loss of around 30wt%
corresponds to the moisture absorbed during preparation and grinding process of
ground CBA (CBA-3000, CBA-5000, CBA-7000).

Based on pozzolanic characteristics, the binder reactions in mortar mixture and
cement paste can be enhanced by replacement of ground CBA up to 20%. Larger
replacement levels rather delay the hydration reactions. This can be due to the dilution
of the clinker content in the paste, to the limited pozzolanic activity of the ground
CBA at early ages. Assessment of the pozzolanic activity using the Chapelle test and
Frattini test indicates the enhance the pozzolanic activity with increases the grinding
cycles and decreases the size of the ground CBA which leads to increase the specific
surface area. The compressive strength at early age at 7 days for the mixtures with
ground CBA10% (CBA-3000, CBA-5000, CBA-7000) higher than for the control
with OPC. At late curing ages, showed enhanced the strengths are obtained for mixes
with up to 20% ground CBA compared to control samples. By increasing the fineness
of the ground CBA, somewhat improve the compressive strengths until reach 20% in
CBA-7000 in the late curing ages. However, due to the late pozzolanic reaction which

affects the strength development.

The CBA-7000 is an optimal mechanical pretreatment method that involves grinding.
The optimum grinding size for mechanical pretreatment method physical properties
based on BET surface area (m?/g), volume of pores BJH (cm3/g), specific surface area
(m?/g). The mechanical pretreatment method significantly enhances the pozzolanic

characteristics in terms of strength activity index, and Frattini test. The optimal
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mechanical pretreatment has been effectively used in the manufacturing of SCC with
various substitution ratios. The impact of a substantial increase in silica content in
ground CBA-7000 is precisely validated by the findings of Chapelle analysis, strength
activity index, and Frattini test. The greater utilization of Ca(OH). by silica content
in ground CBA-7000 compared to other sizes of ground CBA-3000 and CBA-5000,
as well as the original CBA, suggests the potential development of (C-S-H) phase

during the hydration process.
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CHAPTER 5

FRESH, MECHANICAL, DURABILITY, AND ELEVATED TEMPERATURE
PROPERTIES OF COAL BOTTOM ASH IN SELF COMPACTING
CONCRETE

5.1 Introduction

This chapter discusses the influence of ground CBA content towards fresh,
mechanical, durability and elevated temperature with 10% to 50% replacement for
cement in SCC production. The optimum grinding size CBA-7000 was used to
investigate the influence of the SCC mixture. The beginning of this chapter discusses the
results for fresh properties of SCC namely (Slump flow, L-box, V-funnel and J-Ring)
containing ground CBA as partial cement replacement with various replacement ratios
(10% to 50%). The performance of mechanical properties of ground CBA as cement
replacement such as namely compressive strength, flexural strength, splitting tensile
strength and ultrasonic pulse velocity (UPV). Furthermore, the relationships between
mechanical properties of the ground CBA content and curing age, and their effects on
compressive strength, flexural strength, splitting tensile strength and UPV a of the SCC
were analyzed in this chapter. Furthermore, the optimum replacement ratio was presented
and discussed in this chapter. All specimens were subjected to water curing at early and
late curing ages. Analysis on the microstructural properties such as TGA, and FESEM
were performed on the representative from higher and lower replacement ratios (10%,
20%, 50%) for ground CBA as cement replacement in SCC production at 7, 28, 56 days
of curing compared to conventional samples. Moreover, this chapter presents and
discusses the durability performance of ground CBA as partial cement replacement with
various ratios on durability testing namely acid resistance, sulphate resistance and water
absorption. The influence of ground CBA as partial cement replacement subjected to low
and high elevated temperatures based on visual observation, mass loss, and strength loss
were presented in this chapter. Finally, the chapter ends with a summary of the key

findings.
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5.2  Fresh Properties of Optimum Mechanically Treated Ground CBA Based on
SCC

In order to evaluate the fresh concrete properties of SCC mixes in terms of
flowability, passing ability, and viscosity in accordance with the specifications
established by (EFNARC, 2005), various workability experiments were conducted. The
flow test was used to investigate the flowability of the prepared SCC mixture. The

viscosity of SCC mixtures was measured.

5.2.1 Slump Flow of Optimum Mechanically Treated Ground CBA Based on
SCC

Evaluation of fresh SCC properties was achieved by the utilization of slump flow
test. This test was carried out to identify the effect of ground CBA content on the
workability of SCC mixture. Figure 5.1 presents the slump flow of SCC specimen for
control sample and ground CBA as partial cement replacement. The recommended range
as mentioned in the standard guidelines (EFNARC, 2005) for slump flow is 550-850
mm. The control specimen has a slump flow of 674 mm as adopted from the selected mix
design of trail mixes. The slump flow of SCC specimen decrease steadily as ground CBA
was used to replace cement in the mixture. The reduction in the slump flow due to the
porosity of CBA in SCC, thus absorbed more fluid with higher content of CBA in SCC
mixture. According to the EFNARC (EFNARC, 2005) standard, slump flow results range
from 550-850 mm. However, segregation may occur in SCC mixes with a slump of more
than 700 mm, while in SCC mixes with a slump of less than 500 mm, the slump is
insufficient to pass through densely packed reinforcement. The second reason for the
slump flow of more than 700 is the possibility that the concrete mix could segregate
during flow. The second explanation for the slump flow of more than 700 is the possibility
that the SCC mixture segregates during flow. The error bars represent one standard

deviation from the mean (3 replicates)

Figure 5.1 shows the results of the slump flow test, indicating the range of values
given in the EFNARC specification (EFNARC, 2005). The slump flow varies between
675 and 585 mm for SCC containing ground CBA in a ratio of 10% to 50% as a substitute
for partial cement. Nevertheless, the result of the slump flow was within the range
considered by the standard as slump flow (SF2). The results of the slump flow test showed
that the flow rate decreased with an increasing percentage of ground CBA used as cement
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replacement in the SCC mix. The observed reduction in slump flow can be attributed to
the presence of pores in the SCC mix containing ground CBA, resulting in greater
absorption of fluid associated with a higher percentage of ground CBA. The second
explanation given was the irregular structure of ground CBA, which leads to less

interaction between particles.

The findings showed that the addition of ground CBA reduced the slump flow
diameter, whereas replacing cement increased it. CBA consists of finer particles and has
a large surface area. The use of CBA in the manufacturing of SCC leads to an increased
water requirement. In these recent findings, the water content was maintained consistent
but the quantity of SP was raised to 1.8% in order to meet the specifications for the SCC.
This fresh property of ground CBA leads to a decrease in the viscosity of SCC mixes.
The optimum flow ratios for (SCC) can be achieved by adding 10% cement replacement
with ground CBA. This phenomenon has been confirmed by several other researchers
(Aswathy & Paul, 2015; Keerio et al., 2021; Siddique et al., 2012a). These results proved
that the ground CBA with fine particle size and porosity could be decreased the
workability as reported by (Burhanudin et al., (2018; Mangi et al., (2019). Many studies
reported that the ground CBA in concrete mixture decrease the workability remarkably
(Al-Fasih et al., 2019; Cheah et al., 2023; Jamaluddin et al., 2016).
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Figure 5.1 Slump flow of SCC mixes containing different replacement levels of
ground CBA
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5.2.2 L-Box of Optimum Mechanically Treated Ground CBA Based on SCC

The height ratio of the L-box was also determined using the H2/H1 ratio to
calculate the suitability of the SCC mixture to pass through the bar. The test uses a three-
bar L-box that simulates the scenario of a larger amount of reinforcement. This test is
conducted to understand the effect of pozzolanic material on SCC mixture. The finding
of the L-box was found to be decreased as CBA ratio increased in SCC mixture. Figure
5.2 shows the findings of the L-box test, which is the range of the EFNARC standard
(EFNARC, 2005), and the results for L-box ranges from 0.83 to 0.71 for SCC containing
ground CBA range 10% to 50 as partial cement replacement. The error bars represent one

standard deviation from the mean (3 replicates).

As illustrated in the Figure 5.2, the difference in higher AH shown is higher in
SCC mixture containing CBA as partial cement replacement with various replacement
ratio. The reduction in the L-box due to porous ground CBA which lead to more
interaction between particles. The second reason due to irregular shape of particle clusters
and the distribution of coarse aggregate particles play a crucial factor in determining the
likelihood of blockages occurring. The increased fineness and density of the CBA
particles result in a higher absorption and porous of CBA lead to decreased the L-box
flow of the SCC mix, in comparison to the control mix. It is reasonable to suppose that
the velocity of the L-Box flow might result in a reduction in the flow of L-box of CBA

substitution when compared to control samples.

However, the paste matrix with the aggregate provides a smooth transportation
effect through the paste phase and an air passage for the passing ability performance of
the SCC mixture. The passing ability of the different mixes satisfy the standard
requirement range for passing ability of fresh SCC mixture. This trend in agreement with
previous studies by (Jamaluddin et al., 2016; Zainal Abidin et al., 2014). According to
study by Meena et al., (2023) it was reported that the blocking index ratio in the L-box
was between 0.89 and 0.95 when the CBA with FA was replaced in SCC mixture. In
agreement another author lbrahim et al., (2021b) was reported that the blocking ratio in
the L-box was 0.8-0.9 when the CBA was substituted.
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Figure 5.2 L-box of SCC mix containing different replacement levels of ground CBA

5.2.3 V-Funnel of Optimum Mechanically Treated Ground CBA Based on SCC

Though the test is designed to measure flowability, the result is affected by SCC
properties other than flow. The V funnel is filled with concrete and the time taken by it
to flow through the apparatus measured. This test gives account of the filling capacity
(flowability). V-funnel flow time is the elapsed time in seconds between the opening of
the bottom outlet depending upon the time after which opened. The error bars represent

one standard deviation from the mean (3 replicates).

Figure 5.3 shows the findings of the V-funnel test , which is the range of the
EFNARC standard (EFNARC, 2005), and the V-funnel ranges from 19 to 24 second for
SCC mixture containing CBA range 10% to 50 as partial cement replacement. As the
replacement ratios of ground CBA increased from 10% to 50%, the V-funnel has been
increased owing to the porosity of CBA contrasted with the control mix. CBA saturates
more water demand with a higher content of CBA. The data results achieved suggested
the CBA structure, which has a rough form that decreases interparticle abrasion among
aggregates and showed that the excessive inclusion of CBA has declined the viscosity of

SCC mixtures.
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According to (Khayat, 1999) the V-funnel time, which is between 9 to 25 second,
is recommended for mixture to qualify as a SCC in confirm with EFNARC specification.
Siddique et al., (2012a) reported that the v-funnel time for CBA as replacement in SCC
was in the range of the standard from 9 to 25 seconds and was observed. The test results
indicate that all SCC mixes meet the requirements of allowable flow time. The maximum
size of coarse aggregate was kept as 16 mm in order to avoid blocking effect in the SCC
mixture. This trend in agreement with previous studies by (Keerio et al., 2021; Siddique
& Kunal, 2015)
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Figure 5.3 V-Funnel of SCC mix containing different replacement levels of ground
CBA

5.2.4 J-Ring of Optimum Mechanically Treated Ground CBA Based on SCC

The J-ring test, in parallel to the L-box test, can be applied in conjunction with
the test of slump flow to ascertain that concrete mixture can pass-through bars, as per
EFNARC (EFNARC, 2005). According to another standard as mentioned in the ASTM
C1621(ASTM C1621, 2014), J-ring can be defined as a method of testing concrete’s
mixture capacity of passing through under its weight, thereby filling spaces, and getting
a blocking evaluation. The error bars represent one standard deviation from the mean (3

replicates). The J-ring test to measure passage capacity of SCC mixture through bars.
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Fresh ground CBA in SCC mixture was poured into the slump flow cone, elevated to the
top, and the spread of the ground CBA in SCC was then gauged in two perpendicular
directions. The ability of concrete to pass through a J-shaped circular reinforcement with
reinforcing bars 48 mm apart in diameter was tested by filling a cone with SCC, lifting it

upward, and allowing the ground CBA in SCC to flow through.

Figure 5.4 shows the findings of the J-ring flow test , which is the range of the
EFNARC standard (EFNARC, 2005). The J-ring flow ranges from 650 mm to 570 mm
for control samples and those made of CBA replacement ratios from 10% to 50%
respectively. The results of the J-ring flow test showed that the flow rate decreased with
an increasing percentage of ground CBA used as cement replacement in the SCC mixture
as shown in Figure 5.4. It is clear that as replacement level of ground CBA was increased
water content need to be increased in order to maintain SCC at the required level of
workability, this attribute to ground CBA ability to absorb water due to the high surface
area compared to cement for control samples. Generally, demand for water increased as
the amount of CBA increased. This was mostly because of the larger surface area and
higher amount of unburned carbon present in the CBA. The use of CBA significantly
increased the demand for water. The increase in water usage was attributable to the
decreased flocculation caused by the interaction between the CBA particles and the

cement particles in compared to control mix.

