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ABSTRACT

CHARACTERIZATION OF PORTLAND CEMENT COMPOUNDS WITH
HYPERSPECTRAL IMAGING

Shakouri, Sahra
Doctor of Philosophy, Civil Engineering
Supervisor : Prof. Dr. Ismail Ozgiir Yaman
Co-Supervisor: Dr. Burhan Aleessa Alam

November 2023, 157 pages

Developing new and reliable methods for materials characterization is a progressing
field of science and engineering. Hyperspectral imaging system is noted as one of
the modern and proceeding techniques that can be employed in numerous subjects
from remote sensing of earth and medical diagnoses to analyzing nanomaterials. This
method is based on generating a spectral map for each spatial pixel of an image taken
in any scale. Advantages like accuracy, rapidity, cost efficiency are some of the
features that put this method one step ahead of the other possible options. All those

advantages make hyperspectral imaging very suitable for cement analysis.

As one of the most widely utilized building materials, Portland cement has a complex
structure with distinct compounds. Each of its compounds has a unique set of
reaction kinetics during the hydration process. Investigating each reaction requires a
series of specialized and complicated tests, which makes finding more convenient

ways of observing these details highly demanded.

This is one of the first studies on the use of hyperspectral imaging in detecting

cement compounds. The research utilizes reflectance hyperspectral spectroscopy in



the visible and near-infrared spectral range (400 to 1000 nm) to evaluate the
characteristics of cement compounds. Each compound is produced in the laboratory
with high purity, and their physical, chemical, and mechanical properties are

thoroughly examined alongside their hyperspectral signatures.

After synthesizing these compounds, hyperspectral data are collected, forming the
foundation for classifying randomly chosen cement clinkers. The accuracy of this
classification was evaluated using the Deep Learning Toolbox in Matlab, specifically
employing a Kernel Logistic Regression model. Notably, this model achieves an
accuracy of 98.25% in classifying different types of cement through hyperspectral

imaging.

Keywords: Cement Synthesis, Hyperspectral Imaging Analysis, Hyperspectral

Signature, Material Characterization
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HIPERSPEKTRAL GORUNTULEME ILE PORTLAND CIMENTO
BILESIKLERININ KARAKTERIZASYONU

Shakouri, Sahra
Doktora, Insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. ismail Ozgiir Yaman
Ortak Tez Yoneticisi: Dr. Burhan Aleessa Alam

Kasim 2023, 157 sayfa

Malzeme karakterizasyonu i¢in yeni ve gilivenilir yontemler gelistirmek, bilim ve
miihendisligin ilerleyen bir alanidir. Hiperspektral goriintiileme sistemi, diinyanin
uzaktan algilanmasindan tibbi teshislere ve nanomalzemelerin analizine kadar bir¢cok
konuda kullanilabilen modern ve ilerici tekniklerden biri olarak dikkat cekmektedir.
Bu yontem, herhangi bir 6lgekte alinan bir gériintiiniin her bir uzaysal pikseli i¢in
spektral bir harita olusturmaya dayanmaktadir. Dogruluk, hizlilhik, maliyet
verimliligi gibi avantajlar bu yontemi diger olast se¢eneklerden bir adim 6ne ¢ikaran
ozelliklerden bazilaridir. Tiim bu avantajlar hiperspektral goriintilemeyi ¢imento

analizi i¢in ¢cok uygun hale getirmektedir.

En yaygin kullanilan yap1 malzemelerinden biri olan Portland ¢imentosu, farkli
bilesiklere sahip karmagsik bir yapiya sahiptir. Bilesiklerinin her biri, hidrasyon
islemi sirasinda benzersiz bir dizi reaksiyon kinetigine sahiptir. Her bir reaksiyonun
incelenmesi bir dizi 6zel ve karmasik test gerektirdiginden, bu ayrintilar

gozlemlemenin daha uygun yollarini bulmak oldukga talep gérmektedir.
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Bu c¢alisma, c¢imento bilesiklerinin tespitinde hiperspektral gdoriintiillemenin
kullanimina iliskin ilk ¢alismadir. Arastirma, ¢imento bilesiklerinin 6zelliklerini
degerlendirmek i¢in goriiniir ve yakin kizilotesi spektral aralikta (400 ila 1000 nm)
yansima hiperspektral spektroskopisini kullanmaktadir. Her bir bilesik laboratuvarda
yiiksek saflikta tretiliyor ve fiziksel, kimyasal ve mekanik 6zellikleri hiperspektral

imzalariyla birlikte kapsamli bir sekilde inceleniyor.

Bu bilesikler sentezlendikten sonra, rastgele segilen ¢imento Klinkerlerinin
smiflandirilmast  i¢in  temel olusturan hiperspektral veriler toplanir. Bu
smiflandirmanin dogrulugu, Matlab'daki Derin Ogrenme Arag Kutusu kullanilarak,
ozellikle bir Lojistik Regresyon Cekirdek modeli kullanilarak degerlendirilmistir.
Ozellikle, bu model hiperspektral gériintiileme yoluyla farkli ¢imento tiirlerini

siiflandirmada %98,25'1ik bir dogruluk elde etmistir.

Anahtar Kelimeler: Cimento Sentezi, Hiperspektral Gortintiileme Analizi,

Hiperspektral Imza, Malzeme Karakterizasyonu
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CHAPTER 1

INTRODUCTION

1.1 General

Cementitious materials have played a pivotal role throughout history as essential
binders, and Portland cement is used as the primary binder in the highly consumed
building material, concrete (Gagg, 2014). This complex material consisting of
various compounds like tricalcium silicate (CsS), dicalcium silicate (C»S), tricalcium
aluminate (C3A), and tetra calcium alumina ferrite (C4AF), reacts with water and
gains strength through hydration. A comprehensive understanding of the chemical,
physical, and mechanical properties of Portland cement is critical in the quest to
produce superior quality cements that can yield concretes with increased strength

and durability.

The production of Portland cement is a complex process that is influenced by a
variety of parameters (D. Herfort & Macphee, 2019). While there is a wealth of
testing methods to analyze the production process and methods, such as X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and optical and
scanning electron microscopy (SEM), it is worth noting that these techniques often
require complex sample preparation procedures, expensive testing equipment, and

the expertise of specialized personnel to interpret the results.

As technology has advanced, new testing methods have emerged, notably
hyperspectral imaging systems, which have found utility not only in materials
analysis, but also in fields such as the food industry (Ma et al., 2019). Hyperspectral
cameras are equipped to capture both spatial and spectral information from the

surfaces of samples (Gowen et al., 2007). By quantifying the signals of different



wavelengths and their respective intensities, researchers can construct a spectral
profile that captures the unique characteristics of the material under study.
Hyperspectral cameras have the ability to span a continuous wavelength range from
400 to 2500 nanometers (Ewald et al., 2016). The selection of the specific
wavelength region is highly dependent on the material being studied, as each spectral
region corresponds to different atomic or molecular transitions associated with

different energy levels.

The data acquired through hyperspectral cameras is stored in the form of a data cube,
representing a substantial volume of data in three dimensions. The two spatial
dimensions, denoted as x and y, provide information regarding the sample's spatial
attributes, while the third dimension, z, encapsulates the spectral data specific to each
point on the sample (Mateen et al., 2018). To harness the potential of hyperspectral
imaging data, various analytical techniques can be employed, including spectral
unmixing, principal component analysis, and machine learning algorithms. These
methodologies facilitate the extraction of pertinent information from the data and

enhance the precision of the results (Charles et al., 2011).

Hyperspectral imaging systems have been used in various fields such as the food
industry, pharmacology, medicine, and numerous other fields. While there have been
studies demonstrating the effective utility of hyperspectral imaging in the detection
of building materials, There has been a limited number of studies exploring the use
of hyperspectral imaging for the characterization of concrete or cementitious
systems. This study will be the first to assess the compounds of Portland cement and

the hydration of these conpounds using HSI.

1.2 Objective and Scope

The primary goal of this study is to explore the technical feasibility of employing
hyperspectral imaging (HSI) for characterizing Portland cement features. To achieve

this goal, the thesis is structured around three specific objectives. The first objective



involves synthesizing high-purity Portland cement compounds, specifically CsS,
C2S, and Cs3A. Subsequently, these compounds will be characterized using traditional
methods in conjunction with HSI. As part of the second objective, HSI will be
employed for identifying each of these compounds within a blend. Lastly, the third
objective focuses on investigating the potential use of HSI in characterizing hydrated

compounds.

This thesis is divided into five chapters. The introductory chapter sets the stage for
the research. The second chapter provides a detailed exploration of hyperspectral
cameras, data processing techniques, and cement characterization through a
comprehensive literature review. The third chapter provides a thorough explanation
of the Portland cement compound synthesis process and the experimental methods
employed. In the fourth chapter, the experimental results related to cement
compounds and cement pastes along with their hyperspectral analysis results are
meticulously compiled and analyzed. Finally, Chapter 5 summarizes the conclusions
of the study and provides valuable recommendations for future research.






CHAPTER 2

LITERATURE REVIEW

2.1  History of Hyperspectral Imaging

Hyperspectral imaging, also known as imaging spectroscopy, is a relatively new
technology that has rapidly gained popularity in various fields of research and
industry. This imaging technique has enabled researchers to gather detailed spectral
data that can be used to study the properties and characteristics of a wide range of
materials, including gases, liquids, and solids (B. Wang et al., 2021).

The history of hyperspectral imaging dates back to the early 20" century when
scientists first began to study the spectral characteristics of materials using
spectrometers (Selci, 2019). Those devices were initially developed in the late 1800s
to study the spectral characteristics of light emitted by stars. However, by the early
1900s, spectrometers had expanded to study materials on Earth, such as plants
(Thomas, 1991).

In the 1930s, researchers started using spectrometers to study the reflectance spectra
of vegetation (Thomas, 1991). This led to the development of remote sensing
techniques for studying the Earth's resources, such as minerals, water, and
vegetation. The technology was used by NASA in the 1960s and 1970s to study and

monitor land and vegetation changes (Goetz, 2009).

In the 1970s, imaging spectrometry was developed as a part of the Earth Resources
Technology Satellite (ERTS) program by NASA's Jet Propulsion Laboratory
(Giardino, 2012). The ERTS program aimed to provide high-resolution satellite
imagery for studying the Earth's natural resources, such as vegetation, minerals, and

water. Hyperspectral imaging data obtained from the ERTS program allowed



researchers to obtain detailed spectral data for studying the Earth's surface and
resources (Calin et al., 2021; Goetz, 2009).

The development of hyperspectral imaging technology accelerated in the 1980s,
when the first commercial hyperspectral sensors became available. Hyperspectral
imaging technology began to be used in various fields, such as remote sensing,
agriculture, geology, and military reconnaissance (Goetz, 2009; B. Lu et al., 2020;
Padoan et al., 2008; Xing et al., 2019). Particularly, hyperspectral imaging
technology applications for military reconnaissance were created during this period.
(Manolakis & Shaw, 2002).

In the 1990s, the use of hyperspectral imaging technology expanded further into
fields such as medical imaging and mineral exploration. In medical imaging,
hyperspectral imaging technology was used to improve the diagnosis of various
diseases and conditions, such as skin cancer (Calin et al., 2014; De Beule et al., 2007;
G. Lu & Fei, 2014; Martin et al., 2006; Panasyuk et al., 2007). In mineral exploration,
hyperspectral imaging technology was used to identify and map mineral deposits
(Krupnik & Khan, 2019; Tripathi & Govil, 2019).

The development of hyperspectral imaging technology continued into the 21st
century, with the introduction of more advanced sensors and imaging techniques.
These advancements have enabled hyperspectral imaging technology to be used in
even more fields, such as food quality inspection and precision agriculture(Dale et
al., 2013; Hartel et al., 2015; R. Lu & Chen, 1999; D. W. Sun, 2010).

One of the most significant advancements in hyperspectral imaging technology in
recent years has been the development of unmanned aerial vehicles (UAVS)
equipped with hyperspectral sensors. These UAVs have revolutionized the field of
remote sensing, allowing researchers to obtain high-resolution hyperspectral images
of large areas of land quickly and at a lower cost than traditional remote sensing
methods (Addo et al., 2017; B. Lu et al., 2020; M. B. Stuart et al., 2019; Zhong et
al., 2018).



2.2  What Is Electromagnetic Spectrum

The electromagnetic spectrum is categorized into regions based on the frequency or
wavelength of the radiation, which corresponds to different energy levels. Each
region has its unique properties and characteristics (Ball, 2007). The electromagnetic
spectrum comprises all the various forms of electromagnetic radiation, which include
gamma rays, X-rays, ultraviolet radiation, visible light, infrared radiation,
microwaves, and radio waves as it is shown in Figure 2-1 (Sharma, 1981; Zamanian
& Hardiman, 2005).

At the high-energy end of the spectrum, gamma rays and X-rays have the shortest
wavelengths and highest frequencies. These types of radiation are highly ionizing
and can pose a significant danger to living organisms in large doses. On the other
hand, ultraviolet radiation, which has slightly longer wavelengths and lower
frequencies, is responsible for skin damage and sunburns (Clydesdale et al., 2001;
Hill, 2004; Sharma, 1981; Zamanian & Hardiman, 2005).

Visible light is the portion of the electromagnetic spectrum that human eye can
perceive, and it spans from approximately 400 to 700 nanometers in wavelength.
Different colors of the rainbow correspond to varying wavelengths of visible light
(Balchin, 2021).

Infrared radiation has longer wavelengths and lower frequencies than visible light,
and it produces heat radiation (Dawson, 2005; Jun et al., 2010). Microwaves have
even longer wavelengths and are utilized in communication and heating applications,
such as microwave ovens (Osepchuk, 1984). Radio waves, which have the longest
wavelengths and lowest frequencies in the spectrum, are used in communication,

broadcasting, and navigation (Ball, 2007).
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2.3  What Is Spectroscopy

Spectroscopy is a technique that enables scientists to study chemical constituents of
samples by analyzing the energy transfer between waves and matter and is a
powerful and versatile tool that has applications in various fields, including
chemistry, physics, astronomy, and medicine (Mandal & Paul, 2022; Mirabella,
1998; Pavia et al., 2008). Various forms of spectroscopy can be employed to measure
different aspects of the interaction between matter and electromagnetic radiation.
Absorption spectroscopy, for instance, quantifies the extent to which the sample
absorbs radiation across different wavelengths. Conversely, fluorescence
spectroscopy quantifies the amount of radiation discharged by the sample following
excitation with a light source (Albani, 2008; Penner, 2017).

Spectroscopic analysis utilizes the interaction between atoms or molecules and
electromagnetic radiation to extract qualitative and quantitative chemical and

physical data present within the wavelength spectrum.