According to study by Siddique & Kunal, (2015) it was reported that the J-Ring
diameter and difference in concrete height inside and outside J-Ring were in the range of
527-627 mm, and the difference in height was less than 40 mm. The reduction in the J-
Ring due to the presence of pores of CBA which lead to require more water content for
SCC mixture. In agreement with this another study by Meena et al. (2023) was reported
that adding CBA in the SCC mixture has significantly shortened the flow and irregularity
in shape and porosity in texture CBA particles offer higher inter particle friction, resulting

in decreased workability characteristics of SCC mixture.
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Figure 5.4 J-Ring of SCC mix containing different replacement levels of ground
CBA

5.3  Mechanical Properties of Optimum Mechanically Treated Ground CBA
Based on SCC

This section presents the sub sections for the mechanical properties of SCC.
Mechanical properties of concrete are evaluated based on the compressive strength,
flexural strength, tensile strength, and ultrasonic pulse velocity (UPV) of SCC specimen.
The influence of ground CBA as replacement for cement on mechanical properties is

discussed.

5.3.1 Compressive Strength of Optimum Mechanically Treated Ground CBA
Based on SCC

Figure 5.5 demonstrates the compressive strength of SCC with CBA as an
alternative for cement with various replacement ratios (10%, 20%, 30%, 40%, and 50%)
at (7, 14, 28, 56, 90, and 180) days of curing as shown in Figure 5.5. The error bars
represent one standard deviation from the mean (3 replicates). The compressive strength
of ground CBA with various replacement ratios based on SCC mixture was lower than
control at the early age of curing at 7 days, yet certain mixtures due to late pozzolanic
reaction effect and gained enhance in the compressive strength at 28 days. For instance,
it can be seen from these illustrations that the compressive strength at age 7 days shows
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that SCC mixture with 0% ground CBA (control) exhibited the highest strength;
Nevertheless, the strength became reduced as larger amounts of ground CBA in higher
percentage were integrated into the mixture. However, at other curing ages for ground
CBA for SCC specimens with larger amounts of ground CBA in higher percentage (CBA
20%) exhibited higher compressive strengths compared to that of the SCC of 0% ground
CBA (control). The range of measured values for compressive strength ranged from 39
MPa to 21 MPa for control specimens to 50% CBA after 28 days of curing. The results
show that the differences in the compressive strength values of different substitution
ratios depend to some extent on the amount of CBA contained in the SCC mixture. The
control specimens of SCC exhibited a range of values ranging from 36.329 MPa to 39.599
MPa at the corresponding curing ages of 7 and 28 days. In addition, it was shown that the
optimum amount of CBA as a cement replacement is CBA20% compared to conventional
specimens, which had values ranging from 36.893 MPa to 40.2133 MPa after 7 and 28
days of curing, correspondingly. This could be because of ground CBA has a late
pozzolanic reaction, which is important to make the material denser and thus improve the
compressive strength. According to Argiz et al. (2017) reported that the pozzolanic
properties of fine particles CBA cause a late pozzolanic reaction that affects the strength
properties. According to previous study Oruji et al. (2017) it is shown that concrete
mixtures containing 20% finer CBA achieve adequate strength. The results of the current
study are consistent with the results of previous research studies (Singh & Siddique,
2014; Soofinajafi et al., 2016).

However, the inclusion of ground CBA in the SCC mixture as cement
replacement enhanced the strength up to 20% at late curing ages (56, 90 days). Moreover,
there was strength reduction when curing continued up to 90 days, when increase the
replacement ratios (CBA30%, CBA40%, CBA50%) compered to control samples.
Nevertheless, it becomes comparable with the control after 180 days of curing. The
reduction in the strength properties of 30.083%, 35.291%, and 46.738% was observed in
CBA 30%, CBA 40%, and CBA 50% of SCC mixture, respectively at 7 days of curing.
Nevertheless, after 28 days, up to CBA20% specimens had accelerated their pozzolanic
reaction and gained 1.55% higher strength than control specimens in the SCC mixture.
At above 56, 90, and 180 days of ages, SCC mixture specimens with 20% ground CBA
as cement replacement recorded the highest strength value as compared to that of the

other mixes. The strength yielded a rise of 8.76% compared to that of the control SCC at
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90 days of curing age. The used of ground CBA which size is fine and increase the
fineness compared to cement which contribute towards strength increment of SCC
mixture. According to studies by (Brake et al., 2018; Cheriaf et al., 1999; Mangi et al.,
2019) enhancements in compressive strength of SCC at 90 days incorporating ground
CBA as an alternative. This is due to the pozzolanic reaction which started after 28 days
of curing indicated that a higher production of hydration at later ages enhanced the
compressive strength. Furthermore, the inclusion of finer grinding CBA, demonstrated
an increase in compressive strength due to natural pore refinement action, as finer
particles filled the pores in the mixture that led to increased hydration of paste generated
during the pozzolanic processes. All SCC mixes with ground CBA as partial cement
replacement in the present study were found to have met the target strength and above
(35 MPa) at above 28, 56, 90 and 180 days of curing.

On overall, the investigation of the influence of the CBA alternative as cement in
SCC on its strength characteristics revealed that the incorporation of CBA as a
replacement material at levels of up to 20 % yielded a significant improvement relative
to traditional SCC mixture. Previous research Singh, Mithulraj, et al., (2019) has shown
that the incorporation of a modest amount of CBA in SCC has resulted in notable
improvements in mechanical parameters, including compressive strength. These
enhancements have been seen to reach up to 20% at several ages of curing, as illustrated
in the results of the study. The increase in strength may be described to the pore
refinement effect resulting from the pozzolanic activity of CBA. The use of CBA as a
replacement material leads to an enhanced level of porosity. However, it is worth noting
that the presence of silica in ground CBA particles plays a crucial role in facilitating the
synthesis of calcium-silicate-hydrate (C-S-H), a gel-like substance that significantly
contributes to the development of strength in materials. The observed increase in strength
may be attributed to the higher concentration of calcium silicate hydrate (C-S-H) in the
SCC samples mixed with ground CBA. This increase in C-S-H is a consequence of the
reaction between the calcium hydroxide produced during cement hydration and the

reactive silica present in the ground CBA.
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Figure 5.5 Compressive strength results of SCC containing ground CBA-7000 with
various replacement ratios at different curing ages

5.3.2 Flexural Strength of Optimum Mechanically Treated Ground CBA Based
on SCC

Flexural strength is also known as bend strength or modulus of rupture or fracture
strength. It is an important measure in order to investigate the concrete beams to resist
failure in bending. This can be identified by maximum bending stress applied for the
materials before it yields. Flexural strength is evaluated with beam (prismatic) samples
undergoing a bending moment by applying a load through upper and lower rollers.
Generally, flexural strength shows the force and stress that are examined in the samples
of unreinforced concrete to bear the bending failure, as mentioned in ASTM C78, (2010).
Figure 5.6 illustrates the flexural strength of ground CBA in SCC mixture at 7, 14, 28,
56, 90, and 180 days of age. The error bars represent one standard deviation from the
mean (3 replicates).

Overall, the SCC mixes exhibited continuous strength increment with increasing
curing age. These results indicated that ground CBA as partial cement replacement had
an influence on the flexural strength of the SCC mixture. The results indicated that the
flexural strength is growing at curing period of 7,14, 28, 60, 90, and 180 days of age. At
7 days of curing, for the flexural strength for SCC mixture of CBA10%, CBA20%,
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CBA30%, CBA40%, and CBA50% gained flexural strength 4.381MPa, 3.896 MPa,
3.894 MPa, 3.432 MPa, 2.869 MPa respectively. At 28-day flexural strength of control
mix CBAO was observed as 5.399 MPa, whereas mixes CBA10%, CBA20%, CBA30%,
CBA40%, and CBA50% achieved 5.146MPa, 4.553MPa 4.047MPa, 3.959MPa. and
3.431MPa, respectively. The decrease in CBA substitution ratios resulting from the
effective pozzolanic reaction forming (C-S-H) in the mixture was not complete before 28
days of curing, delaying the process of hydration. The experimental results of this study
show comparability with the results of previous studies (Kurama & Kaya, 2008; Mangi,
et al., 2019). It was observed that the flexural strength for all series of ground CBA in
SCC mixture were in the range of 5.399 to 3.431 MPa at 28 days of curing age from 0%
control without CBA to 50% ground CBA. Furthermore, the finding shows that decreased
as replacement ratio of ground CBA increased for flexural strength in SCC mixture at 28
days of curing. The reduction in the flexural strength due to the delay in hydration process
and slow pozzolanic activity of CBA at 28 curing period. The same result had been
acquired by other researchers (Aydin, 2016; Kurama & Kaya, 2008; Sachdeva & Sharma,
2018) in which concrete mixture containing CBA showed the reduction flexural strength
compared than control specimen, and the reduction in the early ages up to 28 day due to
the finer particle sizes of CBA in the concrete need more water to enhance the strength
development of the specimen. The second reason is the inside structure of CBA with
pores, as well as delay in the hydration, along with a slower pozzolanic activity at the

early ages of 7 days and 28 days.

However, at ages 56, 90 and 180 days of curing age, it was the SCC mixes with
CBA 10, CBA20 of ground CBA that recorded the highest flexural strength value. At 56
days the flexural strength result was observed of control mix CBAO was observed as
5.609 MPa, whereas mixes CBA10%, CBA20%, CBA30%, CBA40%, and CBA50%
achieved 5.963MPa, 5.892MPa 4.751MPa, 4.431MPa, and 4.324MPa, respectively.
These findings also indicate that the flexural strength of ground CBA20% rose around
4% SCC samples compared to control samples SCC at 90 days. Research done by
(Targan et al., 2003) late curing time, such as 60 and 90 days, leads to an increase in
flexural strength of concrete containing CBA in the mixture. This is due to the (C-S-H)
gel distribution, which was the result of cement and CBA pozzolanic reactivity in the

hydration process.
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Figure 5.6 Flexural strength results of SCC containing ground CBA-7000 with
various replacement ratios at different curing ages

5.3.3 Splitting Tensile Strength of Optimum Mechanically Treated Ground CBA
Based on SCC

It is defined as an indirect technique of assessing concrete splitting tensile strength
using a cylinder sample across a vertical diameter. Moreover, the tensile strength for
concrete samples is the tensile stresses developed due to applying a compressive load, at
which the concrete samples might crack, as mentioned by ASTM C469, (2011). Splitting
tensile strength mainly draws upon the binder efficiency. Various mechanical
characteristics of concrete can be assessed using one of the fundamental and significant
characteristics. The splitting tensile strength of the concrete structures significantly
affects the cracking development and size. Concrete is weak under tension and, therefore,
it is essential to conduct a preliminary assessment of the concrete’s splitting tensile

strength (Khayat & De Schutter, 2014).

Figure 5.7 illustrates the tensile strength of ground CBA in SCC mixture at 7, 14,
28, 56, 90, and 180 days of age. The error bars represent one standard deviation from the
mean (3 replicates). Overall, the SCC mixes exhibited continuous strength increment with
increasing curing age. These results indicate that ground CBA had an influence on the
splitting tensile strength of the SCC mixture. At 7 days of curing, for the splitting tensile
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strength for SCC mixture of CBA10%, CBA20%, CBA30%, CBA40%, and CBA50%
gained splitting tensile strength 3.219 MPa, 3.095MPa, 2.675MPa, 2.491MPa, 1.791MPa
respectively, compared to control SCC was 3.621MPa. It can be seen from these
illustrations that the splitting tensile strength at age 7 days and 14 days (early ages) shows
that SCC mixes with 0% ground CBA exhibited the highest strength. Nevertheless, the
strength became reduced as larger amounts of ground CBA replacement ratios in the SCC
mixture. The reduction in the splitting tensile strength due to the increase in the volume
of pores which is lead to CBA particles absorb large amounts of water in the concrete
gained by replacing CBA in the mixes (Hasim et al., 2022; Yang et al., 2020). The second
reason to reduction of splitting tensile strength at early ages due to the addition of ground

CBA, and the pozzolanic reaction was not yet initiated at this time of curing ages.