2.4 Principle of Hyperspectral Imaging

Imaging has been a vital aspect of human civilization since ancient times. Early
forms of imaging, such as cave paintings and hieroglyphics, were used for
communication and documentation of events. However, it was not until the 19th
century that significant progress was made in the development of imaging
technology (Beck, 1990; Khosla, 1992). The invention of the camera obscura and
later the daguerreotype by Louis Daguerre in 1839 revolutionized the way images
were captured and preserved. Over the years, advancements in imaging technology
continued to push the boundaries of what was possible, from the first X-ray image
by Wilhelm Conrad Roentgen in 1895 to the development of computed tomography
(CT) and magnetic resonance imaging (MRI) in the 20th century (Anthony Seibert,
1995; Bracco et al., 2019; Ghosh & Pal, 2022; Wolbarst, 1999).

Currently, the most common imaging system relies on visible light to produce digital
images. This system is shown in Figure 2-2, a series of sensors that are affected by
light record the colors that make up the image onto a matrix. These sensors, which
come in different types, work by converting perceived colors into electrical signals.
Consequently, depending on the sensitivity of the sensor used, different electrical
signals are generated for each color tone. The resolution of the images recorded by
this sensor array depends on the number of sensors used. Each color information of
the digital image is obtained from a single sensor in the array, and the points that
make up the digital image are called pixels. The more pixels in an image, the more
details it contains. The main stages of this process are illustrated below (Nakamura,
2017; Tarrant, 2003; Tatsuno, 2006; Trussell & Vrhel, 2008).
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In digital imaging, the amount of red, green, and blue lights reflected or emitted from
the object is measured. Incoming light from the sample enters the device through an
entrance (incoming light), and a holographic grating separates it into component
wavelengths, as shown Figure 2-3. In simple terms, the grating separates each color
from white light. A pixel (the smallest element in an array) measures the intensity of
each color in the visible spectrum, and the data gathered is subsequently read by a
computer. As a result, a spectrum that displays the intensity of every wavelength of
light is produced. (Brelstaff et al., 1995; Nakamura, 2017; Peiris et al., 1999;
Tatsuno, 2006).
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This technique captures color information and produces images that appear similar
to what the human eye would see. On the other hand, spectral imaging captures a
much wider range of information beyond just color. Spectral imaging covers all
spectral regions, including visible, near-infrared, short-wave infrared, mid-wave
infrared, and long-wave infrared, all spatial domains from microscopic to
macroscopic scales, and all types of matter including solid, liquid, and gas (Hagen
& Kudenov, 2013). All materials with a temperature above 0 K possess the ability to

emit electromagnetic energy.

Hyperspectral imaging is a method of acquiring data across a broad range of
wavelengths, providing a comprehensive analysis of the spectral characteristics of
the imaged object. These images are captured using hyperspectral imaging systems,
also known as imaging spectrometers, which consist of three primary components
(Garini et al., 2006; Rasti et al., 2020; Tan, 2016). The first component is a light
source that illuminates the object's surface during the imaging process. The second
element is a spectral separator that divides the reflected light into tens or hundreds

of spectral bands. This device can be a prism, grating, or optical bandpass filter. The
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application may require this component to be fixed or adjustable. A detector that
catches the two-dimensional image with spectral data included in each pixel makes
up the third component. (Ghamisi et al., 2017; Khan et al., 2018; Lodhi et al., 2019).

As the object is illuminated during the imaging process, the light interacts with it,
either being reflected, transmitted, or absorbed. The diffuse reflected light then
passes through the spectral separator, which separates it into tens or hundreds of
spectral bands. The resulting light is then captured by the detector, which produces
a two-dimensional image with spectral data inherent in each pixel (Chein-l1 Chang,
2003; Shippert, 2021).

The data acquired from hyperspectral imaging systems is then transferred to a
computer for further analysis and processing. Hyperspectral imaging systems have
practical applications in numerous fields, including mineralogy, agriculture,
biomedical imaging, and remote sensing (R. Lu & Chen, 1999; M. Stuart et al., 2019;
Yoon, 2022; Yuen & Richardson, 2010). This technique enables the identification of
materials and properties in a scene by analyzing the spectral signatures of different
pixels, providing a detailed map of the distribution of different materials or
properties in the scene(Khan et al., 2018).

2.5  Scanning Techniques of Hyperspectral Imaging Systems

Over the last few decades, a variety of spectral imaging techniques and associated
technologies have been suggested for obtaining spectral image data. This passage
describes four different methods that can be utilized to obtain three-dimensional
hyperspectral image cubes, also referred to as hypercubes (X, y, ). They are: point
scanning, line scanning, area scanning, and the single shot method (An et al., 2022;
B. Luetal., 2020; Ma et al., 2019).
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251 Point Scanning

Point scanning (Whiskbroom) is a method used in spectral cameras to acquire
hyperspectral data (EIMasry & Sun, 2010; Funatomi et al., 2022). It involves
scanning a single pixel on the sample or object to collect spectral data at different
wavelengths (Figure 2-4 (A)). This process is repeated multiple times in x and y
directions for each pixel, resulting in a two-dimensional image and gather spectral
information simultaneously for each pixel. Point scanning is a slow process and
requires precise mechanical movement, but it can produce high-resolution images
with high spectral accuracy. It is often used in applications where high spectral
resolution is necessary, such as in biomedical imaging or material analysis (Q. Li et
al., 2013). The whiskbroom imaging method has a number of benefits, such as the
ability to adjust the depth of field, reduce background clutter outside the focal plane,
and produce serial optical sections from thick samples. Additionally, this method
requires fewer sensor detectors to maintain calibration compared to other sensor
types. As a result, many commercial spectral confocal scanning instruments use

whiskbroom imaging (Bruning et al., 2020).

The point scanning technique in hyperspectral imaging has several disadvantages
compared to other techniques, such as push-broom scanning or snapshot imaging.
The sequential acquisition of spectral data for each point in the scene makes point
scanning inherently slow, limiting its applicability in time-sensitive applications or
for capturing dynamic processes. Additionally, motion artifacts can be introduced
into the acquired data due to the movement of the camera or scene, making it
problematic for observing moving objects or when the camera is mounted on an
unstable platform. Point scanning hyperspectral cameras also have a limited field of
view, increased complexity, and a higher risk of spatial misregistration, which can
result in image distortion or artifacts. Furthermore, point scanning systems may have
a lower signal-to-noise ratio compared to other techniques, reducing image quality
and ability to discriminate between different materials or features in the scene,

especially in low-light conditions. Thus, these limitations can restrict the
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applicability of the point scanning technique in certain applications and make it less
preferable compared to other hyperspectral imaging techniques(Baek et al., 2017;
Gutiérrez-Gutiérrez et al., 2019).

2.5.2 Line Scanning

Line scanning (push-broom) scanning is a frequently utilized hyperspectral imaging
technique that provides rapid and continuous spectral data acquisition is
demonstrated in Figure 2-4 (B). The method involves the use of a slit aperture to
collect reflected light from the scene, with a sensor array capturing multiple spatial
pixels simultaneously in a single frame. As the camera advances, a continuous line
of pixels is obtained, and this process is repeated for each subsequent line until the
entire image is collected. Every pixel in the image contains a complete spectrum of
the reflected light, allowing for the examination of spectral information throughout
the entire image(Arce et al., 2014; Jurado et al., 2021; Qin et al., 2017).

Push-broom scanning offers several advantages over other hyperspectral imaging
techniques. One of its primary advantages is its high spatial and spectral resolution,
enabling the detection and identification of small features and subtle differences in
materials. Its ability to cover large areas rapidly also makes it ideal for environmental
monitoring, land use mapping, and geological exploration applications (Gamez et
al., 2012; Pitak et al., 2021).

Push-broom scanning has some limitations that must be considered. One drawback
is its sensitivity to motion disturbances, which may arise if the camera or the subject
being imaged moves during data acquisition. This can result in spatial misregistration
and image distortion, potentially impacting the accuracy of spectral analysis.
Additionally, its high cost can be a constraint for certain applications (Gu et al.,
2022).

Despite these limitations, push-broom scanning remains a prominent and widely

employed hyperspectral imaging technique, due to its high spatial and spectral
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resolution, fast data acquisition, and broad applicability in fields such as remote
sensing, agriculture, and mineral exploration (Jurado et al., 2021; Ortega et al.,
2019).

2.5.3 Area Scanning (Wavelength Scan)

Area scanning is a prevalent technique for hyperspectral imaging with cameras. It
involves acquiring a single-color, two-dimensional image with complete spatial
information at a single wavelength and repeating the process across the entire
spectral range. The principle of working is depicted in Figure 2-4(C). The resulting
stack of single-band images is in a band sequential (BSQ) format, which codes each
row of the image in the first band, followed by the next row in the same spectral
band, and so on until all band numbers are complete (Song et al., 2021). This format
facilitates easy access to spatial information in a single spectral band (Bodkin et al.,
2009; Klein et al., 2008).

The area scanning technique has a number of benefits. It makes it possible to adjust
the depth of field and reduce or remove background distractions from the focus point.
It is a good option for many commercial spectral confocal scanning devices since it
also enables the collecting of serial optical sections from thick specimens and has
fewer sensors to calibrate than other types of sensors. Additionally, this method
permits each wavelength to have an appropriate exposure time since the detector is
only exposed to a single wavelength at a time. Moreover, it does not require
movement of the sample or detector during the scanning process, making it suitable
for applications such as stimulation-emission fluorescent imaging (Wu & Sun,
2013a) .

However, one disadvantage of area scanning is its unsuitability for moving
specimens or real-time transfer analysis. Despite this limitation, area scanning
remains a powerful tool for collecting spectral data with high spatial resolution and

is widely used in many scientific and industrial applications (Qin, 2010).
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Figure 2-4 Different working principle of hyperspectral cameras, A) Point
scanning, B) Line scanning, C) Area scanning, D) Snapshot (Y. W. Wang et al.,
2017)

25.4 Snapshot Scanning

Single-shot hyperspectral imaging is an emerging technique that captures the entire
hyperspectral image cube (X, y, A) in a single exposure or acquisition (Figure 2-4
(D)). When rapid hyperspectral imaging acquisition is necessary, this technique is
very efficient since it records spatial and spectral data simultaneously using a single
wide-area detector. However, it has a low spatial resolution and narrow spectral
intervals. (Liu et al., 2009).

Hyperspectral imaging systems are primarily utilized by large-scale geological
institutions for mapping, mining, and petroleum applications. While some old forms
of mapping spectroscopic and photographic data exist, narrow band collection
techniques have been found to be suitable only for certain compounds. The flexibility
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of hyperspectral imaging makes it a cornerstone for other measurement formats and
large-scale analyses. It has proven effective in distinguishing objects such as water
levels, floods, plant populations, and health indicators and serves as an excellent tool
to coordinate material information with mapping data. Additionally, the food
industry has greatly benefited from using this method as a scanning tool to quickly
evaluate consistency, maturity, defects, or contamination from piece to piece
(EIMasry et al., 2012; Wu & Sun, 2013b).

Single-shot hyperspectral imaging offers a significant advantage in reducing
acquisition time and minimizing motion artifacts. Unlike scanning methods, it
captures the complete spectral information of the scene simultaneously, allowing for
faster and more accurate image acquisition. However, this technique requires
specialized hardware such as snapshot spectral cameras to capture multiple spectral
bands in a single exposure (Krupnik & Khan, 2019; Nasrabadi, 2014).

2.6 Image Acquisition Modes

Hyperspectral imaging is a technique that captures and processes images across the
electromagnetic spectrum. There are three common detection modes for this
technique: reflectance, transmission, and interaction (Qin et al., 2017) Each mode
has a different configuration for the light source and optical detector (camera,
spectrometer, and lens).

26.1 Reflectance Mode

Reflectance mode is used in hyperspectral cameras to collect images that represent
the reflectance properties of a scene or object. The spectral radiance data collected
by the camera is divided by a reference radiance standard, usually a white or gray
diffuse reflectance panel (Y. Lu et al., 2020). This normalization process adjusts for

variations in illumination and sensor sensitivity, allowing for more accurate
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comparison of spectral data between different scenes or objects(Edelman et al., 2012;
Klein et al., 2008; Qin et al., 2017).

The resulting images represent the reflectance properties of the scene or object as it
is shown in Figure 2-5(a), providing valuable information about material
composition and surface characteristics. Reflectance mode is commonly used in
remote sensing and environmental monitoring applications to analyze vegetation

health, water quality, and other environmental factors (Campbell et al., 2007).
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Figure 2-5 Three diferent modes to generate a hyperspectral image. (a) The
relectance mode. (b) The transmitance mode. (c) The interactance mode(X. Li, Li,
etal., 2018)

2.6.2 Transmission Mode

Transmittance hyperspectral imaging is a form of hyperspectral imaging in which
the detector is positioned opposite the light source and captures light that has passed
through the sample Figure 2-5 (b). This mode is utilized to determine the internal
composition of a sample, as it provides more information about the light that has

interacted with the sample’s internal structure (Munera et al., 2019).
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Transmittance hyperspectral imaging is particularly useful for analyzing relatively
transparent materials such as fish, fruits, and vegetables. By measuring the light that
passes through the sample, it is possible to identify and quantify different compounds
present in the sample, including water, sugar, and other nutrients (Ariana & Lu,
2008a, 2008b; Nicolai et al., 2007; Ortac et al., 2016; H. Zhang et al., 2022).

However, transmittance hyperspectral imaging has some limitations. One major
limitation is the weak signal level due to light attenuation, which can result in low-
quality data. Additionally, signals obtained by transmittance hyperspectral imaging
can be affected by the thickness of the sample; thicker samples can absorb more light

and produce stronger signals than thinner samples (Ramer et al., 2017).

2.6.3 Interaction Mode

The light source and detector are parallel to one another and on the same side of the
sample in interaction mode. This setup allows for more efficient collection of
information from the sample as the light source and detector are near each other. As
a result, compared to reflection mode, Interaction mode can detect more detailed
information from the sample and has fewer surface effects. as it is illustrated in
Figure 2-5 (c). The reduced surface effects in Interaction mode make it suitable for
studying materials with complex surfaces, such as rough or uneven surfaces, which
may produce multiple reflections and affect the accuracy of the data collected in
Reflection mode. Additionally, Interaction mode is suitable for studying materials
that have a strong surface interaction with light, as the mode can bypass the surface
layer and detect deeper information (Elmasry & Petter Wold, 2008; Schaare &
Fraser, 2000) .

Another advantage of Interaction mode is that it reduces the thickness effect, which
is a practical advantage over the Transmittance mode. In Transmittance mode, the
thickness of the sample affects the amount of light that passes through it, leading to

weaker signals and reduced accuracy. Interaction mode reduces this effect, making
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it a more reliable option for studying samples of varying thickness. However, it
should be noted that special hardware is required in the Transmittance mode to block
the direct entry of specular reflection into the detector. This is not necessary in
Interaction mode, as the geometry of the setup already prevents the direct entry of
specular reflection(Wu & Sun, 2013a).

Interaction mode is used in various applications, such as material identification,
biomedical imaging, and remote sensing. In material identification, Interaction mode
can be used to identify the chemical composition of materials, study the presence of
impurities or defects, and monitor chemical reactions. In biomedical imaging,
Interaction mode can be used to study the structure and composition of biological
tissues and detect abnormalities. In remote sensing, Interaction mode can be used to
study the composition of soil and vegetation and monitor environmental changes
(Ramer et al., 2017).

2.7  Hyperspectral Data

Data captured with hyperspectral cameras are generally complex and powerful
datasets, which is known as data cube or hypercubes. These three-dimensional
datasets include two-dimensional spatial information with x rows and y columns, as
well as spectral information composed of z wavelengths, which is presented Figure
2-6 (Manley, 2014a). In hyperspectral data, the individual unit that forms an image
is referred to as a voxel, represented by I (x, y, z). In contrast, for a two-dimensional
image captured at a single wavelength, the image element is called a pixel (EIMasry
etal., 2012; Kim et al., 2001). A hyperspectral data cube can be analyzed in various
useful ways, including a single image plane of the sample or the full spectrum of a
single pixel, or investigating the chemical composition of a specific point
(Nasrabadi, 2014).
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2.8 Pre-Processing Of Hyperspectral Data

Preprocessing is a crucial step in the analysis of hyperspectral images. These images
contain large amounts of data, with each pixel having a whole spectrum associated
with it (Pizarro et al., 2004). This results in a highly correlated data set, which can
make it challenging to extract meaningful and necessary information. Preprocessing
techniques such as noise reduction, distortion correction, and spectral and spatial
enhancement are necessary to improve the accuracy and quality of the data, making
it easier to analyze and interpret (Wold et al., 1998). Principal Component Analysis

and Multivariate Curve Resolution, two classical multivariate data analysis
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techniques, have been used to the analysis of hyperspectral data cubes,
demonstrating their great usability and ability to successfully extract the needed data.
Preprocessing is, therefore, an essential step in making hyperspectral images useful
for a variety of applications, including remote sensing, environmental monitoring,
and medical imaging(Amigo et al., 2013; Rinnan et al., 2009; Vidal & Amigo, 2012).

The ability to identify and remove trends, outliers, and noise from hyperspectral data
is just one benefit of preprocessing the data. It increases data interpretation, the
effectiveness of qualitative and quantitative studies, and simplifies machine learning
procedures. Preprocessing methods are crucial when working with hyperspectral
data, as they play a significant role in determining the quality and reliability of the
models developed. Proper preprocessing techniques help in extracting relevant
information, reducing unwanted data, and improving the overall accuracy and
effectiveness of subsequent data analysis and modeling tasks (Chein-I1 Chang, 2003;
Luypaert et al., 2004; Yao & D Lewis, 2010).

In hyperspectral spectroscopy (in both reflectance and transmittance modes),
preprocessing techniques can be divided into three categories: smoothing or
denoising, scattering correction methods, and spectral normalizations, which are the

most used techniques (Amigo et al., 2013)

28.1 Smoothing

Smoothing methods play a crucial role in preprocessing spectral data by reducing the
impact of noise, errors, and unwanted variations. Their purpose is to obtain a more
accurate and visually appealing representation of the underlying spectral
characteristics (Dai et al., 2014; Luypaert et al., 2004). Various smoothing
techniques exist, each employing different mathematical algorithms and assumptions
about the data(Luypaert et al., 2004; Vaiphasa, 2006). Common methods include
moving average, Savitzky-Golay, Gaussian smoothing, and median filtering. Among

these, the Savitzky-Golay method stands out as a popular choice. It involves
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selecting a subwindow around a specific data point and projecting it onto a
polynomial fit of the points within the subwindow. The method is relatively simple
to implement but requires careful consideration when choosing the size of the
spectral subwindow. Larger subwindows may eliminate informative peaks, while
smaller windows may introduce more noise into the smoothed data. The Savitzky-
Golay method, in particular, is widely used due to its effectiveness in reducing
instrumental noise (Amigo & Santos, 2019; Ruffin et al., 2013; J. Sun et al., 2021).

2.8.2 Multiplicative Scatter Correction

The MSC (Multiplicative Scatter Correction) method is a popular preprocessing
technique in NIR spectroscopy. It adjusts for the impact of additional and multiplied
changes in the spectral data(Sonobe et al., 2020) . MSC operates at the row level,
removing physical factors like particle size and surface variations that do not carry
relevant chemical or physical information (Sonobe et al., 2020; Xu et al., 2020). It
assumes that each spectrum is influenced by both sample characteristics and particle
size, represented as baseline variation and trend using a reference spectrum (L. J.
Chen et al.,, 2010). MSC corrects baseline and trend differences, producing
transformed spectra similar to the originals for easier interpretation. However,
applying MSC to the same spectrum with different datasets can yield different results
due to the incorporation of population descriptive values (Windig et al., 2008). Even
commonly used software may give varied MSC outcomes without considering the

specific MSC model for a dataset. MSC includes two steps:

1. The process involves determining the values of the correction coefficients for
both the additive and multiplicative contributions.

Xorg = Do+ Drery Xrer +€ Equation 2-1

2. The recorded spectrum is adjusted or corrected using the obtained correction

coefficients.
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Xorg—bo

= Xpep + —— Equation 2-2

X
corr bref,l bref,l

The recorded spectrum (Xorg) Of an individual sample obtained from the NIR
instrument is corrected. This correction involves utilizing a reference spectrum (Xrer)
and accounting for the un-modeled portion (e) of the original spectrum (Equation 2-
1). The result of the correction process is the corrected spectrum (Xcorr). The
correction coefficients, represented by scalar parameters bo and brer,1, vary for each
sample and play a significant role in the correction procedure (Equation 2-2). In
summary, by considering the reference spectrum and accounting for the un-modeled
portion, the recorded spectrum is transformed into the corrected spectrum using
specific scalar parameters for each sample (Maleki et al., 2007; Witteveen et al.,
2022).

2.8.3 Standard Normal Variate (SNV)

The Standard Normal Variate (SNV) preprocessing method is widely employed in
hyperspectral data analysis to normalize spectral data and address baseline variations
without distorting the shape of the spectra. SNV operates by subtracting the mean
and dividing by the standard deviation of each wavelength in each spectrum. By
normalizing the data to have a zero mean and unit variance, SNV effectively removes
the influence of solid particle size, surface scattering, and optical path changes on
NIR diffuse reflection spectra. It is particularly useful when the spectral region is
less dependent on chemical information, allowing for more accurate analysis of

underlying spectral features (Cozzolino et al., 2023; Wadoux et al., 2021).

SNV is an unsupervised technigque, meaning it does not require a response variable
during preprocessing, making it versatile for various applications. It is often
combined with other preprocessing techniques to enhance the overall data analysis
process (Xu et al., 2020). SNV preprocessing is recognized as one of the most

commonly applied methods for scatter correction in NIR/NIT data analysis. By
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performing row-wise normalization, SNV addresses the row-dependent effects
within the spectral matrix. The method corrects for single light scattering and is also

referred to as z-transformation or centering and scaling (Bian, 2022).

Xi— Xj
Si )

Xisny = ( Equation 2-3

To perform this correction according to Equation 2-3, the average of each spectrum,
X; is subtracted from the entire spectrum, x;, and these centered values are divided

by the standard deviation s;.

284 Derivatives

Derivatives play a crucial role in hyperspectral imaging as a preprocessing method
for baseline correction and resolution enhancement. They have been widely
employed in analytical spectroscopy for several decades. Derivatives offer the
capability to remove both additive and multiplicative effects in spectra, making them
valuable tools in spectral analysis (Tsai et al., 1998; D. Zhang & Zhang F, 2014).
There are two common methods for deriving spectra: direct differences (Norris
method) and Savitzky-Golay (S-G) derivative methods. The second derivative is
produced by computing the difference between two successive points in the first-
order derivative spectra, whereas the first derivative is estimated using the direct
differences approach by computing the difference between two distinct spectral

measurement points.

Derivation is beneficial in separating overlapping peaks and correcting baseline
shifts. However, a potential drawback of deriving spectra is the amplification of
noise. To mitigate this issue, smoothing techniques are often employed (Amigo &
Santos, 2019; Cozzolino et al., 2023).
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The Savitzky-Golay algorithm, which utilizes a moving window averaging method,
is commonly used for spectral smoothing. This involves selecting a window size and
fitting the data within the window with a polynomial. The central point in the
window is then replaced by the value of the polynomial. In hyperspectral imaging, a
window size of seven points is typically used for the first derivative and 15 points
for the second derivative (Xu et al., 2020). By applying derivation preprocessing in
hyperspectral imaging, baseline correction is achieved, allowing for more accurate
analysis of spectral features.

2.9  Cement Compounds

Portland cement is defined by ASTM C 150 as a type of hydraulic cement that is
made by grinding clinkers which primarily consist of hydraulic calcium silicates and
a small quantity of one or more forms of calcium sulfate that are added during
intergrinding. These clinkers are small, round nodules that range in diameter from 5
to 25 millimeters and are created by heating a pre-determined mixture of raw
materials to high temperatures until they sinter into a solid material (ASTM C150-
07, 2012)

2.9.1 Manufacturing Process

Portland cement is a hydraulic cement that is widely used in the construction
industry, which is primarily composed of calcium silicates and calcium aluminates
(Bye, 1999; Halstead, 1961). The manufacturing process involves grinding the raw
materials, mixing them in predetermined proportions, and burning the mixture in a
rotary kiln at a temperature of about 1400°C (2550°F) (Taylor, 1997). Calcareous
materials like chalk or limestone, as well as silica and alumina, which are found in
clay or shale, are utilized as raw materials to make portland cement. The raw
compounds are crushed into a fine powder, which is then combined in proper

proportions. The material is subsequently burned in a rotating kiln, where it partially
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fuses and sinters to form clinker. The commercial portland cement, which is used all
over the world, is created by cooling the clinker and then grinding it into a fine
powder with some gypsum (Chatterjee, 2018). Clays and shales, rather than quartz,
are preferred as sources of additional silica in the raw mix because quartizic silica

does not react easily with lime(Ghosh, 2014).

Alkalies, iron, magnesium ions, and aluminum all contribute to the raw mixture's
ability to create calcium silicate at much lower temperatures than normally
achievable. Because of this, when sufficient amounts of the iron and alumina
minerals are not available in the main raw materials, they are consciously added to
the raw mixture by adding secondary elements like bauxite and iron ore. Therefore,
in addition to calcium silicate compounds, Portland cement clinker also includes
aluminates and calcium aluminoferrites. (Kumar Mehta & M Monteiro, 2014;
Neville & Brooks, 1987; Tokyay, 2016).

. 3Ca.Si0,
Limestone 1450°C 2Ca.Si0,
Clay 3Ca0. Al,0,

Iron ore, Bauxite) High temperature
4Ca0. Al,05. Fe,05

The primary compounds of ordinary portland cement are four major compounds:
CsS (tricalcium silicate), C.S (dicalcium silicate), C3A (tricalcium aluminate), and
C4AF (tetracalcium aluminoferrite). These compounds are also known as alite,
belite, celite, and ferrite, respectively. Portland cement is predominantly composed
of the two calcium silicates, CsS and C.S, which make up around 68-75% of its total
composition. This is because the main compounds of portland cement are calcium
silicates. Specifically, portland cement is a substance that contains CaO and SiO: in
a ratio that enables the resulting calcium silicate to react with water under normal

conditions of temperature and pressure (Shetty & Jain, 2019).
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29.2 Hydration of Portland Cement

When anhydrous portland cement (PC) is mixed with water, a chemical reaction
called hydration occurs, resulting in the formation of hydrates that possess setting
and hardening characteristics. The hydration of PC is a complex process that
involves numerous simultaneous and successive reactions, and it is necessary to
consider the individual hydrations of the major compounds. The constituents of PC
undergo a series of chemical reactions when mixed with water, and the four major
clinker compounds, as well as free calcium oxide, calcium sulfate, and sodium and

potassium sulfates, all participate in the hydration process (Choo & Newman, 2003).

The hydration of cement is not fully understood, but studying the reaction
mechanism of individual compounds separately can help understand the chemistry
of hydration (Taylor, 1963) . The properties of fresh concrete, such as setting and
hardening, are the direct results of hydration, while the properties of hardened
concrete are also influenced by the process of hydration. Therefore, some knowledge
of the chemistry of hydration is necessary to understand the properties and behavior

of cement and concrete (Taylor, 1963).

29.2.1  Hydration Of Calcium Silicates

The two primary cementitious compounds in cement are the calcium silicates CsS
and C,S. When these compounds react with water, they produce an amorphous
calcium silicate hydrate known as C-S-H gel, which serves as the main binder that

stick the aggregate particles and sand together in concrete (Birchall et al., 1978).

CsS is much more reactive than C.S, with approximately half of the CsS present in a
typical cement being hydrated within three days and 80% being hydrated within 28
days. CzS, on the other hand, does not typically undergo significant hydration until
around 14 days (Kumar Mehta & M Monteiro, 2014).
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Both CsS and C.S produce C-S-H gel with an average Ca to Si ratio of about 1.7.
This is significantly less than the 3:1 ratio in C3S, and the extra calcium accumulates
as calcium hydroxide (CH) crystals. C2S hydration also results in some CH
formation. The hydration of C3S as well results in some lime breaking out as
crystalline Ca(OH); C»S exhibits a similar behavior but includes less lime (Double
etal., 1978).

One important characteristic of C3S hydration is the presence of an initial dormant
or induction period after the first mixing, during which the reaction appears to be
suspended. This allows for the placement and compaction of concrete before setting
and hardening begin. When the protective coating of C-S-H on the surface of the CsS
is lost or becomes more permeable due to ageing or a structural change, the dormant
phase is over. The amount of time it takes for the major C-S-H product to form after
water has access to the C3S crystals again could also hinder the reaction. (Mindess
et al., 2003).

It should be emphasized that PC is a multi-compound system, and that the hydration
reaction is a relatively intricate process involving a number of simultaneous and
subsequent reactions. While each compound hydrates on its own, the interactions of
the compounds with each other and with other cement phases have an impact on the
mechanism and kinetics of hydration. The aluminates, which make up the remaining
25% of ordinary portland cement, also play a significant role in determining the

hardening characteristics (Bullard et al., 2011).