However, at ages 28, 56 ,90 and 180 days showed the enhance in the splitting
tensile strength at CBA 10% and CBA 20% on the SCC mixture. At 28 days the splitting
tensile strength result of control mix CBA0% was observed as 5.135MPa, whereas mixes
CBA10%, CBA20%, CBA30%, CBA40%, and CBA50% achieved 5.504MPa,
5.699MPa 4.047MPa, 3.794MPa. and 3.292MPa, respectively. At 56 days the splitting
tensile strength result was observed of control mix CBAQ0% was observed as 6.342 MPa,
whereas mixes CBA10%, CBA20%, CBA30%, CBA40%, and CBA50% achieved
6.837MPa, 6.976MPa 4.941MPa, 4.1663MPa. and 3.5197MPa, respectively. At 90 days
the splitting tensile strength result of control mix CBAQ was observed as 7.205 MPa,
whereas mixes CBA10%, CBA20%, CBA30%, CBA40%, and CBA50% achieved
7.560MPa, 7.678MPa 5.247MPa, 4.455MPa. and 3.866MPa, respectively. At 180 days
the splitting tensile strength result of control mix CBAO was observed as 7.469 MPa,
whereas mixes CBA10%, CBA20%, CBA30%, CBA40%, and CBA50% achieved
7.634MPa, 7.718MPa 6.041MPa, 5.189MPa, and 4.099MPa, respectively. From the
aforementioned that late curing ages showed the improvement in the splitting tensile
strength of ground CBA up to 20 % replacement in the SCC mixture. From the results
was observed that ground CBA which has pozzolanic properties contribute towards
pozzolanic reaction thus produces higher strength. Through pozzolanic reaction in the
concrete structure, secondary C-S-H gels were produced and improving the aggregate-
cement interface thus the concrete becomes stronger. However, utilization of ground
CBA in SCC mixture of more than 20% would decrease the concrete strength

significantly. Due to larger amount of ground CBA inclusion, it leads to less cement that
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resulted in aggregate could not bind perfectly with cement paste. The poorest splitting
tensile result was attributed by the inclusion of CBA50% ground CBA, which is the
largest amount of cement replacement in SCC mixes. It was observed that the cracks
mainly exist at cement paste and aggregate interfaces as illustrated in Figure 5.8 which
indicates that the aggregate has loose connection with cement paste. However, the result

is still in the range for structural SCC application.
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Figure 5.7 Splitting tensile strength results of SCC containing ground CBA-7000
with various replacement ratios at different curing ages
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Figure 5.8 Failure occurs through coarse aggregate of SCC mixes containing ground
CBA with various replacement ratios

5.3.4 Ultrasonic Pulse Velocity of Optimum Mechanically Treated Ground CBA
Based on SCC

Figure 5.9 illustrates the UPV of ground CBA in SCC mixture at 7, 14, 28, 56,
90, and 180 days of age. The error bars represent one standard deviation from the mean
(3 replicates). Overall, the SCC mixes exhibited continuous UPV increment with
increasing curing age. These results indicate that ground CBA had an influence on the
UPV of the SCC mixture. Generally, the inclusion of ground CBA produced lower UPV
values compared to normal SCC mixture. The results show that UPV of ground CBA for
control sample is 4133m/s whereas mixes CBA10%, CBA20%, CBA30%, CBA40%, and
CBA50% achieved 4020m/s, 3890m/s, 3725m/s, 3640m/s, and 3155m/s respectively at
7 days of curing. The reduction in the UPV for SCC containing ground CBA due to the
increase of voids in SCC mixture samples when increased the replacement ratio of ground
CBA as partial cement replacement compared to control samples. The results show that
mixture with ground CBA 50% as cement replacement achieved the lowest UPV value
of 3155 m/s at 7 days, which falls in the range between 3000 — 3500 m/s, that is classified
as good quality. The low concrete quality could be owing to porous properties of ground
CBA. The lack of interlocking between aggregates generates voids and that results in a

lower UPV travel rate. Nevertheless, the remaining SCC mixtures at 14 and 28 days of
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curing fall between good and very good quality because it falls in the range of 3000 m/s
— 3500 m/s and 3500 m/s — 4500 m/s. Baite et al., (2016) stated that the existence of
industrial waste such as CBA as cement replacement materials showed decrease the UPV
values with increased the replacement ratio of CBA in the concrete mixture.

However, at long curing period of 56, 90 and 180 days, it showed the results of
UPV for SCC containing ground CBA as partial cement replacement found to be lower
than that of control SCC mixes. The UPV through the SCC mixtures CBA10%,
CBA20%, CBA 30%, CBA40% and CBA50% were lower by 1.42%, 4.59%, 9.40%,
11.83%, and 12.87% respectively in comparison to the control mix CBAO at 180 days of
curing. Overall, the reduction in the late curing ages clearly proved that they are highly
influenced by the presence of cracks (joints) or cavities and the porous CBA which effect
in the UPV test for SCC mixture. The second reason since UPV values depend directly
on the interfacial transition zone (ITZ) characteristics of the mixture, hence presence of
weak ITZ and higher porosity leads to decrease in these values. This result matches with
the previous (Saxena et al., 2023; Singh, Arya, et al., 2019; Yang et al., 2020). Those
studies conducted who concluded that the UPV decreased with increasing CBA content
in the concrete mixture. Siddique, (2013) reported that the UPV value decreases gradually

when the replacement level of CBA increased in the SCC mix.

5000
4500
4000
3500 m CBAO
23000 CBAL0
< 2500 = CBA20
5 2000 = CBA30
1500 = CBA 40
1000 m CBA 50
500
O | BETSEEE STSEEE STNEEE STNNEEE SUSEEE STSEEN |
7day 14day 28days 56 day 90day 180 day
Curing Days

Figure 5.9 UPV results of SCC containing ground CBA-7000 with various
replacement ratios at different curing ages curing ages
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54  Co-Relationships Between Mechanical Properties of Self-Compacting
Concrete

In this study, to examine the relationship between the different mechanical
properties of concrete containing of ground CBA, a regression analysis was performed.
In the regression analysis, the coefficient of determination (R?), normally ranging from 0
to 1, represents the goodness of a model fit. An R? value close to 1 indicates that the
regression accurately fits the data and vice versa. Regression analysis was performed
based on the mechanical properties and different curing ages at early curing age 7 days

and late curing age at 180 days for SCC samples.

The relationship between the compressive strength and flexural strength of
ground CBA in SCC mixture samples under two different curing (7, and 180 days) ages
is demonstrated in Figures 5.10 and 5.11. Moreover, the relationship between the
compressive strength and flexural strength of ground CBA in SCC mixture samples,
which are based on the test results in this study, is derived by the following equation:

y =0.0773x + 1.626, R? = 0.7138 for 7 days 5.1
y = 0.0696x + 3.4267, R? = 0.9236 for 180 days 5.2

Where, y = flexural strength MPa, and x = Compressive strength in MPa

A regression value, R? greater than 0.85, indicates a strong relationship between
the parameters for the properties. It can be seen from the results showed the R?=0.7138
at 7 days, which is developed at 180 days to R?>= 0.9236. Furthermore, the coefficient of
determination R? points showed a positive relationship between the regression curve and
the data outcomes between compressive strength and flexural strength. Furthermore, the
result indicated that as the curing age increased, the compressive strength also increased.
Moreover, longer curing time would allow better hydration process, which then would
aid in SCC mixture densification and load bearing capability. However, it became clear
that as the ground CBA content in SCC mixture increased, the compressive strength
decreased in the high replacement ration as shown in the Figures 5.10 and 5.11. It has
been evident in the literature as had been noted by Yang et al., (2020) who reported the
relationship between flexural strength and compressive strength and showed the

influence at early and long curing ages. The finding indicated that flexural strength of the
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CBA concrete increased as the compressive strength increased, which is in agreement

with this experimental data.
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Figure 5.10  Co-relation compressive strength vs flexural strength of SCC containing
ground CBA at 7 days
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Figure 5.11  Co-relation compressive strength vs flexural strength of SCC containing
ground CBA at 180 day

Figures 5.12 and 5.13 demonstrates the relationship between splitting tensile
strength and compressive strength of ground CBA in SCC mixtures. The equations
showing the relationships between compressive strength and splitting tensile strength
together with the coefficients of determination R? derived from the test results of the

present study is given in the equations 5.3 and 5.4. It can be noticed from the relationship
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that R? increased for the long curing ages. The result indicates that improvement for the
strength from early to long curing ages. The equation showing the relationships between

compressive strength (X) and splitting tensile strength ().

y = 0.2049x - 3.263, R2 = = 0.9461 for 180 days 5.4
5
4
o W R
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A Compressive strength vs Tensile strength

--------- Linear (Compressive strength vs Tensile strength )

Figure 5.12  Co-relation Compressive strength vs Tensile strength of SCC containing
ground CBA at 7 days
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Figure 5.13  Co-relation Compressive strength vs Tensile strength of SCC containing
ground CBA at 180 days
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Figures 5.14 and 5.15 shows the relationship between UPV and compressive
strength of ground CBA in SCC mixture obtained from the present study at 7 days and
180 days. The equation shows the relationships between compressive strength (X) and
the UPV (), together with the coefficients of determination (R?) derived is given in
equations 5.5 and 5.6. The empirical parameters of the equation obtained from the present
study are almost similar to that reported by (Nash’t et al., 2005; M. Singh & Siddique,
2015; Turgut, 2004).

y = 0.125x, R2 = 0.9761 for 7 days 5.5
y =0.0278x + 2.7526 Rz = 0.6982 for 180 days 5.6
8
6
................... i
! A A [T 7' A
A v\
,
y = 0.125x
R2=0.9761
0
15 20 25 30 35 40
A Compressive strength vs UPV
--------- Liinear (Compressive-strength vs UPV)

Figure 5.14  Co-relation Compressive strength vs UPV of SCC containing ground
CBA at 7 days
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Figure 5.15  Co-relation Compressive strength vs UPV of SCC containing ground
CBA at 180 days

Figures 5.16 and 5.17 showed the relationship between the flexural strength and
the UPV of SCC mixture containing ground CBA at 7 days and 180 days. In this study
was observed that The CBA SCC mixture for flexural strength was closely related to the
ultrasonic pulse velocity. Furthermore, the range of data for UPV between 4.13 to 3.15
Km/s from 0% to 50% of ground CBA, while the range of data for flexural strength 4.759
to 2.869 MPa at 7 days respectively. The equation showing the relationships between
flexural strength and (X) and the UPV (YY), together with the coefficients of determination
(R?) derived is given ¢ 5.7 and 5.8. The empirical parameters of the equation obtained
from the present study are almost similar to that reported by Park et al. (2021) who
observed the influence of relationship between flexural and UPV containing CBA in

concrete mixture.
y = 0.9598x, R2 = 0.9938 for 7 days 5.7

y =0.388x + 1.4611, R? = 0.7123 for 180 days 5.8
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Figure 5.16  Co-relation Flexural strength vs UPV of SCC containing ground CBA at
7 days
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Figure 5.17  Co-relation Flexural strength vs UPV of SCC containing ground CBA at
180 days

The relationship between the flexural strength and splitting tensile strength of

SCC mixture containing ground CBA under two different curing ages at 7 days and 180

days as shown in Figures 5.18 and 5.19. T

flexural strength and splitting tensile

he equation showing the relationship between

strength together with the coefficients of

determination R? derived from test results of the present research is given in equations

5.9 and 5.10. The equation showing the relationships between splitting tensile strength
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(X) and flexural strength (Y). The coefficient of R? values for the co-relationships was

found comparable with those obtained by the previous researcher (Mangi et al., 2019).

y =0.932x - 0.7933, R? = 0.9453 for 7 days 5.9
y =-1.0437x? + 16.684x - 58.331, R2 = 0.9636 for 180 days 5.10
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Figure 5.18  Co-relation Flexural strength vs Tensile strength of SCC containing
ground CBA at 7 days
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Figure 5.19  Co-relation Flexural strength vs Tensile strength of SCC containing
ground CBA at 180 days
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Figures 5.20 and 5.21 shows the relationship between the UPV and splitting
tensile strength of SCC mixture containing ground CBA obtained in the study at 7 days
and 180 days. As the UPV increased, both the compressive strength and the splitting
tensile strength of SCC mixture containing ground CBA increased with increased the
curing ages up to 180 days. The equation showing the relationship between UPV and
splitting tensile strength together with the coefficients of determination R? derived from
test results of the present research is in equations 5.11 and 5.12. The equation showing
the relationships between UPV (X) and splitting tensile strength (). The result indicates
the reduction in UPV leading to a decrease in UPV values. This finding is consistent with
the findings by (Yang et al., 2020).

y =0.5356x + 2.2531, Rz = 0.9776 for 7 days 5.11
y = 0.1459x + 3.1316, Rz = 0.8517 for 180 days 5.12
55
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Figure 5.20  Co-relation UPV vs Tensile strength of of SCC containing ground CBA
at 7 days
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Figure 5.21  Co-relation UPV vs Tensile strength of SCC containing ground CBA at
180 days