2.9.2.2  Hydration of Calcium Aluminates

The hydration of aluminates in cement is a complex process that is influenced by
various factors, such as the presence of other components, the availability of water,
and the particle size of the cement. The two primary aluminates present in cement

are CsA and CsAF, and their hydration behavior is of great importance in the
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production of high-quality cementitious materials (Scrivener et al., 2019; Taylor,
1963).

When C3A is mixed with water in the presence of gypsum, it initially reacts to form
calcium sulfoaluminate hydrate, which is commonly known as ettringite. Ettringite
acts as a diffusion barrier around CsA, slowing down its hydration and preventing
flash setting (Joseph et al., 2019). Ettringite is also aggressive and can break down
other hydration products, leading to volume instability and the creation of cracks in
the concrete. If ettringite is formed before the concrete has hardened, it can
contribute to early strength development by reinforcing the surrounding C-S-H.
However, if ettringite is formed after the concrete has hardened, it can weaken the
concrete by creating cracks and volume instability (Choo & Newman, 2003; Neville
& Brooks, 1987).

When enough calcium sulfate is not present in the medium, rapidly reacting C3A
produces the phases C2AHg and CsAH19, which then change into C2AHe. This is a
rapid and highly exothermic reaction. The first reactions are regulated when finely
crushed gypsum or hemihydrate is combined with C3A prior to mixing with water.
This is because ettringite forms a protective layer on the crystals' surface(Pourchet
et al., 2009).

The majority of commercial portland cements do not contain enough sulphate to
support the formation of ettringite. Ettringite interacts with CsA to produce
monosulfate, a phase with a reduced SOs concentration that forms once the available
sulphate has been consumed (Jia, 2010; Pourchet et al., 2009).

C4AF hydrates similarly to CzA, however it happens so more gradually. In the crystal
structures of ettringite and monosulfate, iron replaces aluminum in solid solution.
Aluminum-ferrite trisulfate (Af) hydrate and aluminum-ferrite monosulfate hydrate
(AFm) phases, which are generated by combining C3A and CsAF, have varying
compositions of ettringite and monosulfate, respectively.(Z. Li et al., 2022; Mindess
et al., 2003; Saikia et al., 2012).
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29.3 Synthesis of Pure CsS

In cement clinker, CsS is generally impure and referred to as alite. The impurities
have a strong effect on the polymorphs that can be obtained. The most common
impurities found in cement clinker are Mg?*, AP¥*, and Fe**, with the M1 or M3
monoclinic polymorphs typically dominant. In a study conducted by Quennoz
(2011), a synthesis of alite was made using a 3:1 molar ratio of calcium carbonate
(CaCO0:3) and silicon dioxide (SiO2), with 1% by weight of aluminum oxide (Al>Oz3)
and 2% by weight of magnesium oxide (MgO) (Quennoz, 2011).

The raw materials were mixed in the ratios given in Table 2-1, with 1 liter of pure
water in a ball mill for 24 hours. Subsequently, the mixture was dried at 100°C for
24 hours and ground to a powder using a mortar and pestle. The obtained powder
was pressed into pellets with a diameter of 5 cm and a height of 1 cm under a pressure
of 100 kP/cm?, and the pellets were burned in an electric furnace according to the

firing procedure shown in Figure 2-7

Table 2-1 Weight of raw materials are used for synthesizing C3S (Quennoz, 2011)

Raw materials | Weight (g)
CaCO3 635.8
SiO» 130
Al,O3 51
MgO 10.3
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Figure 2-7 Firing procedure of C3S according to (Quennoz, 2011)
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After the burning process, the pellets were rapidly cooled with air, then ground and
sieved in a ring mill (<100um). The use of Al and Mg ratios results in the M3
polymorph. The Al and Mg ions affect the grain growth of C3S. The Mg ions increase
the amount of liquid phase during the burning process and decrease the viscosity of
the mixture, allowing better diffusion of chemical species and leading to the
formation of larger grains compared to pure CsS. The synthesized phase was
analyzed using X-ray diffraction (XRD) and scanning electron microscopy (SEM)
and the results are depicted Figure 2-8. According to the results of the Rietveld

analysis, the synthesized alite compound contains 0.72% free CaO.
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Figure 2-8 Results of (a) SEM, (b) XRD for C3S (Quennoz, 2011)

In another article, the impact of CaCO3 on the hydration products of C3A, CsS, and
portland cement is explored by utilizing techniques such as XRD, SEM, and TG-
DTA for analysis. In this article authors synthesized CsS using a mixture containing
71.9% CaO0, 0.6% Al203, 25.7% SiO», and 1.8% MgO, which was heated at 1600°C
for 16 hours. To obtain a product similar to alite found in clinker, Al and Mg oxides

were added to the C3S raw mixture, with these compounds supporting CsS formation
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at lower temperatures. The cooling process was not reported, and the samples were
ground to a size of less than 90 um after burning. The results revealed that CaCO3
sped up the hydration of C3S and the formation of ettringite, while suppressing the
creation of monosulfate. The presence of CaCO3 also decreased the amount of
calcium hydroxide in the hydration products of C3S and portland cement. In contrast,
CaCOs had little effect on the hydration of CsA. The study highlighted the complex
interactions between cement compounds and external factors influencing the
hydration products (Kakali et al., 2000).

In the study conducted by Wesselsky and Jensen, a method for synthesizing both
triclinic and monoclinic forms of CsS was described (Wesselsky & Jensen, 2009). It
was noted that the same conditions were used for both forms, but the composition of
the raw material mixture was different. In both cases, the CaO:SiO> stoichiometric
ratio was 3:1. However, for the monoclinic form, a small amount of MgO and Al2Os
was added to the raw material mixture to stabilize this crystal structure. Magnesium
atoms replace calcium in the structure, while aluminum replaces both calcium and
silicon atoms in equal proportions. In the case of monoclinic CsS, the given amounts
correspond to a weight percentage of 98.2% stoichiometric CaO and SiO2 mixture,
1.1% MgO, and 0.7% Al>Os (Table 2-2). The sintering procedure involved heating
to 1600°C in 2 hours, holding at this temperature for 2 hours, and then rapidly
cooling. The effect of the sintering cycle on the synthesized triclinic C3S was
determined by X-ray diffraction (XRD) analysis. The results of XRD analysis after
the first and second sintering cycles are shown in Figure 2-9. It was estimated that
the CsS content was 90% after the first cycle. The peak indicated by the arrow was
identified as the CaO main peak, and it was noted that all other visible peaks
belonged to triclinic CsS. After the second cycle, the CaO main peak disappeared,

indicating a purity of approximately 98-99%.
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Table 2-2 Mix composition for 100 g of final C3S product (Wesselsky & Jensen,

2009)
CaCOs SiO, Al,03 MgO
T 131.506
CsS triclinic ) 26.316 0 0
Ca/Si = 3.000
o 127.614 0.701 1.177
CsS Monoclinic _ 25.843 _ )
Ca/Si = 2.964 Al/Si =0.302 Mg/Si
Counts
10000 }\
J! Ca0
N main peak
5000 - | l"\ i
\
0 | PR g Pt
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f Ca0
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Figure 2-9 XRD results of triclinic CsS

The article "The Effect of Magnesium and Zinc lons on the Hydration Kinetics of
C3S" focuses on the effect of magnesium and zinc ions on the hydration rates of CsS,
the primary compound of portland cement (Bazzoni et al., 2014). Using isothermal
calorimetry and X-ray diffraction, the authors analyze the hydration products and
kinetics of C3S in the presence of various concentrations of Mg and Zn ions. The
findings reveal that both Mg and Zn ions can accelerate the early-stage hydration of

CsS, with Mg having a more significant effect than Zn. However, as hydration

34



progresses, the presence of Mg ions leads to a decrease in the total heat release and
a delay in the formation of hydration products, while the presence of Zn ions has no
significant effect on the hydration kinetics. The authors attribute the observed effects
to the interaction between the ions and the CsS surface, which can affect the

availability of water and the formation of the hydration products.

The study also shows that there is no evident link between reactivity and crystal
structure polymorphs. The alite with magnesium is monoclinic, the alite with zinc is
discovered to be triclinic, and the pure CsS displays triclinic space group symmetry.
However, Zinc uptake improves the reactivity of C3S while preserving a similar
triclinic symmetry to pure C3S, whereas Mg inclusion results in a distinct polymorph
with a nearly identical reactivity. Nevertheless, it cannot be excluded that the levels
of disorder in the structure of the different triclinic polymorphs may influence the
reactivity. The major peak of hydration is affected by both zinc and magnesium,
although in two different ways, according to the results of the calorimetry.
Magnesium produces a wider peak, while zinc produces a higher peak. Due to the
presence of ions in solution, these two behaviors appear to be connected to the

modification of C-S-H's nucleation and growth. (Bazzoni et al., 2014).

Li,. Et al. found that using amorphous silica as a raw material and inter-grinding it
with CaCOs and water significantly enhanced the efficiency of C3S synthesis. The
dried raw mixture had enough green strength to be self-supporting, which allowed
for large cylinders to be placed in platinum crucibles. With this method, it was
estimated that a production capacity of approximately 2 kg of C3S within a week was
possible (X. Li, Ouzia, et al., 2018).

Amorphous silica and extremely fine CaCOg particles in the raw mix after grinding
contributed to the raw mix's better burnability, which raised the effectiveness of the
CsS synthesis. Additionally, the streamlined procedure for creating samples, which
avoided pressing discs, saved time and effort. Lastly, the increased capabilities of
the furnace and crucible allowed for larger cylinders to be sintered. The researchers

used X-ray powder diffraction with Rietveld analysis to quantify the mineral
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composition of the sintered sample. They proposed a five-step solid-state reaction-
based procedure for CsS/alit synthesis but listed several disadvantages of this
procedure, such as the time-consuming pressing of the raw mixture into discs, long
sintering times, the need for repeated sintering, and the furnace and platinum

crucible's constrained capacity (X. Li, Ouzia, et al., 2018).

To overcome these issues, the authors suggested an alternative method that avoids
pressing the raw mixture into discs and allows for a production capacity of
approximately 2 kg of C3S within a week. They used calcium carbonate (VWR) and
two types of amorphous silica (fumed silica, Sigma-Aldrich) with different particle
size distributions as the raw materials. The final product contains 96-98% CsS by
weight and <0.4% free CaO. The authors also provided a summary of the mineral
composition of the test samples using Rietveld analysis. The porous structure of the
dried cylinder sample allowed for easier grinding and the release of CO2 during the
decomposition of CaCOs. In summary, the authors made three main changes to the
production process: using cylinders instead of pressed discs for the raw mixture,
shortening the sintering time by increasing the burnability of the raw mix, and
increasing the capacity of the Pt crucible and furnace by using cylinders instead of
discs (X. Li, Ouzia, et al., 2018).

29.4 Synthesis of Pure C2S

CsS is the second most abundant compound present in cement. The mineral
compound C»S is a stable phase at room temperature and can undergo multiple phase
transitions at temperatures up to 2130°C (Maheswaran et al., 2015). The B-C2S
modification is typically found in industrial clinkers, while a or o' modifications are
present during sintering but transform into the  phase upon cooling. The B—y
transformation is undesirable as it destroys clinker nodule integrity and reduces
reactivity with water. o'-C2S, which is more reactive than -CS, is not normally
present in Portland cements but is of interest to manufacturers of "Belite cement.”

C>S can incorporate foreign ions, such as AI** and Fe** up to 4-6 wt.%, and good
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miscibility with P20Os and B2Os has been observed. Synthesis of C>S can be achieved
through the sol-gel method using calcium nitrate and silicon oxide as initiating
materials (Y. L. Chen et al., 2009).

1425°C 1160°C 630-680°C <500°C
o 2 o = o = p - Y
H L
1 690°C
780-860°C

X-ray diffraction (XRD) can be used to identify $-C2S, but matching a'-C>S is more
challenging as there is no single and specific pattern covering all encountered peaks.
Therefore, other potential phases and modifications must be eliminated, by
attempting to match their corresponding patterns. In addition to the solid-state
sintering method, the Pechini procedure, which uses appropriate oxides or salts with
an alpha-hydroxycarboxylic acid in a solution, can successfully synthesize CS. This
method involves chelation and results in stable o'-C2S, which has higher reactivity
than B-C.S.

In an article by Zhao, the authors discuss the crystal transformation of dicalcium
silicate (C2S) and its influence on the microstructure, hydraulicity, and grindability
of cement clinker, (Zhao, 2012). The transformation of $-C2S to y-C>S can be used
to pulverize cement clinkers for saving grinding energy, but the hydraulicity of y-
C2S is lower than B-C.S. The study investigated the influences of sintering
temperatures, cooling methods, and chemical impurities on transformation. The
findings highlight that the crystal transformation ratio of CS is inversely related to
the cooling rate. Faster cooling speeds hinder the transformation of -C2S to y-C.S
according to the results shown in Figure 2-10. Therefore, to produce clinkers with a
high content of 3 -C>S, it is essential to rapid cooling the clinker, and the cooling rate

should not be lower than 500 °C per minute.
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Figure 2-10 The crystal transformation rate of B-C»S to y-C,S with different
cooling methods (Zhao, 2012)

Chemical impurities (Na20, P20s, B20s3, Cr203, and K.O) were found to be
stabilizers of B-C.S, and their concentration was related to the stability effect. The
characteristic concentrations of NaO, P20s, B;03, Cr203, and K>O were
approximately 1.2%, 0.3%, 0.3%, 1.0%, and 1.5%, respectively. The study also
examined the effect of cooling methods on C,S crystal transformations and found
that a high cooling rate prevented B-C.S from transforming into y-C,S. A proper
selection of sintering temperatures and cooling rates in combination with stabilizer
concentrations could quantitatively control C,S crystal transformation. The raw
materials used for the synthesis of C.S were CaCOz and SiO2, while Na2O, P20s,
B203, Cr203, and K20 chemicals were used for the stabilization of B-C2S (Zhao,
2012).