55  Thermogravimetry Analysis (TGA) on Cement Pastes Samples and optimum
mechanically treated Ground CBA

Thermogravimetric analysis (TGA) was performed on cement paste for control
and cement paste containing ground CBA (CBA10%, CBA20%, and CBA50%) to
determine the rate of pozzolanic reactivity of the materials compared to those of control
samples. Figures 5.22, 5.23 and 5.24 shows the TGA results of control and those
contained ground CBA at 7, 28, and 56 days of curing. Based on the observation, at 7
days of curing it can be observed that all mixtures showed significant weight loss up to
800°C. Based on the Figure 5.22, all the pastes showed that three transitions of mass loss
in the TGA as the following: the first occurred between 0 to 200°C, the second point
between 400°C to 600°C, and the third point between 600°C to 800°C. The first point (0
to 200°C) of mass loss curves indicating the removal of moisture on the outer surface of
the particle and dehydration C- S-H gels. Meanwhile, the second point (400°C to 600°C)
indicates the decomposition of hydrated compounds, mainly C-S-H gels and an amount
of CaOH that has been released from structural water and the third point (600°C to 800°C)
indicates the decomposition of organic compounds and calcite. This result shows the
same pattern with previous study conducted by Rocca et al. (2013). It is evident that
Ca(OH). takes part in chemical reaction with CBA based on mass loss difference between
early and later age of specimens. Overall, it was observed that the total loss weight was

around 35% for the highest loss weight. Furthermore, the highest loss weight was
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observed for CBA 20% at 7 days compared to control and other replacement ratios. A
major weight loss is observed from 400°C to750°C attributed to oxidation and burning

of the organic particles entrapped inside the ground CBA.
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Figure 5.22  Thermogravimetry analysis at 7 days for control cement paste and those
contained various replacement ratios of ground CBA

At 28 days of curing the mass loss curves for. control was higher than the those
contained ground CBA (CBA10%, CBA20%, CBA50%) as shown in Figure 5.23. The
highest loss weight was observed for control 30% compared to those made of other
replacement ratios. This is due to the evaporation of moisture on voids and the
dehydration of calcium silicate hydrates was lower compared to early days of curing. The
hydration products have filled the void in both control and ground CBA specimens with
a constant curing process. The dehydrolaxation of Ca(OH)2 at 28 days of curing explained
the pozzolanic reactivity of ground CBA. Further hydration process at later age showed
the higher consumption of Ca(OH). by ground CBA to produce secondary calcium
silicate hydrates and promoted denser and stronger matrix, thus higher strength for
ground CBA cement paste. Previous research conducted by Velazquez et al., (2016)
mentioned that the mass loss due to Ca(OH)> for assessing the pozzolanic activity of fluid
catalytic cracking catalyst residue blended cement pastes are different at according to
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curing ages. Most of researchers agreed that the higher mass loss difference was observed
at later curing age which confirms the participation of Ca(OH)2 in chemical reaction with

amorphous SiO> from ground CBA compared to control specimen.
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Figure 5.23  Thermogravimetric analysis at 28 days for control cement paste and those
contained various replacement ratios of ground CBA

However, based on the observation at 56 days of curing, it showed that the control
and CBA 10% was continues the same pattern for weight losses as shown in Figure 5.24.
Meanwhile, other replacement ratios for pastes showed that additional mass loss for
various points. The mass loss prior to 200°C was mostly attributed to the dehydration of
C-S-H, ferroluminate hydrate. Apart from that, this finding in the agreement of the
previous studies by Lu et al., (2018); Rostami et al., (2012). The mass loss of pastes
containing ground CBA20% and CBA 50% exhibited a lower content than other pastes
between 400°C to 600°C, which was attributed to the lower existence of C-H. Overall,
the main weight loss for CBA is due to the removal of moisture from the samples.
Moreover, the weight loss of CBA at a higher temperature after burning carbon is very
low. This showed that CBA was thermally stable and can be used in thermal applications.
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Figure 5.24  Thermogravimetry analysis at 56 days for control cement paste and those
contained various replacement ratios of ground CBA

56 FESEM of Hardened SCC Samples and those made of optimum
mechanically treated Ground CBA (ITZ)

Microstructure analysis on SCC specimens was carried out to investigate the
interface between aggregate and bulk paste called interfacial transition zone (ITZ). Larger
size of voids and pores makes ITZ was more porous than bulk paste, thus more crystalline
compounds such as calcium hydroxide were present. Analysis of the hydration products
was performed by using FESEM at 7, 28, and 56 days as shown in Figure 5.25 to
determine the main compounds identified in thermal analysis for SCC control and SCC
with CBA10% and CBA20%. At the beginning at 7 days of curing, Figure 5.25 a) for
control and CBA10%, and CBA20% shows various phases using (FESEM)
morphologies for SCC samples. For control samples at 7 days showed more homogenous
and dense which lead to agglomeration particles for main ingredients. This is due to
inhibiting the mechanism of cement hydration, contributing to weak zones within the
matrix. Moreover, for CBA10% and was observed pores and voids for particles, which is
due to ground CBA high porosity, and, thus, high absorption rate to these aggregate
materials. For SCC contain CBA20%, it showed the crystallization of new products such
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as calcium silicate hydrates in the cracks form of the ITZ is directly contributing to the

strength of the SCC, besides reducing the amount of calcium hydroxide in the ITZ.

Figure 5.25 b) observed more Ca(OH). crystals, which were large hexagonal
plates with massive C-S-H shapes. A large amount of Ca(OH). was produced from
cement hydration due to the high amount of CaO present in ordinary Portland cement.
These crystals are the source of strength for the cement paste. Various ratios (CBA10%,
CBA20%) of ground CBA were used as cement replacement at 28 days of curing (as
shown in Figure 5.25 b) and was observed that the C-S-H gel formulation that was
developed which lead to improve the pozzolanic properties of the samples. Moreover, the
interaction between calcium, sulphate, aluminate, and hydroxyl ions of cement hydration
formed needle-shaped prismatic crystal of calcium trisuloaluminate hydrate.
Nevertheless, the shape of the CBA20% prismatic crystals of calcium hydroxide and
fibrous crystals of calcium silicate hydrates began to fill the void occupied by water
previously and the dissolving cement particles. Also, ettringite may decompose into
hexagonal-plate known as monosulfoaluminate hydrate due to its unstable state
depending on the alumina/sulphate ratio in Portland cement with ground CBA.

Figure 5.25 c) at 56 days for control samples showed the formulation of C-S-H
gel consists of different shapes of fibrous and voids in the SCC samples. Also as shown
figure 5.25c) for ground CBA 10% showed the particles were contain C-S-H and contain
some of voids and porous in the samples. As shown in Figure c) for ground CBA 20%
showed the granular particles with dense structure, which led to participation in the
hydration process to generate C-S—H through reacting with ground CBA particles in the
SCC samples. Overall, the results of the FESEM showed that the substitute of ground
CBA in the SCC mixture had a greater number of C-S-H crystals than the control SCC
mixture samples. This was because the cement hydration caused a pozzolanic activity
between the silica and the Ca(OH)2 that came from the cement hydration. Another reason
is that SCC with a low water-cement ratio has little cracking. In addition, pozzolanic
substances help to achieve the best compatibility and the treatment affects the final

strength of the SCC samples.
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Figure 5.25 FESEM micrographs of SCC specimens at a) 7 days, b) 28 days, and
€)56 days for control and ground CBA 10%, 20%, 50 % of SCC samples at X5000
magnification

5.7  Durability Properties of optimum mechanically treated Ground CBA Based
on SCC

This section presents and discusses the results of the testing stated in terms of the
durability of SCC containing ground CBA as cement replacement. At the early part of
the sub sections start with water absorption test result is presented followed by findings
and discussions from this test. After that, the data obtained from acid resistance test and

sulphate resistance test are presented.
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5.7.1 Water Absorption of optimum mechanically treated Ground CBA Based on
SCC

The water absorption test is necessary, and it identifies the concrete durability. In
this study, influence of the replacement of ground CBA as partial cement replacement on
water absorption of the SCC mixtures were measured at the age of 7, 14, 28, 56, 90, and
180 days of curing as shown in Figure 5.26. The effect of CBA towards water absorption
of SSC mixture containing ground CBA under different curing ages. It can be seen from
the illustration that the use of ground CBA influenced the water absorption of SCC
samples. Control specimens with 0% CBA as partial cement replacement exhibited the
decrease percentage of water absorption amongst all curing ages mixes with increased
the curing ages up to 180 days. (Khan & Ganesh, 2016) stated that water absorption of
concrete containing CBA is influenced by curing ages which is showed decrease the
water absorption with increased the curing ages up to 90 days. Furthermore, the result
shows that with increase the replacement ratios of CBA lead to increase in the water
absorption rate. According to (A. Neville, 2012) stated that the concrete water absorption
of ratio not more than 10% is classified as high-quality concrete. In this study, the water
absorption of SCC with 0% CBA and with replacement ratio from 10% to 50% as partial
cement replacement in all curing ages less than 10% water absorption as in agreement
with (Neville, 2012) book guidelines for water absorption for concrete samples.
Interestingly, the water absorption for all specimens was: in the range of 9.9% higher
water absorption ratio to 50% ground CBA at 7 days and lower water absorption ratio
3.1% from 0% without CBA (control) respectively as shown in Figure 5.26 which is

within the range for high-quality concrete samples.

However, at 7 days of curing, the water absorption results showed that increased
with increased the replacement ratio in SCC mixture as shown in Figure 5.26. The range
of water absorption value was from 8.561% to 9.915% for control and CBA50%. Amat
et al. (2023); Singh & Siddique, (2015) stated that water absorption increased with
increasing replacement ratios of ground CBA, which is due to the greater number and
size of voids in ground CBA-SCC mixtures resulting to higher water absorption.
Furthermore, at 14 and 28 days of curing, showed continuous increase in the water
absorption of ground CBA samples in SCC mixture. Khan & Ganesh, (2016) stated that

the water absorption of concrete containing CBA was increased as replacement ratio
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increased at 28 days. This was explained due to porous structure of CBA and the voids
generated in the mixture after evaporation of free water in SCC samples (Baite et al.,
2016).

At 56 curing ages, the results for the water absorption of ground CBA showed
increased in the CBA with increase the replacement ratios compared to control samples,
and the other replacement ratios showed increased as the CBA replacement ratios
increased in the SCC mixture samples. The water absorption results showed the increased
in other replacement ratio compared to control samples CBA10%, CBA20%, CBA30%,
CBA40%, and 50 % with absorption rate, 5.714%, 5.8753%,6.134%,6.837%,6.99 with
control 5.138%, respectively compared to control samples in SCC mixture samples. The
increased in the water absorption due to the CBA fineness and the particles’ porosity,
which allowed the SCC samples to be more absorbed (Balasubramaniam &
Thirugnanam, 2015; Mangi et al., 2019).

On the other hand, for long term water absorption results at 90 days showed an
decreased in the absorption rate for ground CBA up to 20 % compared to conventional
samples in SCC mixture. It can be seen the results for water absorption for CBA10 % and
CBA20% of ground CBA with 3.277% and 3.335% respectively, compared to control
samples with 3.476% in SCC mixture samples. For the other replacement ratios, it was
found to be increased of the water absorption rate for ground CBA with various
replacement ratios compared to control samples for CBA30% and CBA40%, CBA50%
of ground CBA with 3.687%, 3.754%, 4.3385% compared to control with 3.476%.

At 180 days, the results for water absorption of ground CBA showed that
increased as the replacement ratios increased compared to control samples with increase
replacement ratios. The decrease of water absorption of ground CBA in the long curing
ages among all curing ages. The increased in replacement ratios due to indicates that the
continuity of porous in concrete increased with the progress in curing age and the increase
in CBA concrete mixtures was significant (Singh & Siddique, 2014a). Overall, it was
evident in the present study that the water absorption of ground CBA with various
replacement for cement increased as the replacement ratio increased due to high porous
particles which lead to absorb more water and influenced in the water absorption rate for
ground CBA. FESEM images in Figures 5.27 shows that SCC with 0% ground CBA
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consisted of larger sized of voids while SCC with 10%, 20, and 50% showed less voids
appeared to be more compact.
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Figure 5.26  Water absorption ratio results of ground CBA with various replacement
ratios at different curing ages

Figure 5.27  FESEM images of a) control, b) ground CBA 10%, c¢) ground CBA20%,
and d) ground CBA50% in SCC at 3000x magnification
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5.7.2 Acid Resistance of Optimum Mechanically Treated Ground CBA SCC

SCC is very vulnerable towards acid attack. However, pozzolanic material is well-
known mineral admixture that assist towards minimizing the acid intrusion into the
concrete mixture. In this experimental study, the effectiveness of ground CBA
replacement as partial cement replacement towards acid resistance of SCC are discussed.
The investigation on the resistance of ground CBA in the SCC specimens towards acid
attack was carried out through specimen weight loss measurement, strength loss of the
specimens and visual observation. The specimens have been continuously immersed in
sulfuric acid (H2SO4) solution curing at 7, 28, 56, 90 days.

5.7.2.1  Visual Observation

Visual observation is one of the experiments made in determining the rate of acid
attack on the durability of SCC containing ground CBA as partial cement replacement.
This visual observation is very important to indicate the levels of acid attack from time
to time as well as to carry out early prevention rather than being attacked by acid. After
the acid attack, a visual inspection was also conducted on the specimens ASTM
C1898-20, (2020). In the early stages of immersion, all SCC samples containing ground
CBA including control specimens showed small erosion indication which is increased

with increase the immerged time in the solution.

Figures 5.28, 5.29, 5.30, and 5.31 show images of the physical appearance of the
control SCC and SCC containing 10% and 50 ground CBA as cement replacement after
having been exposed to 5% of H,SO4 solution at 7, 28, 56 and 90 days. At 7 and 28 days
of immersion, small signs of detrimental effect were spotted for all specimens. Moreover,
it is seen that all the SCC mixture specimens containing ground CBA from 10%, and 50%
were structurally intact with only minor damages at the surface after the acid exposures
as shown in Figure 5.28, and 5.29. For all the specimens, the surface deterioration of
specimens increased with the increase of exposure duration. At 56 days was observed
whitish color precipitate was observed on the surface of the SCC specimens containing
ground CBA as partial cement as shown in Figure 5.30. At the end of the exposure, more
whitish precipitate was observed on the surface of the SCC specimens. A larger quantity
of whitish precipitate was detected on the surface of the control SCC compared to that of

the SCC containing ground CBA. The pozzolanic effect caused by the presence of CBA
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increases the denseness of the concrete internal structure which enhances its durability to
acid attack. The enhanced acid resistances of concrete with certain amount of CBA were

reported by previous studies (Mangi et al., 2021; Muthusamy et al., 2021).

However, at 56 days and 90 days white precipitation was observed increased more
on the surface of SCC specimens, with increased the curing ages up to 90 days for those
made of 10 % and 50 % of ground CBA. Moreover, SCC specimens showed severe
corrosion, characterized by significant expansion and large areas in which the ground
CBA and aggregates in the surface spalled, leading to a very porous surface structure as
shown in Figure 5.31. This explains the ingress of the acidic solution into the pores of the
immersed SCC specimens containing ground CBA, the removal of calcium salts presents
in the samples, and on reaction with carbon-dioxide the deposition of the resulting
efflorescence on the outer surface of the SCC specimens. Furthermore, one is the holding
salts and the second is the formation of C-S-H gel. The visual inspection of SCC samples
caused by less formation of C-S-H gel (Siddique et al., 2012b). Nevertheless, the
formation of C-S-H gel is retarded due to salt of acidic environment (Babajide Olabimtan
& Mosaberpanah, 2023).

CBA0% CBA 10% CBA50%

Figure 5.28  SCC specimens containing CBA after being immersed in (H2SO.)
solution for 7 days
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CBA0% CBA10 CBA50%

Figure 5.29  SCC specimens containing CBA after being immersed in (H2SO4)
solution for 28 days.

CBAQ0% CBA10% CBAS50%

Figure 5.30  SCC specimens containing CBA after being immersed in (H2SOa)
solution for 56 days.
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CBA 0% CBA10% CBAS50%

Figure 5.31  SCC specimens containing CBA after being immersed in (H2SO4)
solution for 90 days

5.7.2.2 Mass Loss

The acid resistance testing was carried out by measuring the specimen’s weight
loss in H2SO4 solution for the total immersion period of 7, 28, 56, and 90 days. The
percentageof mass loss for SCC mixture comprises of 0%, 10%, 20%, 30%,40% and 50%
of ground CBA as partial cement replacement specimens as shown in the Figure 5.32.
From the Figure 5.32, it appears that the mass loss ratio for all specimens increased
gradually by increasing H.SO4 immersion period. Evidently, the mass loss of the SCC
mixes indicates an upward trend as the duration of immersion in the acid solution H2SO4
became longer, which is findings agree with the results of this study by (Senhadji et al.,
2014). At the immersion period all specimens were observed to have exhibited higher
mass loss from early ages up to long ages 90 days. The mass loss occurred resulting from
the attack caused by the reaction of H2SO4 with calcium hydroxide, Ca(OH)., resulting
in leaching of the formed salt. In addition, it is also evident that the total mass losses for
all specimens were in the range of 3.5% to 5.9% after 90 days of immersion ages in the
H>SO4 solution. These results indicate that SCC containing CBA shows high durability
against acid attack, as most CBA in concrete incorporating pozzolan from previous
researches (Singh et al., 2016; Singh & Siddique, 2014b) shows a mass loss between
2.5% to 13.01% within 7 and 90 days of exposure in H2SO4 solution.

However, at 28 days of immersion period, the weight loss of SCC containing
CBA10%, CBA20%, CBA30%, CBA40%, and CBA50% was 4.374%, 4.318%, 4.067%,
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3.924%, and 3.753% respectively as compared to 4.256% weight loss of the control SCC
samples. Percentages of weight loss for ground CBA in SCC specimens decreased with
increase in CBA content higher than CBA20% replacement of ground CBA in SCC
specimens. On the other hand, the weight loss of SCC containing CBA up to 20 % showed

less mass loss compared to control SCC specimens.

Moreover, at long immersion period 56 days of H2SOa4, weight loss of SCC
containing showed the mass loss for 10%, CBA 20%, CBA30%, CBA40%, and CBA50%
were 5.428%, 5.326%, 5.171%, 4.888%, and 4.819% respectively as compared t0 5.124%
weight loss of the control SCC samples. At 90 days of immersion period in H2SO4,the
weight loss of CBA-SCC showed the mass loss for 10%, CBA 20%, CBA 30%,
CBA40%, and CBA50% was 5.944%, 5.734%, 5.394%, 5.731%, and 5.607%,
respectively as compared to 5.394% weight loss of the control SCC specimens. However,
replacement of cement by optimum amount of pozzolanic materials such as ground CBA
would reduce significantly the amount of Ca(OH)> that is vulnerable towards acid attack.
In addition, Ca(OH)2 produced during hydration process would be consumed by silica in
ground CBA converting it into C-S- H gel. Nevertheless, this is essential as the resistance
of SCC matrix towards acid attack depends primarily on its pore structure characteristics.
The more porous structure as well as higher water absorption of ground CBA than natural
sand and gravel is the main reason for this issue for mass losses. Other researchers
(Karthik et al., 2021; Natarajan et al., 2023; Senhadji et al., 2014) are also working
towards influencing the SCC durability properties in terms of acid resistance by adding

pozzolans materials.
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Figure 5.32  Mass loss of SCC containing ground CBA as cement replacement
immersed in H2SO4 for various curing ages

5.7.2.3  Strength Loss

The strength loss of SCC containing ground CBA as partial cement specimens
immersed in 5% H>SO4 solution for a period of 7, 28, 56 and 90 days are shown in Figure
5.33. Approximately, 6.5 % to 37.15 % of the total strength deteriorates for all specimens,
respectively. These results are in line with the previous research (Singh & Siddique,
2014b) which is within 19.84% to 28% compared to control sample with reduction value
25.94%. after 7 days of immersion in the H2SO4 solution. However, in this experimental
study, it showed that at early curing age 7 days of immersion in H2SO4 the strength loss
/deterioration of ground CBA in SCC decreased with increase in replacement level of
cement. At 7 days the strength loss /deterioration of ground CBA in SCC containing CBA
10%, CBA20%, CBA30%, CBA40%, and CBA50% was 6.590%, 6.797%, 6.405%,6.847
and 6.288% respectively lower than that of control SCC. The reduction in the strength
ratio of ground CBA-SCC after immersion in H2SO4 is due to increased porosity of SCC.
However, existence of pores in SCC mixture samples allow the acidic solution H>SO4 to
seep in easily and fasten the deterioration process. Less dense hydrated cement paste
having larger amount of pores would cause the calcium to be dissolved. Similar trend is
observed in the works of (Samimi et al., 2018) in which the loss strength was indicated

by SCC samples containing optimum quantity of pozzolanic materials. These reactions
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influence the produce of secondary C-S-H gel, which increases the voids that are present
in the SCC Nagaratnam et al. (2019). The generation of low amount of C-S-H in SCC
with ground CBA led to decreased and delay in the hydration process. Pozzolanic
reaction makes this SCC mixture samples affected by acid solution (H2SOs4) also

decreased in the strength for SCC containing ground CBA.

At 28 days of immersion in H>SO4 the results showed that the strength loss
/deterioration of ground CBA in SCC containing CBA10%, CBA20%, CBA30%,
CBA40%, and CBA50% was 13.006%, 12.669%, 11.256%, 10.976% and 10.297%
respectively lower than that of control SCC. Evidently, the strength loss of the SCC mixes
indicates an upward trend as the duration of immersion in the acid solution (H2SO4)
became longer. Furthermore, at 56 days of immersion in H2SOs, the results showed that
the strength loss /deterioration of ground CBA in SCC containing CBA 10%, CBA20%,
CBA30%, CBA40%, and CBA50% was 20.828%, 22.062%, 21.382%, 21.778% and
23.870%. It can be seen that the loss strength of all replacement ratios of ground CBA
become increased compared to control SCC samples. At the end of the immersion period
(i.e., 90 days), all specimens were observed to have exhibited strength loss more than
control samples. Overall, the results showed that the loss strength increased with increase
the replacement ratio of ground CBA as the pores in SCC samples increases. The
absorption capacity and pores of SCC samples with ground CBA and without retains the
acidic solution and enhances the reaction between acids and the hydrated materials of
SCC. This was confirmed by the increasing loss ratios (%) in compressive strength.
(Shariati et al., 2023) had reported that the increase in acid immersion duration would
cause the internal voids and pores which lead to increase the loss strength ratio of the

concrete specimens to increase as well.
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Figure 5.33  Strength deterioration of SCC containing ground CBA as cement
replacement immersed in H2SO4 for various curing ages

5.7.3 Sulphate Resistance of optimum mechanically treated Ground CBA Based
on SCC

Permeability of concrete plays an important role in protecting against external
sulphate attack. Sulphate attack can take the form of expansion, loss in compressive
strength and loss in mass of concrete (Elahi et al., 2021). The sulphate solution (Na2SO4)
related expansion of concrete is associated with the formation of ettringites and gypsum
(Nanda & Rout, 2021; Ramezanianpour & Riahi Dehkordi, 2017). Since Na>SO; attack
is more severe on concrete, the concrete specimens were immersed in a 5% solution of
(Na2SOs4) (Wan Ibrahim et al., 2021a). Exposure to sulphate (Na2SOs) is well known to
affect the durability of concrete materials in marine environments. This section discusses
the analysis conducted on the sulphate attack resistance behaviour of SCC containing
different percentages of ground CBA as partial cement replacement with ratios 10% to
50%. Performance of this concrete towards sulphate attack in terms of visual observation
and mass loss of the specimens was determined. Other studies (Hamzah et al., 2020;
Hamzah et al., 2017) also focused on concrete expansion, mass change and strength
deterioration when investigating the damage process of concrete under sulphate attack.
The deterioration levels of all specimens were recorded for visual observation, mass loss

and strength loss at 7, 28, 56, 90 days of immersion to sulphate solution.
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5.7.3.1  Visual Observation

Visual observation is one of the experiments made in determining the rate of
sulphate attack on the durability of SCC containing ground CBA as partial cement
replacement. This visual observation is very important to indicate the levels of sulphate
attack from time to time as well as to carry out early prevention rather than being attacked
by sulphate attack. After the sulphate attack, a visual inspection was also conducted on
the specimens in accordance with ASTM C267-01 guidelines. In order to investigate the
physical effect of SCC mixture containing ground CBA as partial cement replacement
when subjected to sulphate solution (Na2SQOs), visual observation was carried out at 7,
28, 56, 90 days. In the early stage at 7 days of immersion, all SCC samples containing
ground CBA including control specimens showed no sign of detrimental effect was
spotted in the Na,SO4 solution as shown in Figure 5.34. After 28 days of immersion
period in the NaxSOs, it showed that small puros occurred and start change in color for
control and CBA 10 %, CBA 50% specimens. Furthermore, a small white salt was
observed on the surface of the SCC specimens as shown in Figures 5.35. The observation
in line with previous studies (Caneda-Martinez et al., 2021; Wan Ibrahim et al., 2021a)
also observed that the change in color and cracks appear in the edges of the samples when

subjected to sulphate solution at early ages.