One other article, (Singh, 2006), discusses the hydrothermal synthesis of f-dicalcium
silicate (B- C2S) using different sources of silica and calcium oxide. The study
compares the reactivity and hydration properties of the B-dicalcium silicates obtained
through hydrothermal synthesis with those obtained through a conventional method
using B20Os as a stabilizer. The hydrothermal method resulted in a highly reactive B-
C>S, even when low-cost sources of silica, such as rice husk ash and fly ash, were
used. The high reactivity was attributed to the high specific surface area of p-C:S,
resulting in the formation of nano-size C-S-H with a porous structure that did not

hinder the approach of water molecules to the fresh surface of B-C2S.
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The authors prepared the reacting systems by mixing stoichiometric ratios of CaO
and silica from different sources, followed by adding water and keeping the mixtures
in an autoclave at high temperatures and pressures. The hydrated masses were then
characterized using X-ray diffraction, DSC, and SEM techniques. The results
showed that B-C.S obtained through the hydrothermal method had much higher
extents of hydration compared to those obtained through the conventional method.
Moreover, the hydrothermal method resulted in the formation of $-C>S with low free
lime values, indicating high reactivity. The study provides insights into the effect of
synthesis methods and source materials on the properties of B-C2S, which can be
useful for designing new materials with desired properties. In conclusion, the
hydrothermal synthesis of B-C>S using low-cost sources of silica was found to be
highly effective in producing a reactive material with high extents of hydration
(Singh, 2006).

2.9.5 Synthesis of Pure C3A

Tricalcium aluminate (C3A) is a vital constituent of ordinary portland cement (OPC)
clinkers, albeit in relatively small proportions (2-10% by weight). Its pronounced
influence on cement setting and control over early-age heat release stems from its
high reactivity. Uncontrolled reaction of C3A with water can result in rapid setting,
commonly known as flash set. Therefore, comprehending and effectively managing
the reactivity of C3A in cement formulations is of utmost importance (Y. L. Chen et
al., 2009).

The structure of C3A can be modified by the presence of minor elements like Na*,
K*, Mg?*, and Fe** during the clinkering process. Additionally, the alkali content,
predominantly Na* originating from raw materials and fuels during clinkering,
impacts the behavior of C3A, leading to the formation of diverse C3A polymorphs
(Rheinheimer et al., 2016).
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During the initial stages of cement hydration, C3A exerts a substantial influence on
cement setting and hardening characteristics. Through ionic substitution, the crystal
structure and other properties of C3A can be altered. Consequently, understanding
the role and behavior of C3A when formulating and utilizing cement becomes
paramount. By effectively managing the reactivity and structure of C3A, researchers
and engineers can manipulate the setting time and overall performance of cement,
ensuring its suitability for a wide array of applications in construction and

infrastructure development (Pourchet et al., 2009).

Despite the apparent simplicity in the synthesis of C3A, it is accompanied by certain
complexities. The phase transition behavior of the CaO-Al>Os binary system is
depicted Figure 2-11, illustrating the influence of raw material compositions and
temperature. Notably, CsA undergoes melting at a temperature of 1542°C. In its pure
form, C3A commonly adopts a cubic crystalline structure (Wesselsky & Jensen,
2009).
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Figure 2-11 phase transition behavior of the CaO-Al>O3 binary (Wesselsky &
Jensen, 2009)

In a study conducted by Quennoz and Scrivener, the hydration behavior of C3A-

gypsum systems with varying gypsum additions, focusing particularly on the second
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steps of the reaction following gypsum depletion was investigated (Quennoz &
Scrivener, 2012). The objective of this study was to specifically synthesize cubic
CsA. The author acknowledged the challenges associated with achieving pure C3A
synthesis and implemented modifications to the synthesis procedure following
multiple unsuccessful attempts. The primary method employed for C3A synthesis
involved the mixing of CaO (derived from CaCO3) and Al2Oz in stoichiometric
proportions (3:1). Subsequently, XRD analyses were carried out on exemplary
specimens from each batch. It was observed that certain batches exhibited the
presence of a mayenite (C12A7) peak at approximately 18°C. This particular phase,
depicted in Figure 2-11, denoted a transitional stage during the synthesis of C3A.
Nonetheless, the presence of the mayenite phase was deemed unfavorable due to its
significant influence on modifying the reaction kinetics of the C3A-gypsum system

and inducing rapid setting .

One other study (Tian et al., 2016) about the formation of aluminates focuses on the
synthesis of sintering procedure for calcium aluminate compounds at a temperature
range of 1100-1400 °C. The synthesized compounds had been characterized by
various analytical techniques such as XRD, FT-IR, SEM, EDS, and DSC. The results
reveal the presence of several calcium aluminate compounds, including CazAl2Os,
CasAlsO14, Cal2Al14033, CaAl204, CaAl4O7, and CaAl12019, in the sintered products
with varying molar ratios of CaO to Al.Oz. These compounds exhibit a layered
distribution, with the outer layer containing higher amounts of CaO and the core
primarily composed of Al>Os. The initial reaction stage involves the formation of
CazAl206 and CasAleO14, where CaO gradually diffuses into the distribution of
Al>;03. The molar ratios of the equilibrium phases align closely with those of the
sintered products. Furthermore, the unit cell volumes of certain calcium aluminate
compounds, such as CasAl20s, CaAl>04, and mayenite, decrease as the sintering

process progresses.

In the early stages of the high-temperature solid-state reactions, the formation of
calcium aluminate compounds CsAz and C3A is observed, which remains unaffected

by the varying ratios of CaO to Al,Os in the mixtures. As the consumption of Al2Os
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and CaO occurs, the content of the equilibrium phase increases at the expense of
other calcium aluminate compounds. These include CA2, CA, C12A7, CsAsz, and C3A,
which all act as intermediate phases leading to the formation of the equilibrium
phases. The molar ratios of the equilibrium phases closely resemble those observed

in the sintered products.

The initial reaction stage also involves the formation of mayenite, with a chemical
formula of Cai11.3Al14032, which gradually transforms into Cai2Al14033 with
increasing sintering duration. Additionally, the unit cell volumes of C3A, C12A7, and
CA initially exceed standard values but gradually decrease as the sintering process
proceeds. The distribution characteristics of calcium aluminate compounds reveal a
core region primarily composed of Al,Os3, surrounded by layers of CA2 and CA. C3A
and CpoA7 are detected in the layer closest to the surface, and as the reactions

proceed, CaO diffuses into the region where Al20s is distributed. (Tian et al., 2016)

2.10 Characterization of Materials by Hyperspectral Imaging

While hyperspectral imaging is a relatively recent addition to the array of material
recognition techniques, there have been limited studies utilizing this method to

differentiate between construction materials.

In one of the recent studies (Bonifazi et al., 2018), the authors focus on the quality
assessment of recycled concrete aggregates (RCA), particularly in terms of
evaluating the presence of attached mortar paste on their surfaces. To achieve this
goal, an innovative sensor-based quality control strategy using hyperspectral
imaging in the near-infrared range (1000—1700 nm) is developed by the authors. The
HSI data is processed, employing principal component analysis (PCA) for data
exploration and, subsequently, partial least square-discriminant analysis (PLS-DA)
is utilized to construct classification models that can detect the presence of mortar

paste on aggregate surfaces and quantify its percentage as it is illustrated in Figure
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2-12. Micro X-ray fluorescence (micro-XRF) maps are also used to validate the HSI
classification results. The authors demonstrate that their approach is effective in
identifying and quantifying the mortar attached to the aggregate surface, providing
an objective, fast, non-destructive, and cost-effective method for assessing the
quality of recycled aggregates. They suggest that this methodology could be
implemented at a recycling plant scale to improve the competitiveness of recycled

aggregates in the market compared to the natural ones.

MORTAR-COVERED AGGREGATES PARTIALLY LIBERATED

. @

CLEAN AGGREGATES

Figure 2-12 The source image (a) comprises clean aggregates, mortar-covered
aggregates, and partially liberated aggregates, while the corresponding prediction
image (b) results from the application of PLS-DA, illustrating the classification
into aggregates (A) and mortar (M), along with the micro-XRF map (Bonifazi et
al., 2018)

In another study, the authors have conducted a research using hyperspectral imagery
and computational algorithms to classify different types of mortar and assess the in-
situ strength of fresh mortar in near real-time (Fan et al., 2020). They collected
reflectance data from mortar surfaces over a range of 400—-2500 nm. Three groups of

mortar samples with varying water-to-cement (W/C) ratios were prepared and
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scanned from Day 1 to Day 14 of curing. They specifically focused on the reflectance
data in the wavelength range of 1920 nm to 1980 nm, associated with the O-H
chemical bond. They used K-Nearest Neighbors (KNN) and Support Vector
Machine (SVM) algorithms for classifying the mortar types and predicting their
compressive strength. The results showed a clear correlation between the average
reflectance and curing time, indicating changes in the mortar's hydration process
(Figure 2-13). The SVM classification model demonstrated the highest prediction
accuracy of approximately 90%, making it the recommended algorithm for mortar
classification. Furthermore, they found a strong correlation between the mortar's
compressive strength and the average reflectance in the 1920-1980 nm wavelength
range, with a correlation coefficient exceeding 0.95. This suggests that hyperspectral
imaging can be a valuable nondestructive tool for rapidly predicting the compressive
strength of mortar, with potential applications in concrete pavement strength
prediction (Fan et al., 2020).
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Figure 2-13 Average reflectance spectra in the wavelength range of 1200 nm to
2400 nm for samples with a W/C ratio of: (a) 0.6, (b) 0.5, and (c) 0.4 (Fan et al.,
2020)
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Additionally, in other paper (Zahiri et al., 2018) the use of short-wave infrared
(SWIR) spectrometry to classify concrete samples based on their water-to-cement
(wi/c) ratios and predict their density was explored Concrete spectra from various
wi/c ratios (50%, 65%, 80%) were analyzed within the 1300-2200 nm range. They
developed a Partial Least Square Discriminant (PLSD) Analysis model using 36
samples, achieving an 89% correct classification rate for 18 validation samples. The
study demonstrates that SWIR spectrometry effectively detects differences in initial
w/c ratios for hardened concretes (Zahiri et al., 2018).

Furthermore, the research shows that differences in density and compressive strength
related to wi/c ratios can be indirectly estimated through SWIR spectrometry. The
results indicate the potential of spectral analysis for rapid detection of faulty concrete
in large, in-situ applications, although further extensive laboratory and field testing
across various materials and conditions is needed for direct adoption of these

approaches (Zahiri et al., 2018).

In the most recent study about the application of hyperspectral imaging in cement
industry by Diane et al. (2023), a novel and rapid method for predicting the mass
loss of cement samples using a combination of Machine Learning (ML) and
hyperspectral imaging is interduces. They aim to provide an alternative and non-
destructive analytical approach to estimate analyte concentration in a specific matrix
accurately and immediately, addressing the needs of analytical chemistry(Diane et
al., 2023).

The study demonstrates the reliability and accuracy of their approach by developing
a predictive ML model that performs well, especially with partial least squares
regression. They achieve high validation scores, indicating the effectiveness of the
method. Furthermore, the authors suggest the potential for further optimization and
enhanced performance by selectively focusing on relevant wavelengths through a
feature selection approach. The article concludes that the combination of HSI and
ML will play a crucial role in cement quality control in the future, offering a
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sophisticated and multidisciplinary approach for estimating mass loss in cement

samples(Diane et al., 2023).
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CHAPTER 3

EXPERIMENTAL PROGRAM

The main lines of the experimental work were based on obtaining the hyperspectral
imaging system (HSI) and getting it to work. After that, in order to obtain the
hyperspectral images of the main cement compounds, a synthesis work plan was set
to produce enough amount of each of those compounds that can be utilized in all the
required characterization work. Finally, the hyperspectral imaging system was used
to scan the prepared samples, and the test results were processed and used to create

an identification model for those compounds using HSI techniques.

3.1  The Hyperspectral Imaging System

The hyperspectral imaging system used in this thesis, which combines a
hyperspectral camera and a light microscope enables the acquisition of hyperspectral

images using a special software as shown in Figure 3-1.

(a) (b)

e Qi Qo 0o

Figure 3-1 (a) Hinalea hyperspectral camera mounted on the microscope, (b)

Truescope software interface
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311 The Hyperspectral Camera

The Hinalea Model 4200 Wide-Field Hyperspectral Camera used in this study, as it
is shown in Figure 3-2 is a versatile instrument designed for laboratory and industrial
use. It offers high configurability, capturing contiguous, high-resolution images from
400 nm to 1,000 nm across the visible to near-infrared spectrum. This camera
eliminates the tradeoff between spectral bands and spatial resolution. It supports up
to 300 standard spectral bands with a spectral resolution of 4 nm FWHM. The
measuring area for this camera (for industrial uses) is 310 mm x 80 mm x 80 mm
and can operate in a temperature range of 20°C £ 5°C with a humidity level of 65%
non-condensing. The camera also offers optional illumination and the capability to
scan objects at a perpendicular angle for versatile imaging. However, the camera
used in this study was modified to be installed on the trinocular of a polarized

microscope.

Figure 3-2 The Hinalea Model 4200 hyperspectral camera
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3.1.2 The Microscope

The microscope used in this study was AMSCOPE ME 520 T microscope, which
offers a total magnifications (through the binoculars) from 50x to 1000x using seven
plan-achromatic objective lenses. It features dual illumination for various sample
types, and supports brightfield, darkfield, and polarization microscopy, which can
reveal intricate material details, such as stress patterns. Its infinity-corrected optical
system has the ability to reduce optical errors when using filters and in-line

components.

3.13 The Hyperspectral Imaging Software

The system manufacturer provided a software package named Truescope, allowing
the transfer of images to a computer via a high-speed USB 3.0 connection (Figure
3-1(b)).

The software facilitates the adjustment of camera settings through an additional USB
connection. To ensure image clarity under high magnifications, it is necessary for
the samples to possess flat surfaces or be specially prepared as thin or polished
sections suitable for microscope examination. The focusing process is manually
performed on the microscope to achieve optimal image quality. The software enables
users to adjust various settings related to hyperspectral imaging.

The wavelength range detected by the software tool can be adjusted within the range
of 400 to 1000 nm. Moreover, the software allows for the adjustment of exposure
time, gap, and white light reflection values. These settings exhibit varying degrees
of influence on the type of sample and the desired level of measurement precision.
However, the most significant factor affecting the outcomes is the gap adjustment,
which is a variable in the Fabry-Perot interferometer (FPI1) method, Illustrated in
Figure 3-3. The reflective component of this filter comprises two parallel mirrors

with a specific distance interval, possessing high reflection capabilities and oriented
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towards each other. The gap between the mirror surfaces represents a resonant gap,
where incident light undergoes multiple reflections amidst the coated surfaces
defining the gap. When the gap width corresponds to an odd multiple of half the
wavelength of the incident light, the resulting reflected beams constructively
interfere, leading to maximal optical transmission. Conversely, at other gap width
values, the reflected beams interfere destructively, potentially causing a decrease in
optical transmission towards zero. Consequently, this device functions as a selective
bandpass filter, facilitating the transmission of specific wavelengths. To achieve high
reflectivity and transmission, insulating mirrors are employed instead of metallic
mirrors (Koonen, 2006; Milne et al., 2009; Sikdar & Kornyshev, 2019).