At 56 days of immersion in the Na>SO4 solution, ground CBA-SCC showed that
the expanding concrete started to burst out leaving holes at the surface of the SCC
specimens. The SCC samples experience expansive deformation during sulphate attack
due to internal expansive stress. Sulphate ions enter concrete pores, react with the pore
solution, and produce ettringite. The production of ettringite explains the internal
expansive stress that reduces the durability of SCC samples as in Figure 5.36. Moreover,
at the end of immersion 90 days in the Na2SO4 solution, ground CBA-SCC showed that
more whitish precipitate was observed on the surface of the SCC specimens as shown in
Figure 5.37. A larger quantity of whitish precipitate was detected on the surface of the
SCC control samples compared to that of the SCC samples containing ground CBA 10%
and CBA 50%. According to (Cohen & Mather, 1991; Marchand et al., 2001) this
physical type of deterioration worsens as the concrete permeability increases. The same
observation has been recognized by other researchers, i.e., that sulphate attack results in

expansion as well as samples cracking in the samples.
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Figure 5.34  SCC specimens containing CBA after being immersed in Sodium
sulphate (Na2S0O4) solution for 7 days.

CBA0%

CBA10%

CBA50%

Figure 5.35  SCC specimens containing CBA after being immersed in Sodium
sulphate (Na2S0O4) solution for 28 days

CBAQ0%
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Figure 5.36  SCC specimens containing CBA after being immersed in Sodium
sulphate (Na2SQOs) solution for 56 days
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CBAQ0% CBA10% CBAS50%

Figure 5.37  SCC specimens containing CBA after being immersed in Sodium
sulphate (Na2S0O4) solution for 90 days

5.7.3.2 Mass Loss

The sulphate resistance testing was carried out by measuring the specimen’s
weight loss in Na2SOs solution for the total immersion period of 7, 28, 56, and 90 days.
The percentage of mass loss for SCC containing 0%, 10%, 20%, 30%,40% and 50% of
ground CBA as partial cement replacement specimens as shown in Figure 5.38. From the
Figure 5.38, it appears that the mass for all specimens increased gradually by increasing
(Na2SOs) immersion period. Evidently, the mass loss of the SCC mixes indicates an
upward trend as the duration of immersion in the sulphate solution (Na;SO4) became
longer. At 7 days of immersion in the sulphate solution NaSOg it was observed that when
used ground CBA as partial cement replacement the weight losses increased as the
replacement ratios increased from 10% to 50% compared to control samples. Similar
finding had been observed by Kasaniya et al. (2021) in their study in which the mass loss
of the concrete immersed in sulphate solution Na2SO4 had exhibited an increment in the
weight loss when increased the replacement ratios of ground CBA in concrete. This was
mainly because these materials did not undergo a chemical reaction with lime to produce
more calcium-silicate-hydrate (C-S-H) and other hydrates. These hydrates would have
helped improve the pore structure and enhance the ability to resist the entry of harmful
sulphate ions. The ground of the raw CBA to a finer particle size greatly enhanced its

pozzolanic reactivity and resistance to sulphate ions.
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At 28 days of immersion in the sulphate solution Na;SOs it was observed that the
weight losses continuously increased when increased the replacement ratios for ground
CBA from 10% to 50 % compared to control samples in SCC. In addition, it is also
evident that the total mass losses for all mixes were in the range of 1.06 to 1.8 for control
and CBA50% respectively. In agreement with our experimental study another research
by Aydin, (2016) reported that standard specification of weight loss for sulphate attack
between 6% and 16%. Who mentioned that the CBA as cement replacement with various
ratios high resistance to sulphate attack at 28 days. Furthermore, the increase in the weight
losses due to pore connectivity, and the sulfate solution is easily absorbed by the
composites, thereby deteriorating the paste structure containing a high amount of CBA.
On the other hand, the weight loss of SCC containing CBA 50 % showed higher mass
loss compared to control SCC samples and those contained other replacement ratios.

Moreover, at long immersion period 56 days of Na>SOs weight loss of SCC
containing CBA 10%, CBA20%, CBA30%, CBA40%, and CBA50% were 1.925%,
1.931%, 2.184%, 2.230%, and 2.471% respectively as compared to 1.713% weight loss
of the control SCC samples. As noted by Mangi et al. (2019) reported that the weight loss
for SCC containing ground CBA was increased with increase the replacement ratios and
the ages of immersion in Na2SO4 solution. The finding showed that the ranges of weight
losses was 2.0% to 2.5% under Na2SOg at 56 days. At 90 days of immersion period in
Na>S0s, the weight loss of SCC containing CBA were showed the mass loss for 10%,
CBA20%, CBA 30 %, CBA 40 %, and CBA 50 % was 1.925%, 1.931%, 2.184%,
2.230%, and 2.471% respectively as compared to 1.713% weight loss of the control SCC
samples. It is evidently the increased in the weight losses with increased the replacement
ratios and immersion in Na>SO4 solution period due to formation of more hydration
products and consequently higher quantities of sulphate ions and the reaction products,
ettringite and gypsum. This indicated that in the presence of ground CBA in other
replacement ratios less than CBA50 % could reduce the hydration process and reduces
the salts penetrability in SCC, therefore less weight gain in compared to conventional
SCC samples. Overall, the performance of SCC containing ground CBA was noticed that
to be adequate under 5% Na>SO4 and could significantly improve the durability of SCC
samples. Also, the ground CBA is highly effective for reducing sulphate-induced damage
or enhancing the sulphate resistance of SCC samples.

203



w

ro
ol

m Control

CBA 10

mCBA 20

m CBA 30

m CBA 40

J m CBA 50

7 days 28 days 56 days 90 days
Curing Days

N

[EEN

Mass Loss (%)
H
()]

o
I3

o

Figure 5.38  Mass loss of SCC containing ground CBA as cement replacement
immersed in Na,SOj4 for various curing ages

5.7.3.3  Strength Loss

The strength loss of SCC containing ground CBA as partial cement specimens
immersed in 5% Sodium sulfate (Na2SO4) solution for a period of 7, 28, 56 and 90 days
are shown in Figure 5.39. At 7 days of immersion in Na>SQa, the compressive strength
of control SCC and SCC with 10% and 20% of ground CBA as cement replacement
increased by about 1.09% to 1.48%, respectively. On the other hand, the compressive
strength of SCC was decreased by about 0.90 %, 0.75%, 0.65% for CBA30%, CBA 40%,
and CBA50% respectively. Other researchers Mangi et al. (2019) observed strength
deterioration of ground CBA as partial cement replacement between 4.72% to 8.04% of
immersion in sulphate solution. From the graph, it is also apparent that the incorporation
of optimum amount of ground CBA decreases the negative impact of sodium sulphate
solution on SCC. Furthermore, the increase in the compressive strength of the SCC
specimens exposed to sodium sulphate solution could be attributed to the formation of
ettringite, which leads to a more closed pore structure and slight increase in compressive
strength. At 28 days of immersion in the observed that continuously recorded
improvement in the for compressive strength of SCC containing CBA with up to 20%
CBA and the other replacement ratios showed decreased as CBA increased compared to
SCC control samples. Similar finding had been observed by Saribas & Cakir (2017) in

their study in which the strength loss of the concrete immersed in sulphate solution for 28
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days had exhibited an increment due to the presence of voids in the concrete samples
structures being filled up with the sulfate ion which lead to filled in the gaps of the

specimens.

On the other hand, at long term of curing in at 56 to 180 days of immersion in
Na>SOg, it was observed that all specimens continuously recorded a decreases in the
strength which lead to increase in the strength loss of SCC samples for control and SCC
contain ground CBA. A similar phenomenon was observed by Jiang & Niu, (2014) when
they revealed that the compressive strength of specimens subjected to aggressive sulphate
solution showed a reduction after long term at 90 days of immersion. The same concept
was also reported by Dayarathne et al., (2013) who stated that the presence of more voids
in the pore structure of cement matrix are able to accommodate the expansive ettringite
during the early stages of immersion. Consequently, the continuous formation of
ettringite, that has a relatively large volume, caused internal cracks due to continuous
expansion and resulted in a decrease in the compressive strength after long term of
immersion. However, the hydration products can be reduced by using ground CBA due
to the pozzolanic reaction, which prevents the diffusion of sulphate ions throughout the
cement matrix. Amine et al., (2017); Limbachiya et al., (2012) pointed out that the
inclusion of pozzolanic material in concrete would decrease the reactive aluminates
(CsA) content, hence reducing the formation of ettringite. According to Demir et al.,
(2018) they investigated on OPC replacement with FA, CBA, and blast-furnace slag as a
partial cement replacement under (Na:SOs) solution for the exposure period up-to
360 days and They declared that the compressive strength of blended cement exposed to
Na>SO4 for 360 days was around 2% greater than that of OPC mortar. According to
Tangchirapat et al., (2009) concluded that the concrete specimens incorporating 10% and
20% of pozzolanic materials had higher compressive strength than those without
pozzolanic materials, even after soaking in sulphate solution for period up to 180 days,
due to the pore refinement process that occurred as a result of pozzolanic reaction.
Overall, it was formerly concluded that the pozzolanic reaction consumed calcium
hydroxide, making the matrix denser while the product of sulphate attack, ettringite, hard
to develop. However, (CBA) has less amount of calcium oxide due to that it could reduce
the sulphate attack. Hence, it was experimentally found that concrete containing ground
CBA gives the adequate compressive strength and found to be unaffected under Na2SO4

solution.
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Figure 5.39  Strength deterioration of SCC containing ground CBA as cement
replacement immersed in NaSO4 for various curing ages

5.8  Elevated Temperature of Optimum Mechanically Treated Ground CBA
Based on SCC

The behaviour of concrete structures at elevated temperatures is non-trivial in
predicting the safety of structures in response to certain accidents or particular service
conditions. Elevated temperatures affect concrete structure and may result in surface
deterioration, spalling, loss of strength and loss of SCC mass. Thus, this section discusses
the performance of SCC containing different percentages of ground CBA from 10% to
50% when tested for elevated temperature (200°C, 400°C, 600°C, and 800°C). All the
specimens visually observed, tested for mass loss and compressive strength test at the age

of 28 days of curing.

5.8.1 Visual Observations

Visual observation is one of the indicators in determining the resistance of SCC
containing various percentages of ground CBA towards elevated temperature. Changes
on the SCC samples with and without ground CBA observation after exposed to elevated
temperature included discoloration, surface spalling, and crack formation presented in
figure. SCC specimens underwent color changes and damage after being exposed to
various elevated temperatures (200°C, 400°C, 600°C, and 800°C). These observation
techniques were commonly employed by other researchers (AzariJafari et al., 2019;
Mello et al., 2020; Mujedu et al., 2021; Saif et al., 2023) in investigating the effect of
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pozzolanic materials as cement replacement at high temperatures on SCC samples. This
is explained by considering that, the mineral admixtures can fill in cracks and pores of
the concrete internal structure, as well as react with Ca(OH). to form C-S-H gel. In this
study, the SCC samples for control and SCC with ground CBA were exposed at 200°C,
no physical changes or visible damage were observed. However, the characteristics and
visual appearance were maintained up to a temperature of 200°C. When the temperature
was increased to 400°C, the specimen’s color was change with black smoke color for the
control samples in edges and for CBA 10% and CBA 50% was in all surfaces of the
samples as shown in Figures 5.40, and 5.41. Furthermore, no visible crack on all
specimens were observed at 200°C and 400°C of SCC samples for control and SCC

containing ground CBA samples.

When the temperature increased to 600°C, the SCC control samples observed the
intensity of beige and smoke black color increased with more rough edges. Moreover,
SCC containing ground CBA 10%, and CBA50% showed that cracks started to appear
when the temperature reached 600°C as shown in Figure 5.42. At the temperature 800°C
develop more cracks on their surfaces than other specimens exposed to 200°C, 400°C
and 600°C as shown in Figure 5.43. This is due to the escape of chemically bounded
water in the C-S-H leading to the failure of SCC samples at temperatures over 600°C.
This explained due to the formation of the cracks attributed to the decomposition of
calcium hydroxide (Ca(OH)2) into lime (CaQ) and its consequent reaction with the
moisture from the surrounding air during cooling seems to cause cracks due to the volume
increase related with these reactions. Furthermore, this can be explained the degradation
of concrete samples when subjected to elevated temperatures is caused by the thermal
mismatch resulting from the expansion of siliceous aggregate and the contraction of the
concrete. The decomposition of hydrates occurs as a consequence of the decomposition
of Portlandite (CH) and C-S-H (calcium-silicate—hydrate). This leads to the coarsening
of the pore structure owing to the production of voids caused by the loss of bound water.
Additionally, cracking develops when lime is rehydrated.

207



CBA0% CBA10% CBA50%

Figure 5.40  Visual observation for surface texture of the SCC specimens exposed to
200°C.

CBA0% CBA10% CBA50%

Figure 5.41 Visual observation for surface texture of the SCC specimens exposed to 400°C.

208



CBAQ0% 1CBA0% CBA50%

Figure 5.42  Visual observation for surface texture of the SCC specimens exposed to
600°C

CBA0% CBA10% CBA50%

Figure 5.43  Visual observation for surface texture of the SCC specimens exposed to
800°C

5.8.2 Mass Loss

The analysis demonstrates the mass loss of SCC containing ground CBA as partial
cement replacement when exposed to different elevated temperatures (i.e., 200°C, 400°C,
600°C and 800°C) for one hour after reaching specific temperature as shown in Figure
5.44. The mass loss at 200°C, 400°C, 600°C, and 800°C showed increment with increase
the temperatures for all seen of SCC specimens. It is indicated that mass of the SCC
specimen significantly reduced with an increase in temperature compared to mass for

samples before exposure to elevated temperatures. The mass loss of the specimens was
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around 6.928 to 10.533% when subjected to 200°C, 400°C, 600°C and 800°C. According
to Nathe & Patil, (2022) it was observed that the influence of CBA there was significant
reduction in the weight of the specimen when subjected to elevated temperature from
100°C to 800°C. Furthermore, the ranges of mass losses between 1.540% to 2.850%

majorly due to moisture loss from the concrete samples.

However, on this study at 200°C showed that the highest mass losses was at
CBA10% with mass loss ratio 6.99% compared to control samples with mass loss ratio
6.92% in SCC. The other replacement ratios (20%, 30%,40% and 50% of ground CBA)
showed that influence in the weight loss was 5.81%, 6.90%, 6.52%, 6.21%, respectively
for SCC samples when subjected to 200°C. The weight loss in the SCC samples
containing ground CBA showed the weight losses close to each other due to the removal
of moisture content after heating at 200°C. When temperature rose up to 400°C, it was
observed that the mass loss was increased for SCC containing ground CBA and control
samples without CBA. The increase in weight loss is due to the release of both capillary
water and gel water from the samples when subjected to 400°C. According to Kanagaraj
etal., (2023) it was reported that the mass loss due the evaporation of free and chemically
bound water is responsible for weight loss up to 60 minutes when exposure to elevated
temperature. When the heating continued beyond 600 °C the mass loss showed only slight
increment for SCC with ground CBA and control samples. It was observed that the
highest percentage of mass loss of the SCC containing CBA and control samples occurred
at 800°C compared to other elevated temperatures. The levels of percentage of mass loss
of mortars containing 0% and CB10%, CBA20%, CBA30%, CBA40%, CBA50% at
800°C were 9.87%,10.09%, 9.64%, 10.37%, 10.41%, 10.53% respectively. Results
clearly indicated that the mass loss of SCC specimens containing CBA was higher

compared to that of the control SCC.
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Figure 5.44  Mass loss of SCC specimens containing ground CBA and control exposed
to elevated temperatures

5.8.3 Strength loss

The residual strength or strength losses values of the SCC specimens after
exposure to high temperatures (i.e., 200°C, 400°C, 600°C and 800°C) as presented in
Figure 5.45. The results also revealed that the strength of SCC decreased as the exposing
temperature increased from 200°C to 800°C. According to Ahn et al., (2016a), one of the
main effects of high temperatures on concrete structures is the reduction in compressive
strength of concrete containing coal ashes. Similar to the results of the current study
Yuksel et al., (2011) observed a strength deterioration was increased when temperature
is increased up to 500°C. The increase in the strength losses of concrete containing CBA
could be attributed to the dehydration of the (C—S—H) in hardened cement paste due to
high temperature. As a conclusion, it was observed that the reduction in strength is
substantial, if concrete samples is heated up to 800°C.

At temperature 200°C, the compressive strength of SCC for ground CBA
decreased compared to the compressive strength of SCC for control ground CBA with
various replacement before exposure to elevated temperature. The levels of percentage
of Strength loss of SCC containing ground CBA as partial cement replacement CBA0%,
CBA10%, CBA20%, CBA30%, CBA40%, and CBA50 at 200°C were 8.311%, 10.79%,
9.32%13.733%, 16.611%, and 14.377%, respectively. According to Mello et al., (2020)
strength losses were observed in the SCC with higher contents of additives, which is
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related to the lower contents or absence of C-H in their compositions, and higher strength
losses associated to Ca(OH)2 dissociation at temperatures at 200°C. When temperature
increased up to 400°C, it was observed that the strength decreased which led to increase
in the strength loss for SCC containing ground CBA with various replacement ratios
CBA10% to CBA50% and SCC control samples. Rafieizonooz et al., (2017) has reported
the influence of CBA as a replacement materials in concrete when exposed to elevated
temperatures at 400°C. It was shown that increased in the strength loss when increase the
temperatures up to 400°C, which lead to decrease the compressive strength could be
attributed to the steady dehydration and decomposition of the cement paste in the concrete
samples. When the heating continued beyond 600°C, it was also observed continuously
increased in the strength loss for SCC containing ground CBA and control samples.
Moreover, it was shown that the highest strength loss of SCC occurred at 800°C.The level
of strength loss of SCC contained CBA0%, CBA10%, CBA20%, CBA30%, CBA40%,
and CBAS50 were 44.5%, 40.61%, 46.05%, 50.01%62.43%, and 65.08%, respectively.
Form the results clearly indicated that the strength loss of SCC specimens containing
ground CBA was higher compared to that of the control SCC. This is due to the
decomposition of ground CBA at high temperatures, resulting in the formation of pores
and cracks in the matrix. The same researchers have also reported that the pores would
help in heat dissipation and that the pores cause crack patterns.
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59  Summary of Key Findings

From the results, it can be concluded that, the utilization of ground CBA quantity
as partial cement replacement in SCC showed the influence in the fresh, mechanical and
durability as well as subjected to elevated temperatures. Firstly, for the fresh properties
the slump flow of CBA was found to be in the range of 675 to 588 mm, which decreased
with increasing proportion of CBA in the mix. The V-funnel was observed in the range
of 19 to 24 seconds, which is within the range of the standard. The L-box ratio was in the
range of 0.9 to 0.71. The J-Ring flow was found in the range of 650 to 570 mm. All fresh
properties of SCC with ground CBA as cement replacement were in the range of
EFNARC standard.

In terms of the mechanical properties, the present experimental study found
evidence that up to CBA20% as cement replacement resulted the optimum strengths such
as compressive, flexural, and tensile strengths as well as UPV. This was due to the ground
CBA particles used in this study contributes towards the presence of silica in ground CBA
particles plays a crucial role in facilitating the synthesis of (C-S-H) gel-like substance
that significantly contributes to the development of strength in SCC. Moreover, the
hydration process aided in the improvement of the mechanical characteristics such as the
(C-S-H) gel filling in the pore structures of the SCC. On overall, the integration ground
CBA 20% in SCC production able to produce hardened SCC with highest strengths value

of all SSC mixes.

From an experimental study conducted which provided evidence that ground
CBA as cement replacement influenced the durability properties of SCC. The utilization
of optimum level of percentage of the ground CBA as cement replacement was found to
have increased in the water absorption with increased the replacement levels and curing
ages. This is due to high porous particles which lead to absorb more water for SCC
samples. However, in terms of sulphate resistance of SCC containing ground CBA was
observed to have exhibited more resistance which was indicated the loss strength and
mass loss were in the acceptable ranges for durability properties. Nevertheless, in terms
of acid attack of SCC containing ground CBA exhibited to higher mass loss and strength
losses this due to the reaction of H.SO4 with calcium hydroxide, Ca(OH), resulting in
leaching of the formed salt. The second reason is due to the increased porosity of SCC
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mixture samples. However, the existence of pores in SCC mixture samples allows the

acidic solution H2SO4 to seep in easily and fasten the deterioration process.

Regarding high temperatures, it was observed that using ground CBA as a partial
cement replacement in SCC samples considerably heightened both the weakening of
strength and mass loss as temperatures rose from 200°C to 400°C. Moreover, at 600°C,
all samples underwent decay due to the increased temperature; however, SCC containing
10% ground CBA exhibited less deterioration in comparison to other samples, including
the control specimens. The combination of CBA and calcium hydroxide (Ca(OH)2),
released during cement hydration in the presence of water, results in the formation of
stable compounds such as C-S-H gel. This contributes to the improvement of long-term

durability and strength.
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Introduction

In this chapter, the conclusions of this study were drawn from the findings and
discussion obtained from Chapters Four and Five based on the objectives listed in Chapter
One. In this study, experimental runs were conducted to study the effect of ground CBA
as cement replacement on the properties of SCC. The chemical composition and physical
properties, and pozzolanic properties, and microstructural characterization of ground
CBA as partial cement replacement have been examined. From the results obtained, it is
clear that the used of ground CBA up to 20% as partial cement replacement to produce
SCC has achieve and improved the properties. The use of CBA as cement replacement
has an acceptable compressive strength of more than 35 MPa the target strength.
Therefore, industrial by-products ground CBA can be used to obtain SCC with accepted
engineering properties. Recommendations for future research are also given in the final

chapter of this thesis.

6.2 Conclusions

Based on experimental investigation, and analysis were conducted to provide
substantial justification and support the potential of ground CBA as partial cement
replacement material in SCC mixture. Based on this study results and analysis, the
conclusion can be drawn to conclude the finding. The conclusions of this research study

are in subsection as follows:

6.2.1 Characteristics of Ground CBA in Physical and Chemical and
Microstructure Properties as Pozzolanic Materials

Based on the physical properties of CBA, it was observed that the average particle
sizes was decreased as the grinding cycles increases. It was also observed the specific
gravity leading to increase by increased the grinding cycles of CBA from CBA-3000 to
CBA-7000, while specific surface area of ground CBA with increased the grinding cycles

of ground CBA led to produced smaller specific surface area compared to cement and
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original CBA. The color of CBA change from gray after grinding was found to be darker
in color as dark gray or blackish due to mechanical pretreatment process. In terms of
chemical composition, it was observed that original CBA and ground CBA are
fundamentally composed of SiO2, AlOs, and Fe20s3 which is the most important
indication of the pozzolanic properties of the materials. These components are the main
factors in improving the properties of SCC due to assist to be a pozzolanic materials.
The mechanical pre-treatment of CBA has enhanced its microstructural characteristics,
making it a viable option as an alternative cementitious material. The microstructure
characteristics exhibit a compact structure with tiny particles, mostly small and angular
in form. The original CBA, as well as the ground CBA models (CBA-3000, CBA-5000,
CBA-7000), exhibited particles with a porous, uneven, and sharp morphology.

6.2.2 Pozzolanic Characteristics of Ground CBA in Cementitious Composite
Particles as Pozzolanic Materials

Pozzolanic properties of the binder reactions in the mixture and cement paste can
be enhanced by replacement of ground CBA up to 20%. Larger replacement levels rather
delay the hydration reactions. This can be due to the dilution of the clinker content in the
paste, to the limited pozzolanic activity of the ground CBA at early ages. Assessment of
the pozzolanic activity using the Chapelle test and Frattini test a indicates the enhance
the pozzolanic activity with increases the grinding cycles and decreases the size of the
ground CBA which leads to increase the BET specific surface area. In addition, the
process of mechanically grinding CBA enhances the pozzolanic characteristics across
different grinding sizes of CBA. The CBA-7000 is an optimal mechanical pretreatment
method that involves grinding. This method significantly enhances the pozzolanic
characteristics in terms of strength activity index, and Frattini tests. The optimal
mechanical pretreatment has been effectively used in the manufacturing of SCC with
various substitution ratios. The impact of a substantial increase in silica content in ground
CBA-7000 is precisely validated by the findings of Chapelle analysis, strength activity
index, and Frattini test. The greater utilization of Ca(OH)2 by silica content in ground
CBA-7000 compared to other sizes of ground CBA-3000 and CBA-5000, as well as the
original CBA, suggests the potential development of (C-S-H) phase during the hydration

process.
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6.2.3 Fresh and Mechanical Properties of Optimum Mechanically Treated
Ground CBA Based on SCC

All fresh properties of SCC with ground CBA as cement replacement were in the
range of EFNARC standard guidelines. In terms of the mechanical properties, the present
experimental study, it was found evidence that up to CBA20% as cement replacement
resulted the optimum strengths such as compressive, flexural, and tensile strengths. This
was due to the ground CBA particles used in this study contributes towards the presence
of silica in ground CBA particles plays a crucial role in facilitating the synthesis of (C-S-
H) gel-like substance that significantly contributes to the development of strength up to
CBA 20% in SCC. Moreover, the hydration process aided in the improvement of the
mechanical characteristics such as the (C-S-H) gel filling in the pore structures of the
SCC. On overall, the integration ground CBA 20% in SCC production able to produce
hardened SCC with highest strength.