Variable Gap
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Mirror 1 Mirror 2

Figure 3-3 The working principle of FPI filter used in HS camera (Fong et al.,
2018)

After the necessary adjustments are made using the microscope and the software, the
complete process of acquiring measurements from the sample takes an average of
approximately 60 seconds. The measurements are recorded in two file formats: a
data cube (that contains the spatial data and the corresponding spectrums) and a
header file (that provides metadata for the acquired data). Furthermore, the obtained

measurements can be visually displayed within the Truescope software, enabling the
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extraction of spectral measurements from specific desired points (up to 10 points) on
the image. The scale visible in Figure 3-4 spans a total length of 1 mm, which
corresponds to a distance of 900 pixels in the image captured with a 10x objective
lens. Consequently, in the images obtained with the 10x objective lens in this system,
each pixel corresponds to 1.11 um of the sample. Beneath each acquired pixel
spectral data is recorded, representing the measured reflectance ratio for the selected

wavelengths ranging from 400 to 1000 nm.

968 Pixel

[9XId 809

Figure 3-4 scale of 1 mm in pixel measurements

3.2 Raw Materials

In this thesis study, the utilization of pure raw materials was employed due to the
crucial significance of purity in the synthesized compounds of cements. Those

materials are explained in the upcoming sections.
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3.21 Calcium Carbonate, CaCO3

One of the primary constituents of the cement compound is CaCOs, and the purity
of CaCOg plays a crucial role in the quality of the resulting material. The CaCOs
used in the conducted tests was sourced from TEKKIM company, known for
providing highly pure materials (purity level of 98% or greater). The XRD pattern
depicted in the Figure 3-5 represents the outcome of the analysis conducted on this

specific material.
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Figure 3-5 XRD pattern of TEKKIM CaCOs

3.2.2 Quartz, SiO2

The quartz sand used for this study was obtained from Kirikkale region, which
exhibited a high purity level of 97% as determined by XRD analysis. Sand particles
were grinded with special ball mill grinder and subsequently, the ground material
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was sieved through a 75 um sieve. The XRD test result for this material is illustrated

in Figure 3-6.
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Figure 3-6 XRD pattern of SiO-

3.2.3 Aluminum Oxide, Al2O3

In order to produce the aluminate phase of cement, a highly pure Al,Os from
TEKKIM with a purity level of 98% or greater was utilized. The XRD result for this

material is depicted in Figure 3-7.

Aluminum Oxide

Aluminum Oxide
Aluminum Oxide
Aluminum Oxide

Aluminum Oxide
luminum Oxide

.

I
v
w
o
w

5 10 15 20 25 30 35 40
Position (°28)

Figure 3-7 XRD pattern of Al>0O3
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3.24 Minor Stabilizers

To minimize the likelihood of phase alterations during the production and quenching
processes of the materials, minor stabilizers were incorporated into each mixture.
These stabilizers were carefully selected for their high purity chemical compositions.
Al>03 and MgO were employed as a stabilizer in the production of C3S, while HsBO3
was utilized in the production of C>S The minor stabilizers in each case constitute

less than 1% of the total mixture weight.

3.3 Synthesis Processes of Cement Compounds

Various synthesizing methods of Portland cement compounds were identified in the
literature. By selecting the proportions and heating regime from one article as a base,
through a series of trial-and-error processes, the methods used by Wesselsky et al.
were refined with minor modifications to improve the production of the cement
compounds in this study (Wesselsky & Jensen, 2009). In addition, a specially
designed furnace was used for the synthesis process.

This custom-designed Protherm ELV MOS 160 furnace stands out for its safety
feature, permitting door opening at high temperatures without compromising user
safety or oven integrity. This furnace is tailored for laboratory bottom loading
procedures, known for its impressive temperature range up to 1600°C. Figure 3-8
depicts the Protherm ELV MOS 160 oven.
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Figure 3-8 Protherm ELV MOS 160 furnace showing the elevated specimen
holding platform on the right

3.3.1 CsS Synthesis

The crystalline structure of CsS adheres to a stoichiometric ratio of 3:1 for CaO to
SiOz. To stabilize the monoclinic form of C3S, small quantities of MgO and Al.03
are introduced into the raw material mix, resulting in the substitution of calcium by
magnesium atoms and the replacement of both calcium and silicon atoms by
aluminum in equal proportions. These raw materials are combined in a cylindrical
container and acetone is added to create a fluid mixture. The resulting mixture is then
transferred to a platinum crucible and placed in the oven. The sintering process
involves a 2-hour heating ramp to 1600 °C, followed by a 2-hour hold at that
temperature. After removal from the oven, the crucible is promptly transferred to a
minus 40°C refrigerator for the quenching process. The materials were kept in the
refrigerator for 1 hour then placed in a desiccator. The raw materials proportions and
heating regime is given in and Figure 3-10 Table 3-1 respectively. Due to the
restricted capacity of the crucible used in each trial, there was a limitation on the
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amount of material that could be produced (since the total volume of the special

platinum crucibles used was 40 ml) as it is shown in Figure 3-9.

Figure 3-9 Hot crucible while removed from the furnace

Table 3-1 Raw materials proportions for synthesizing CsS

Material name | CaCOs | SiO2 | Al:0s | MgO
Weight (g) | 102.091 | 20.674 | 0.56 | 0.9416
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Figure 3-10 Heating regimes of the oven during the synthesis of cement
compounds

3.3.2 C2S Synthesis

In this research, the B-form of C2S was synthesized. The mixtures in the B-form
consist of a precise combination of 2 moles of CaO and 1 mole of SiO2, which are
stabilized using H3BO3, as listed in Table 3-2. Similar to C3S, all the ingredients
were thoroughly mixed in powdered form inside a cylindrical container with a lid.
Acetone was added to the mixture, before it was transferred to a platinum crucible.
The filled crucible was subsequently placed in the furnace and heated to 1450 °C
over a duration of 105 minutes. It was then maintained at this temperature for an
additional 4 hours before being promptly moved to the refrigerator for the quenching
process at -40 °C (Figure 3-10). The quenching was particularly critical for
preserving the C2S compound, as it can easily transform into its non-reactive form,
known as Y-C2S. After 1 hour of cold treatment C2S was removed from the crucible

and kept in a desiccator to prevent any possible hydration.
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Table 3-2 Raw materials proportions for synthesizing C.S

Material name | CaCOs | SiO> H3BO3
Weight (g) 92.601 | 29.533 | 0.300

3.3.3 CsA Synthesis

The stoichiometric combination of 3 moles of CaO and 1 mole of Al>O3 results in
the formation of the Cubic modification of C3A (Table 3-3). Like the other
compound mixtures, the raw materials are first mixed in a container with a lid, in
powdered form. Acetone is then added to create a paste-like mixture, which is
subsequently placed in a crucible.

The sintering process involves heating the sample for a duration of 1 hour and 45
minutes, gradually reaching a temperature of 1450 °C. The sample is then held at
this temperature for 3 hours. Following the sintering process, the sample is rapidly
quenched at -40 °C (Figure 3-10).

Table 3-3 Raw materials proportions for synthesizing CsA

Material name | CaCOs | Al,O3
Weight (g) 94.454 | 32.075°

3.4  Sample Preparation for Pastes

The clinkers are first crushed and then finely ground using the Retsch ball mill PM
100, located in the Materials of Construction Laboratory at METU, to prepare the
paste. This planetary benchtop single station ball mill uses centrifugal forces to
produce in very high pulverization energy and therefore short grinding times. The
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grinding process takes place in a grinding jar with a volume of 500 ml, capable of
grinding up to 220 ml of material per batch. The grinding duration varies for each
material due to differences in their hardness. The specific grinding periods for each
material can be found in Table 3-4. In order to prevent excessive heat buildup in the
grinding jar and minimize material sticking to the jar walls, a pause in the grinding
process is implemented every 2 minutes. During this pause, the mixture is manually
stirred using a spoon. The determination of these specific grinding durations and
speeds involved a process of trial and error to optimize the grinding efficiency.

Table 3-4 Griding duration and rotational speed for each cement compound with
Retsch ball mill grounder

Material name | Duration | Rotational speed
CsS 5 minutes 450 r.p.m
CaS 8 minutes 600 r.p.m
CsA 4 minutes 500 r.p.m

3.5  The Physical Properties of the Cement Compounds

Following the grinding process, the cement compounds were sieved using a 63 pm
sieve (n0.240). The resulting powdered material's fineness was determined using a
particle size distribution (PSD) device, specifically the Malvern Mastersizer 2000
laser diffraction equipment, located at TurkCimento. This equipment allows for

precise measurement and the analysis of particle sizes in the cement compounds.

In addition, the density of cement compounds was determined according to EN 196-
3.
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3.6  Sample Preparation For HSI

Both thin sectioning and polish sectioning techniques were employed, to examine

clinkers and cement compounds under the microscope.

3.6.1 Thin Sectioning

Cement compound clinkers are meticulously prepared as thin sections for subsequent
examination under a hyperspectral microscope. Initially, the clinker form was
employed for the creation of thin sections; however, due to the occurrence of broken
clinker fragments during the filing phase, the cement form was subsequently utilized.
The cement clinker compounds underwent a grinding process and were subsequently
combined with an impermeable synthetic resin to undergo transformation into a solid
cuboidal sample. This sample was meticulously polished using precision files to
achieve a uniform thickness. Subsequently, these prepared samples were affixed to
glass slides. In the final stages of preparation, the samples underwent filing and
smoothing processes to achieve a thinness conducive to detection under the
transmittance format of hyperspectral studies. Prepared samples are shown in Figure
3-11.

Figure 3-11 Thin sections of cement compounds
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3.6.2 Polished Sectioning

In the polished sectioning method, clinker pieces were embedded in a colored resin
within cylindrical molds. The addition of color to the resin enhanced light reflection
during microscopic analysis. After 24 hours, when the resin had hardened, the
specimens were removed from the molds, and the surfaces were sequentially ground
using coarse and fine grinders. Finally, the specimens were polished using aluminum
paste to achieve a smooth and reflective surface. The detailed steps involved in
specimen preparation can be found in the accompanying Figure 3-12. For each
cement compound 10 readings from the surface of the polished section were

gathered.

Figure 3-12 Steps for molding cement compound for polish sectioning for HIS

3.7 Characterization Methods

Different characterization methods were used to verify the quality of the produced

cement compounds and support the outcomes of the test results.
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3.7.1 X-ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) is a widely employed technique for investigating the crystal
structure of materials. It capitalizes on the interaction between X-rays and atoms
within a crystalline sample. When X-rays are directed at a crystal, they scatter in
diverse directions due to their interaction with the electron clouds surrounding the
atoms. This scattering phenomenon generates a distinct diffraction pattern that
provides valuable insights into the arrangement of atoms within the crystal lattice.
By precisely measuring the angles and intensities of the diffracted X-rays, the
positions and distances between atoms in the crystal structure can be determined,
allowing for the characterization of different materials based on their unique

diffraction patterns.

The XRD measurements of raw materials, cement compounds, and pastes at various
time intervals (1, 3, 7, 28, and 90 days) were taken using the BTX 11l Benchtop XRD
Analyzer, located at the Materials of Construction Laboratory in METU. This device
enables measurements within a range equal to 5-55° 26 angle of diffraction. The
obtained X-ray diffraction data was presented in a graphical form. Match! Phase
Analyzer software was used to analyze the XRD results. By comparing the peaks in
the diffractograms with known peaks of various minerals, the corresponding mineral

phases were identified.

3.7.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier transform infrared spectroscopy (FTIR) is a rapid, non-destructive, and cost-
effective method for analyzing the chemical structure of materials. It falls under the
category of spectroscopy and shares similarities with hyperspectral imaging systems.
FTIR spectroscopy offers valuable insights into the chemical composition and
structure of materials in a reliable and efficient manner. It has become a widely used
technique in various fields, providing researchers with a powerful tool for qualitative

and quantitative analysis.
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In FTIR spectroscopy, a sample is exposed to a beam of infrared light, and the
resulting transmitted light is detected. Infrared light covers a wide range of
wavelengths within the electromagnetic spectrum. When the infrared light interacts
with the sample, certain frequencies are absorbed by the molecules due to their

vibrational and rotational motions.

The detector in an FTIR instrument measures the intensity of the transmitted light
across different wavelengths. The collected data is then processed using a
mathematical technique called Fourier transformation. This transformation converts
the raw data into a spectrum that illustrates the absorption of infrared light by the
sample at various frequencies. For this study, the FTIR analysis was conducted using
a Bruker FRA 106/S instrument located in the METU Central Laboratory. The
cement compounds and their pastes were examined at intervals of 1 day, 7 days, and
28 days.

3.7.3 Isothermal Calorimetry Testing

Isothermal calorimetry is a technique used to quantify the heat flow occurring during
a chemical reaction or process at a constant temperature. By monitoring the heat
variations within a sample placed in a calorimeter, valuable information about
reaction energetics, heat capacity, and reaction kinetics can be obtained. In this study,
the TAM AIR isothermal calorimeter, an 8-channel micro-calorimeter, was utilized

in the DSI laboratories.

Sand was employed as a reference material on each channel. The sand reference
material, along with the sample, experienced the same isothermal conditions
throughout the experiment. The heat flow in the reference material and the sample
was simultaneously monitored, allowing for the determination of the heat flow
specific to the reaction or process of interest. Sand was chosen as the reference
material due to its widespread availability, stability, and minimal reactivity. Its well-
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known heat capacity and thermal properties served as a reliable baseline for

comparison.

In the experiment, 4 g for each of C3S, C2S, C3A, and C3A mixed with 25% weight
of gypsum were mixed with 2 g of distilled water outside the chamber and then
placed in the isothermal calorimetry device. However, the first 3 minutes of the
hydration reaction were not captured in the results due to this setup. The heat flow

for 28 days of reaction was recorded in this test.

3.74 Compressive Strength Testing

The individual compounds of cement paste play a significant role in determining its
compressive strength. To assess the contribution of each ingredient to the
compressive strength, the compressive strength of each material was tested at various
hydration durations: 3, 7, 28, and 90 and 180 days.

Due to the daily production limitations of the cement compound, special designed

small cubic molds with a side length of 2.5 cm were used (Figure 3-13).

Figure 3-13 Cubic specimen molds for compressive strength test with side of 2.5
cm
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An MTS universal testing machine was employed to apply load to the specimens,
with a loading rate of 0.01mm/second. A displacement-controlled loading was used
for more precise measurement and due to the sensitivity of the produced pastes. To
ensure consistency, the water-to-cement ratio (W/C) was carefully selected for each
sample to achieve a normal consistency, and EN 197-3 was employed for mixing
procedure. The W/C ratio for each paste mixture is provided in Table 3-5.
Furthermore, C3A paste was tested both individually and in combination with 25%
gypsum by weight to measure the compressive strength. The effect of water curing

and air curing in 95+5% humidity was also checked for each compound.

Table 3-5 Water to cementitious material ratio

Paste material CsS C.S CsA CsA+gyp
WIC 0.3 0.25 0.5 0.5

3.75 Modulus of Elasticity

The modulus of elasticity, also referred to as Young's modulus or elastic modulus,
provides a measure of a material's stiffness and its ability to deform when subjected
to stress. It establishes a quantitative relationship between stress and strain within
the material. Typically, the modulus of elasticity is expressed in units such as
Megapascals (MPa) or gigapascals (GPa).

In the context of measuring the elastic modulus of cement compounds, the mixing
proportions described in section 3.7.4 were used. Special cylindrical specimens with
a diameter of 2.5 cm and a height of 5 cm were prepared for testing purposes. The
MTS Universal Testing Machine was employed to apply the required load. To
measure the strain, strain gauges from HBM were utilized. Detailed information

about these strain gauges can be found in Table 3-6.

65



Table 3-6 Properties of used strain gauges

d ] ’ K Nominal
b a C
- resistance
. 10 5 185 9.5 120
211
(mm) (mm) (mm) (mm) Q

The strain gauges were affixed securely (using a special glue) to the specimen’s
side surface, which had been smoothed using a sandpaper. This method facilitates

the precise measurement of strain, as illustrated in Figure 3-14.

(b)

Figure 3-14 (a) Attached strain gauge to the cylindrical specimen, (b) capped
cylindrical specimens

The changes in strain were recorded using a data acquisition system. After gathering
the required data, the strain was calculated using a formula that considers various
parameters.

A?R =K.¢ Equation 3-1
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In this formula, AR represents the resistance change during the application of stress,
R denotes the nominal resistance, k represents the gauge factor or sensitivity factor,

and ¢ represents the strain.

3.7.6 Scanning Electron Microscopy (SEM)

SEM is an advanced imaging technique that offers in-depth surface information of
specimens by employing a focused electron beam to scan the sample surface. During
this process, the electron beam interacts with the atoms in the sample, resulting in
the emission of secondary and backscattered electrons. Specialized detectors capture
these emitted electrons, enabling the creation of highly detailed, three-dimensional
images that provide insights into the sample's surface topography. Furthermore,
SEM can conduct elemental analysis using energy-dispersive X-ray spectroscopy
(EDS), which allows for the identification and mapping of elements within the
sample. In this study, the clinkers and hydration products of cement compounds paste
were examined using a QUANTA 400F Field Emission SEM with a resolution of
1.2 nm, located at the Central Laboratory in METU. The investigation for paste
samples spanned various time intervals, including 1 day, 3 days, 28 days, and 90

days of reaction.
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CHAPTER 4

RESULTS AND DISUSSION

4.1  Use of Conventional Techniques for Characterization of Cement

Compounds

4.1.1 X-Ray Diffraction Results

X-ray diffraction (XRD) analysis is employed to ensure the quality and purity of the
produced cement compounds. The XRD patterns for the three main compounds are

presented in Figure 4-1.

CA
CA - CA
C,S
CS  GS g
~ %WMA__‘
0 10 20 30 40 50 60

— (€38 ——C28 C3A

Figure 4-1 XRD patterns of synthesized CsS, C.S, and C3A, where the peaks are
for the pure form of each compound
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The primary 20 positions for C3A are recorded at 33.169° and 47.625°, as per the
PDF 2 database. In the case of both CsS and CsS, their 26 positions coincide with
three of the principal peaks at 32.007°, 32.570°, and 41.03°. However, CsS exhibits
additional distinctive peaks at 29.505°, 30.147°, 34.413°, and 51.784°. The XRD
analysis reveals that C3A exhibits the most crystalline structure among the
compounds. Furthermore, the absence of any impurities in the produced cement

compounds is confirmed by these XRD findings.

41.2 Fourier Transform Infrared Results

Figure 4-2 presents the FTIR spectra for each of the pure cement phases.
Additionally, Table 4-1 provides a list of the significant bands observed for each
compound. Based on the available literature on FTIR analysis of C3S, it is noted that
strong peaks at 883 and 925 cm™ can be attributed to the asymmetric stretching (vs)
Si-O band, while a smaller peak at 815 cm™ corresponds to the symmetric stretching
(v1) Si-O band within the SiOg4 tetrahedron (LU et al., 2016; Omotosoa et al., 1995;
Séaez Del Bosque et al., 2014).

The absorption peaks of the second silicate compound in portland cement (C.S) are
predominantly observed in the range of 800 to 1000 cm™. Specifically, the strong
peaks at 836 and 944 cm™! can be attributed to B-C2S and correspond to the symmetric
stretching vibration of Si-O bonds within the silicon tetrahedron. Furthermore, an
absorption peak at 867 cm™ indicates the presence of asymmetric stretching
vibrations of Si-O bonds (Y. Liu et al., 2017; Maheswaran et al., 2016; Rodrigues,
2003a).

The FTIR results for C;A are characterized with thin peaks between 500 to 900 cm-
1, The major peaks near 900, 865, 820, 780 and 705 cm™* are assigned to the
condensed AlQO, tetrahedral groups (Fernandez-Carrasco & Vazquez, 2009; Solanki
etal., 2021; Trezza & Lavat, 2001).
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Figure 4-2 FTIR patterns of synthesized CsS, CS, and C3A

Table 4-1 Peak lists of FTIR results for synthesized CsS, C.S, and CzA

Absorption wavenumber (cm™)
CsS 815 883 925
CaS 836 867 944
CsA 702 741 783 814 862 895
4.1.3 Microstructural Characterization of Clinker Compounds through
Scanning Electron Microscopy
413.1 CsS Clinker

Figure 4-3 showcases the smooth surface of anhydrous CsS clinker, providing a
visual representation of its homogenous structure. Some debris can be observed in

Figure 4-3 (a), along with the presence of open and closed pores distributed
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throughout the samples and their sizes varies from 2 um to 100 um. EDX analysis
of the samples in Figure 4-3 (d) confirms the presence of Ca and Si as the main

compounds of the produced CsS.

(© (d)

Figure 4-3 SEM images of synthesized C3S (a) 1000 x (b) 500 x, (c) 1000 xx, (d)
EDX of (b)

4132 C.S Clinker

Figure 4-4 displays SEM images of -C>S clinker, revealing spherical and smooth
belite crystals as depicted in Figure 4-4 (a & d). Similar to CsS (Figure 4-3), the B-
CsS clinker exhibits openings of varying sizes, ranging from 10 pum to 115 pm, which
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are illustrated in Figure 4-4 (b). The crystal sizes typically range from 10 um to 20
pm. Additionally, the EDX results for Figure 4-4 (a) highlight the presence of
abundant Ca and Si in the sample.

e (b)

(c - (d)

Figure 4-4 SEM images of synthesized C>S (a) 1000 x, (b) 500 X, (c)5000 X, (d)
5000 x, (e) EDX of (b)
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41.3.3 CsA Clinker

Figure 4-5 demonstrates that among the produced cement compounds, C3A clinkers
exhibit the most crystalline shape compared to the others. The crystals appear as
angular particles with smooth surfaces, and they exhibit various shapes such as
hexagonal and orthorhombic. Additionally, the crystal sizes vary significantly,
ranging from 2 um to 200 um (Figure 4-5 (b)). This wide range of crystal sizes may
be attributed to the cooling rate of the clinker after being removed from the furnace.
The EDX analysis of the sample is depicted in Figure 4-5 (e), confirming the

composition of the C3A clinker.
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Figure 4-5 SEM images of synthesized C3A (a) 1000 x, (b) 2500 x, (c)1000 X, (d)
5000 x, (e) EDX of (a)
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4.2  Characterization of the Hydration Behavior of the Cement compounds

4.2.1 Physical Properties of the Ground Cement Clinker

4.2.1.1  Density
The density of each cement compound was determined according to the EN 196-3

standard after the grinding process. The results of the density tests are presented in
the Table 4-2.

Table 4-2 Density results of synthesized CsS, CsS, and C3A

Compound CS | CS | CA

Density (g/cm3) | 3.17 | 3.26 | 3.03

4212 Particle Size Distribution

The powder form of cement clinker phase is required for preparing paste samples,
and the fineness of the cement powder plays a crucial role in the hydration reactions,
setting time, and compressive strength of the samples. The particle size distribution
results are depicted in Figure 4-6, which provides information about the distribution
of particle sizes in the cement powder. In addition, the ratio of the particles passed
from each sieve opening listed in Table 4-3.

Analyzing the particle size distribution helps in understanding the reactivity and
performance of the cement material in subsequent applications. The grinding results
reveal that, within the particle size range of 1 pum to 50 um, all phases exhibit a
notable 3-10% increase in the quantity of finer particles when compared to the

standard CEM I. However, for coarser grains surpassing 50 pum, it's noteworthy that
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C.S particles demonstrate a substantial 10% increase in quantity. It is observed that

both C3A and C,S are finer than CEM I in all cases. The coarser particles of C2S can

be attributed to its hardness, as excessive grinding can result in an excess of fine

material within the 10-50 pum particle range and an uneven particle size distribution.

Table 4-3 Passed ratio (%) of particles for each cement compound

Sieve opening | C3S | CoS | CsA | Average of (C3S- C2S- C3A) | CEM I
10 (um) | 48.27 | 46.73 | 50.22 48.41 41.39
30 (um) 87.74 1 7294 | 80.2 80.30 81.12
45 (um) | 97.53 | 88.06 | 92.85 92.81 94.07
60 (um) 99.98 | 96.51 | 98.64 98.38 98.97
90 (um) 100 | 100 | 100 100 100

Volume ofpassed paricles (%)

100

90

80

70

0.1

1

CEM I

Particle size (pm) 10

C3S

C28 —C3A average

100

Figure 4-6 Particle size distribution of synthesized CsS, C.S, and C3A, CEM I, and
average of synthesized CsS, C.S, and C3A
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Furthermore, when these materials are mixed in approximately the same proportions
as in ordinary Portland cement (60% C3S, 28% C.S, 12% CsA), the average grading

is very similar to CEM 1.

4.2.2 Heat Evolution (Isothermal Calorimetry)

The isothermal calorimetry testing of the produced compounds was conducted over
a period of 28 days, and the rate of heat evolution (measured in mW/g of solid) during
the initial 75 hours (3 days) is depicted in Figure 4-7. Besides the main compounds
CsS, C2S, C3A, a fourth mixture (CsA+G) including 75% CsA and 25% of gypsum
(by mass) was also tested, as the hydration reaction of CsA was too fast and
commenced prior to the placement of the sample capsule inside the isothermal
calorimetry device, with the maximum measurable heat evolution rate for this
material being 9.6 mW/g. The results obtained from the isothermal calorimetry
indicated that the C3A+G mixture exhibited the highest rate of heat evolution,
reaching its peak value of 11 mW/g at 210 minutes (3.5 hours). Subsequently, the
heat flow rate for C3S ranked third. The hydration of C3S displayed an increasing
trend and reached its peak at the 12th hour, with a heat flow rate of 2.5 mW/g of
solid. As known, C>S contributes to the compressive strength of cement at later
stages, indicating a delayed onset of hydration. The findings from isothermal
calorimetry supported this observation, with C,S exhibiting the lowest exothermic
heat evolution rate during the initial 4 days. It displayed a small peak at the 15" hour

of hydration, with the maximum rate of heat evolution reaching 0.3 mW/g.
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For C3A+G, the dormancy period occurs approximately 70 minutes after the initial
hydration, and the initial set commences after this duration. Similarly, for CsS, the
dormancy period lasts for approximately 3.15 hours, followed by the initiation of the
hydration process. In the case of C.S, the dormancy period extends to around 7.3

hours before the onset of the hydration reaction.

12

10

mW/g of solid

Time (hour)

C3s —C28 C3A —C3A+Gypsum

Figure 4-7 heat evolution of cement compounds during the initial 100 hours

The cumulative heat profiles over a period of 28 days, as illustrated in Figure 4-8,
demonstrate similar trends for CsS, C.S, and CzA+G. Among these compounds,
C3A+G exhibits the highest heat evolution, reaching a value of 491 J/g, followed by
CsS with a heat evolution of 300 J/g. In contrast, C»S shows the lowest energy release
among the cement compounds, measuring only 54 J/g. It is worth noting that the heat
production of C3A resulted in an abnormal outcome, as the high heat generation at

the beginning of hydration and the expansion of hydration products led to the
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breaking of the container. To ensure accurate measurements, the test was repeated

for C3A, and in each instance, it concluded with the capsule breaking.

Furthermore, in order to monitor temperature fluctuations during the combination of
water and CsA, these two materials were mixed outside the container in a mixing
bowl, and temperature variations were measured using a thermal camera. According
to the thermal camera results, during the initial minutes of hydration, an exothermic
reaction led to an increase in the mixture's temperature, reaching up to 90°C, as
illustrated in Figure 4-9.
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C3s —C28 C3A —C3A+Gypsum

Figure 4-8 Cumulative heat profiles over a period of 28 days for cement
compounds
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Figure 4-9 Temperature increases of CzA during first minutes of hydration
according to thermal camera

4.2.3 X-Ray Diffraction Analysis of the Hydrated Compounds

Curing plays a crucial role in the process of hydration and the subsequent
development of strength in concrete. To investigate the impact of curing methods on
cement compound samples, attempts were made to subject them to both air curing
and water curing. However, it was observed that not all the hydrated cement
compounds could endure water curing, as some of them exhibited dissolution in the
water medium. Notably, water curing yielded meaningful results for the case of CsS,

and the 28-day hydration of C,S was assessed and recorded as follows.

4.23.1 Hydrated CsS

CsS specimens were subjected to two distinct curing conditions to investigate their
strength development and the potential emergence of product variations. The initial
set of samples cured at room temperature under controlled humidity conditions of
95+5%. Conversely, the second set of specimens was subjected to curing in a water

medium with a saturated calcium hydroxide (CH) ratio.
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a) Air cured samples

The XRD patterns for the samples cured in air are presented in Figure 4-10. As per
the X-ray diffraction (XRD) findings, even after a duration of 180 days, a residual
quantity of unreacted CsS persists. The identification of C-S-H gel, a fundamental
hydration product, remains challenging through XRD analysis due to its intrinsically
amorphous structural properties, which complicate the process. However, the
progression of the hydration process can be effectively monitored by assessing the
content of CH within the resultant hydration products. CH exhibits a crystalline
structure, and its concentration exhibits a noticeable and continuous increase beyond
the 180-day hydration period. The presence of a peak at 29.5° can be attributed to
both CaCOz and CsS. This phenomenon explains why, over time, while the amount
of CsS decreases as it gets consumed in the reaction, the quantity of CaCO3
concurrently increases in the sample. In addition, the hump in the area between 5° to

10° indicates the increase of amorphous phase, CSH, in the compounds of products.