6.2.4 Durability Properties of SCC Containing Ground CBA and Subjected to
Elevated Temperatures

Utilizing ground CBA as a partial substitute for cement in SCC contributes to a
decrease in thermal cracking caused by excessive heat elevation up to 400°C. Satisfactory
performance is displayed by SCC containing 10% ground CBA across all replacement
levels when exposed to elevated temperatures. When exposed to temperatures of 600°C
or higher, all samples underwent deterioration. In terms of durability of (SCC) with
varying amounts of ground CBA was examined in relation to acid attack, sulfate
resistance, and water absorption. For acid and sulfate attacks, durability evaluations were
based on visual assessments, weight loss, and strength reduction. In the case of acid
attacks, the presence of differing proportions of ground CBA in SCC demonstrated a
notable impact on the specimens. Despite the decrease in mass and strength that
correlated with longer immersion periods, there was minimal deterioration observed.
Conversely, regarding sulfate attacks, incorporating an optimal level of up to 20% ground
CBA resulted in superior resistance by reducing deterioration effects as well as mass loss
and residual strength. Experimental analysis on water absorption in SCC containing
ground CBA indicated higher absorption rates compared to the control group during early
curing stages; however, at later curing ages showed that above CBA20%, absorption rates
were lower than control. Additionally, water absorption levels for all SCC specimens
with ground CBA remained within acceptable standards, below 10%.
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6.3

Recommendations For Future Studies

In the investigation conducted, evidence was presented to demonstrate the

positive effect of mechanical pretreatment of ground CBA as a source material and its

role within the SCC framework. For future advancements, various recommendations and

proposals can be taken into account. These insights will assist future researchers in

achieving enhanced findings and more precise outcomes. It is suggested that further

studies investigate related subject areas as outlined below:

The research found that the highest performance was achieved by grinding CBA
and using it as a partial substitute for cement in SCC. Therefore, it is
recommended to include ultrafine and nano particles of ground CBA in order to
improve its mechanical and durability characteristics.

The current research indicates that using ground CBA as a partial cement
substitute results in self-compacting concrete (SCC) displaying improved strength
and durability. However, further investigation into the impact of CBA on SCC's
thermal properties, chloride resistance, and corrosion is necessary. This should

also be applied to various structural elements, such as wells and slabs.

Additionally, the microstructure characteristics of SCC with ultrafine CBA as a
cement substitute under varying curing conditions could be more
comprehensively comprehended to determine the performance of SCC

incorporating Ultrafine CBA.

Using ground CBA as a partial substitute for cement leads to the creation of eco-
friendly (SCC). This SCC could be even more environmentally friendly if ground
CBA were employed not only as a cement replacement but also to reduce the

consumption of primary resources needed for SCC production.
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APPENDIX A: NUMBER OF SAMPLES USED IN THE EXPERIMENTAL
WORK

Details of Specimens

Testing

CBA Percentage
(%) Number of Specimen
Compressive Strength 04%)0ar21353;)0 108 (18 controls, 90 with CBA)
Flexural Strength 0430aﬁ35%0 108 (18controls, 90 with CBA)
Splitting Tensile Strength O4éoaﬁ35%0 108 (18 controls, 90 with CBA)
Acid Resistance 04éoa§35%0 72 (12 controls, 60 with CBA)
Sulphate Resistance 04éoar21353;)0 72 (12 controls, 60 with CBA)
Water absorption O4éoaﬁ35%0 108 (18 controls, 90 with CBA)
Elevated Temperature 04%)0ar21((j)53;)0 72 (12 controls, 60 with CBA)
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APPENDIX B: STRENGTH ACTIVITY INDEX FOR VARIOUS SIZES OF GROUND CBA

Strength activity index (SAI) of CBA-3000 as cement replacement at 7, 14, 28, 56, 90, and 180 days.

Cement
Mix No Replace Strength Activity Index (%)
ment (%0)
7 14 28 56 90 180
days days days days days days
100
Control 0 100 100 100 100 100.
son 10 103.516 110.163 109.1423 107.654 109.963 111.641
NS 20 74.395 78.023 76.881 87.152 96.834 101.921
VA 30 63.071 66.156 65.88 73.328 81.589 83.416
ot 40 55,244 56.269 55,758 64.536 73.669 77.918
gc%g‘go' 50 40.217 42.181 41.797 49.578 56.879 64.8127
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Strength activity index (SAI) of CBA-5000 as cement replacement at 7, 14, 28, 56, 90, and 180 days.

Mix No Cement Strength Activity Index (%)
Replaceme
nt (%)
7 14 28 56 90 180
days days days days days days
Control 0 100 100 100 100 100 100
Coa 10 113373 118.918 117.392 117.572 118.633 114.008
CE(')A(\)%O_ 20 104.535 109.647 108.643 107.211 111.225 110.051
CE(')A(‘)%O_ 30 80.799 84.749 83.979 85.651 92.687 92.257
C?(')A(‘)%O_ 40 72.404 75.948 75.236 79.7691 83.539 84.025
Ba 50 40.831 42.831 42.441 51.701 59.151 69.317
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Strength activity index (SAIl) of CBA-7000 as cement replacement at 7, 14, 28, 56, 90, and 180 days

Mix No Cement Strength Activity Index (%)
Replaceme
nt (%)
7 14 28 56 90 180 days
days days days days days

Control 0 100 100 100 100 100 100
C%%to' 10 99.37 104.253 105.341 108.025 109.221 106.347
C%%O' 20 88.577 93.266 92.378 104.425 114.463 111.753
CE&%O' 30 69.351 72.744 72.071 85.112 91.011 88.355
cgc%o- 40 58.206 50.574 60.502 74.881 77.91 81.603
C?@%O' 50 32.658 34.254 34.236 47.581 50.462 70.219
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APPENDIX C: MICROSTRUCTURE IMAGES FOR SCC CONTROL AND SCC
WITH VARIOUS RATIOS OF GROUND CBA

MICROSTRUCTURAL IMAGES OF CONTROL 7 DAYS

— 10pm UMP_JEOL 30-May-23
5.0kV LED SEM WD 10mm  10:13:39

-

ilpm UMP_JEOL 30-May-23 B lpm  UMP_JEOL 30-May-23
SEM WD Smm 10:34:42 5.0kxV LED SEM WD 10mm 10:43:58

[’

UMP_JEOL 30-May-23
x10,000 5.0kV LED WD 10mm 10:56:20
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MICROSTRUCTURAL IMAGES OF CONTROL 28 DAYS

. e
< < ~ . e Y
10pm UMP_JEOL 26-Jun-23 1pm  UMP_JEOL 26-Jun-23
SEM WD 10mm  10:32:32 SEM WD 10mm  10:37:30

“— lpm  UMP_JEOL 26-Ju ) " lpm  UMP_JEOL 26-Jun-23
5.0kV LED SEM WD 10mm  10:48 x7, SEM WD 10mm  10:54:06

«
o

-0 «

lpm  UMB_JEOL 26-Jun-23

x10,000 5.0kV LED SEM WD 10mm  10:50:48
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MICROSTRUCTURAL IMAGES OF CONTROL 56 DAYS

-
lpm  UMP_JEOL 03-Aug:
SEM WD Smm 11:22:

1pm  UMP_JEOL 03-Aug-23 } lpm  UMP_JEOL 03-Aug-
5.0kv LED SEM WD Smm 11:29:01 3 WD 8mm 11:51:

lpm UMP_JEOL 03-Aug-23
SEM WD Smm 11:57:22
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MICROSTRUCTURAL IMAGES OF GROUND CBA10% 7 DAYS

a 1 2 & & XN bs o5 ) -
UMP_JEOL 25-Jul-23 lum  UMP_JEOL 25-Jul-23
WD Smm 14:53:25 . v SEM WD Smm 15:03:10

lpm  UMP_JEOL 25-Jul-23 lum  UMP_JEOL 25-Jul-23
SEM WD 9mm 15: 5.0kV LED SEM WD 9mm 15:14:27

e

- .
E— lpm  UMP_JEOL 25-Jul-23
5.0kV LED SEM WD 9mm 15:20:21
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MICROSTRUCTURAL IMAGES OF GROUND CBA10% 28 DAYS

SEM WD 10mm

’ L 1
lpm UMP_JEOL 26-Jun-23
x10,000 5.0kVv LED SEM WD 10mm 11:26:53
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MICROSTRUCTURAL IMAGES OF GROUND CBA10% 56 DAYS

— 10um UMP_JEOL 03-Aug-23
5.0kV LED SEM WD 9mm 13:18:26 % SEM WD 9mm 13:26:39

ALY i i
lpm  UMP_JEOL 03-Aug-23
5.0kV LED SEM 13:

—
5.0kV LED
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MICROSTRUCTURAL IMAGES OF GROUND CBA20% 7 DAYS

X lpm  UMP_JEOL 25-Jul-23
5.0kV LED WD 1lmm : H x7, SEM WD 11lmm 12:17:32

UMP_JEOL 25-Jul-23 |
WD 1lmm 12:21:21
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MICROSTRUCTURAL IMAGES OF GROUND CBA20% 28 DAYS

lpm  UMP_JEOL 26-Ju
SEM WD 10mm 12:38:

lpm  UMP_JEOL 26-Jun-23
5.0kV LED SEM WD 10mm 12:39:52

1lum UMP_JEOL 26-Jun-23
5.0kv LED SEM WD 10mm 12:44:10
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MICROSTRUCTURAL IMAGES OF GROUND CBA20% 56 DAY'S

z : 2 3 Sl it RS SR
UMP_JEOL 09-A - UMP_JEOL 09-Aug-:
WD 1lmm 0: v WD 1lmm 10:25:00

2 S | . - N 3 ' & i
lpm  UMP_JEOL 09-Rug-23 lpm  UMP_JEOL 09-Aug:
SEM WD 1lmm  10:2 5.0kV LED SEM WD 1imm  10:4

e -
lpm UMP_JEOL 09-Aug-23
x10,000 5.0kV LED SEM WD 1lmm 10:49:26
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MICROSTRUCTURAL IMAGES OF GROUND CBAS50% 7 DAYS

—— " 10mm UMP_JEOL 25-Jul-23 - lpm  UMP_JEOL 25-Jul-23
5.0kV LED SEM WD 1lmm  10:34:41 5.0kV LED SEM WD 1lmm  10:41:41

lpm  UMP_JEOL 25-Jul-23 lpm  UMP_JEOL 25-Jul-23
8.0kV LED SEM WD 1lmm  10:51:39 8.0kV LED SEM WD 1lmm  10:54:14

lpm  UMP_JEOL 25-Jul-23
x10,000 8.0kV LED SEM WD 1lmm 11:00:13
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MICROSTRUCTURAL IMAGES OF GROUND CBA50% 28 DAYS

10pm UMP_JEOL 26-Jun-23 e = - lym  UMP_JEOL 26-Jun-23
SEM WD 10mm  15:10:40 5.0kV LED SEM WD 10mm  15:16:34

i (oAt _ A
ilpm  UMP_JEOL 26-Jun-23 lpm  UMP_JEOL 26-Jun-23
5.0kV LED SEM WD 10mm  15:21:43 SEM WD 10mm  15:25:29

lpm  UMP_JEOL 26-Jun-23
WD 10mm  15:28:31
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MICROSTRUCTURAL IMAGES OF GROUND CBA50% 56 DAY'S

10pm UMP_JEOL 09-Aug-23
SEM WD 10mm  11:22:49

- AR ;
-_— UMP_JEOL 09-Aug-23 1lpm UMP_JEOL 09-Aug-23
5.0kV LED WD 10mm  11:34:59 SEM WD 10mm  11:41:08

i Bt A
“{/’{a{;"ﬂif‘ =4
£3 l‘:l:)‘

.
g ]
- -
lpm  UMP_JEOL 09-Aug-23
x10,000 SEM WD 10mm 11:48:00
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