180- day . G o
Tt retid \evssdtemssteatatn Y el N N\ A -
\ |

/8 f - | |
28- day
7- day
3- day

S 58
CH 3> CH
I-day - A M NA CH cH
0 10 20 30 40 50 60
20°

Figure 4-10 XRD patterns of air cured CsS pastes after 1, 3, 7, 28, 90, 180 days of
hydration
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b) Water-cured samples

The XRD patterns of hydrated CsS is shown in Figure 4-11. In this case also the
produced material, which could be investigated by XRD, is CH crystals. The
greater intensity of CH crystals observed in the XRD patterns is primarily
associated with the higher concentration of CH within the hydrated materials.

180- day
90- day
28- day
7- day
3- day
€S CH CH
1- day Y o
0 10 20 30 40 50 60
20°

Figure 4-11 XRD patterns of water cured CsS pastes after 1, 3, 7, 28, 90, 180 days
of hydration

4.23.2 Hydrated C2S

For CaS samples, the application of water curing was only feasible at a later stage,
specifically for ages exceeding 28 days. Additionally, it was not feasible to conduct
X-ray diffraction (XRD) testing on the 1-day C>S samples due to their elevated water
content. As a result, XRD analysis was only carried out on the C>S samples that were
air cured for 3, 7, 28, 90, and 180 days.
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Figure 4-12 XRD patterns of air cured C»S pastes after 3, 7, 28, 90, 180 days of
hydration

Notably, the generation of CH is relatively restrained compared to CsS, which is why
it could not be discerned through distinct and well-defined peaks. However, the
presence of CH can be inferred from the presence of small peaks in the XRD pattern
(Figure 4-12). Furthermore, the broad hump observed in the range of 5-10° signifies
an increase in the amorphous phase, likely indicating the presence of C-S-H gel

within the material.
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4.23.3  Hydrated C3A

XRD patterns depicting the hydrated CsA are presented in the Figure 4-13. Analysis
of these patterns reveals that during the initial 24 hours of hydration with water, C3A
transforms into C3AHs, commonly known as hydrogarnet. In the early stages, within
the first 3 days, there is a notable decrease in the quantity of CzA, accompanied by
an increase in the formation of CsAHe. However, a reversal of this trend occurs
between the 3rd and 7th days of hydration. During this period, the amount of CzA
starts to increase, while the quantity of CsAHe decreases. This pattern continues until

the completion of the 28-day hydration process.

Upon examining the XRD pattern at 90 days, a distinct and significant alteration is
observed. This pattern indicates the decomposition of C3AHe into CaCO3 and
Al(OH)s. Furthermore, it is noteworthy that the amount of unreacted CzA diminishes

significantly after the 90-day period.
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Figure 4-13 XRD patterns of air cured CsA pastes after 1, 3, 7, 28, 90 days of
hydration
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4234  Hydrated CsA+ G

The process of C3A hydration in the presence of gypsum is known to be highly
intricate and susceptible to instability, primarily due to the variable sulfate content
in the surrounding environment. XRD analysis results depicted in Figure 4-14

provide clear evidence of this instability.

Upon examination of the XRD patterns, it becomes apparent that the initial stages of
hydration, specifically within the first 24 hours, reveal the presence of ettringite and
unreacted CzA in the sample. However, as the hydration progresses and reaches the
28-day mark, a discernible shift occurs. At this stage, the production of mono-sulfate
and various calcium aluminum sulfates, characterized by different Ca/S ratios,

becomes evident.

Remarkably, as the hydration process extends beyond 28 days and reaches 180 days,
there is a resurgence of gypsum in the XRD results. This cyclical appearance of
gypsum underscores the complex and dynamic nature of the CzA-gypsum
interaction, indicating a recurring interplay between different sulfate-bearing phases
throughout the extended hydration period. The decomposition of ettringite was
investigated using XRD analysis, revealing a specific chemical formula representing

the decomposition process. (Grounds et al., 1988)

3Ca0.Al203.3CaS04.32H20 —» 3CaS0s .2H20 + 3CaCO + 2AI(OH) + 23H:0
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Figure 4-14 XRD patterns of air cured C3A + G pastes after 1, 3, 7, 28, 90 days of
hydration

4.2.4 FTIR Analysis of the Hydrated Compounds

Figure 4-15 shows FTIR spectra for pure cement phases and their hydrated forms at
28 and 90 days. Table 4-4 summarizes significant bands for each compound for
comparison. Specifically, peaks at 883 and 925 cm! are indicative of Si-O stretching
(v3), while the 815 cm™ peak represents Si-O symmetric stretching (vi) within the
Si0g4 tetrahedra. (Higl et al., 2021; Lii et al., 2016; Saez Del Bosque et al., 2014).
After a 28-day period, the 925 cm™ peak shifts to 814 cm™!, which can be attributed
to alterations in C3S units and an increase in Q units within the gel. This shift reflects
variations in the Ca/Si ratio. Furthermore, the band at 3640 cm™ corresponds to
Ca(OH), symmetric stretching (vi). However, following a 90-day interval, the 925
cm’! peak experiences a shift to 954 cm™!, which indicates polymerization of the
C-S-H gel. (Mollah et al., 2000; Ping et al., 1999). The wide band observed at 3440

cm’! corresponds to vibrations of H>O molecules (v3 and v1), while the band at 1650
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cm’! represents H>O vibration (v2). Additionally, bands located at 1420, 1490, and
870 cm™!, among others, are associated with COs vibrations and lattice (Omotosoa et

al., 1995).
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Figure 4-15 Results of FTIR test for synthesized CsS, C»S, and C3A and their
hydrated form after 28 and 90 days

Table 4-4 Peak list of FTIR results for pure CsS, C.S, 28 days and 90 days
hydrated form

Absorption wavenumber (cm™)
CsS 815.7 | 883 | 925 0 - -
CsS+H,O (28d) | 814 | 875|934 | 1405 | 1478 | 3640
CsS+H0 (90d) | 819 | 871|954 | 1409 |3630| -
C.S 836 | 867 | 944 - -
CoS+H,O0 (28d) | 844 | 879992 | 1407 |1482| -
CoS+H,0 (90d) | 844 | 875|909 | 954-976 | 1416 | 3642
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The primary peaks in the C-S-H gel generated from both C3S and C,S are close in
proximity. However, variations in crystal structure can be the cause of minor
variations in peak positions and the C/S ratio within the C-S-H gel. The delayed
hydration of C>S leads to the emergence of the OH bond associated with calcium
hydroxide in the sample that has been hydrated for 90 days.(Rodrigues, 2003b).

In the FTIR spectrum of C3A (Figure 4-15) and its peaks list (Table 4-5), a notable
band observed at 3666 cm™! signifies vibrations associated with water. Additionally,
there is a peak around 3527 cm’!, which suggests the potential presence of
monocarboaluminate in the sample (Gismera-Diez et al., 2015). If carbonate groups
are present in C3A, they typically exhibit peaks in the 1400-1600 cm™ range,
corresponding to carbonate (CO3) group stretching vibrations. C3A is more prone to
carbonation compared to other Portland cement compounds, as supported by the

FTIR results in this range (Fernandez-Carrasco et al., 2012).

Table 4-5 Peak list of FTIR results for pure C3A, 28 days and 90 days hydrated
form

Absorption wavenumber (cm™)
CsA 702 | 741 | 783 | 814 | 862 | 895
C3A+H,0 (28d) | 789 | 1354 | 1419 | 3524 | 3660 -
C3sA+H,0 (90 d) | 739 | 1018 | 1422 | 1797 | 3527 | 3666

4.2.5 Compressive Strength Testing

Cubic samples, each having a side length of 2.5 cm, along with their respective
molds, are depicted in Figure 4-16. Notably, the compressive strength of C3A, in the
absence of gypsum, could not be determined due to the occurrence of cracking within
the initial three days of the hydration process. These cracks appear to be linked to

the phase transitions of C3AHs into various calcium aluminate hydrate phases,

89



subsequently leading to its decomposition, as explained in section 4.2.2. The
development of cracks in the hydrated C3A is visually represented Figure 4-17, and
these cracks progressively expand over time, ultimately resulting in the breakdown

of the sample.

Figure 4-16 (a) Cubic molds for compressive strength test with side of 2.5 cm, (b)
unmolded samples from the mold shown in (a)

Figure 4-17 Cracks generation after 4 days of hydration in C3A sample
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The results obtained from the compressive strength tests conducted on air-cured
samples using universal testing equipment are also illustrated Figure 4-18. As
expected, C3S and C3A compounds exhibit early strength development during
hydration, surpassing the contribution of C,S. Within the first 24 hours, the
compressive strength of C3S and C;A reaches nearly 7 MPa. The rate of strength gain
is higher for Cs8S, as it reaches 35 MPa after 28 days of hydration, while C3A achieves
a strength of 10 MPa.
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Figure 4-18 Compressive strength results of synthesized CsS, C>S, and C3A + G,
after 1, 3, 7, 28, 90 and 180 days of hydration

After three days of hydration, C,S begins to exhibit increased strength, which
becomes more pronounced in subsequent stages of the hydration process. Following
a 180-day period of hydration, C>S demonstrates a strength approximately 1.5 times
higher than that of C3S. However, after this 180-day period, a noticeable decline in
strength becomes evident for C3A + G samples, likely due to the degradation of

ettringite induced by carbonation.
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Furthermore, in certain cases, water-cured tests were conducted. Specifically, CsS
could undergo water curing from the initial stages of hydration, while C2S could only
be water cured after 28 days, as before that period, cubic samples began to dissolve
in water. C3A mixed with gypsum could not be water cured throughout the 180-day
hydration period, as it consistently exhibited either cracking or dissolution when
exposed to water at all stages of the hydration process. Figure 4-19 indicates the

results of water cured in comparison with air cured samples.
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Figure 4-19 Comparison of air curing and water curing on results of Compressive
strength for synthesized C3S, C>S, after 1, 3, 7, 28, 90 and 180 days of hydration

In the case of C3S, the compressive strength of the samples subjected to water curing
during the initial 7 days displayed either an equivalent or slightly lower strength, up
to 10%, compared to those air cured. However, beyond this initial period, the rate of
strength gain for water-cured samples significantly outpaced that of air-cured
samples. After a hydration period of 180 days, the compressive strength of the water-
cured CsS samples reached 107 MPa, which exceeded twice the strength of their air-

cured counterparts at 50 MPa.
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Regarding C.S, the substantial strength development primarily commenced after 28
days. To mitigate the risk of sample dissolution in water, water curing was initiated
after this 28-day period. In this scenario, the compressive strength of water-cured
C>S samples equaled 72 MPa and 101 MPa at 90 days and 180 days, respectively.

4.2.6 Modulus of Elasticity

In adherence to ASTM C469 guidelines, the calculation of the modulus of elasticity
necessitates the utilization of prepared specimens that have been appropriately
capped, subjected to compressive strength testing conducted over three distinct
cycles. Utilizing resistance change data, the modulus of elasticity is computed for
each constituent. As per the findings obtained after a 28-day testing period, it is
observed that the modulus of elasticity for CsS exhibits the highest value when
juxtaposed with the other two compounds, namely 22.45, 15.28 and 8.3 GPa,

respectively.

4.2.7 Microstructural Characterization of Hydrated Clinker Compounds

through Scanning Electron Microscopy

4.2.7.1  Hydrated CsS

Figure 4-20 presents an examination of the morphological characteristics of
hydration products in the context of CsS following a 28-day reaction period. Analysis
through SEM reveals the formation of a densely packed cluster consisting of C-S-H
gel. Notably, this gel exhibits a uniform distribution throughout the sample,

indicating substantial reactivity of CsS during the 28-day duration.

It is worth highlighting that the calcium-to-silicon (C/S) ratio in the examined

samples was determined to be 2.83 according to EDX results listed in Table 4-6.
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Furthermore, the investigation also discerns the presence of distinctive hexagonal
CH crystals, as depicted in Figure 4-20 (d) with EDX analysis confirming the
chemical composition of CH, as delineated in Figure 4-20 (e).
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Figure 4-20 SEM images of 28- day hydrated CsS, (a) 1000 x, (b) 5000 x, (c) 1000
X, (d) 5000 x, (e) EDX results of (a), (f) EDX of specified part at (d)
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Table 4-6 Elemental analysis of produced C-S-H gel from hydration of C3S

Element | Wt% | At%

OK 41.08 | 55.13
CaK 40.17 | 21.52
SiK 9.94 7.60
CK 8.80 | 15.74
Total 100.00 | 100.00

4.2.7.2  Hydrated C2S

During the process of hydration for C>S, it is noteworthy that the resulting C-S-H gel
exhibits a notably denser structure when compared to the C-S-H gel derived from
CsS. This phenomenon is effectively illustrated in Figure 4-21 (a), where air voids
ranging from 20 um to 100 pum are visible in the samples. In Figure 4-21 (b), partially
unhydrated C»S particles can be observed, which are enveloped by a coating of CSH
gel. Notably, the analysis via EDX Spectroscopy indicates a C/S ratio of 1.9 within
the generated CSH gel as it is listed in Table 4-7.

Table 4-7 Elemental analysis of produced C-S-H gel from hydration of C,S

Element | Wt % At%

OK 40.71 55.3
CaK 37.68 | 20.43
SiK 14.32 | 11.08
CK 7.28 | 13.18

Total 100.00 | 100.00
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Figure 4-21 SEM images of 28- day hydrated CS, (a) 1000 X, (b) 5000 x, (c) 5000
X, (d) 5000, (e) EDX results of (a)
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4.2.7.3  Hydrated C3A

Figure 4-22 depicts SEM images of the 28-day hydrated CsA. The results clearly
indicate the formation of homogeneous calcium alumino-hydrate crystals after this
hydration period. At a higher magnification (20,000 x), it becomes evident that these
products exhibit an orthorhombic structure. Notably, one might anticipate the
resulting material to be C3AHs, characterized by hexagonal plates. However, the
results from the EDX test reveal varying Ca/Al ratios, ranging from 1 to 1.5 in

different sample locations.
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Figure 4-22 SEM images of 28- day hydrated C3A, (a) 1000 X, (b) 5000 X, (c)
5000 X, (d) 20000, (e) EDX results of (a)
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4.2.74  Hydrated CsA + Gypsum

Ettringite, a prominent hydration product resulting from the reaction of C3A in the
presence of gypsum with water, is readily discernible in the SEM images of the
sample (Figure 4-23 (b)). These images also provide a depiction of the slender,
needle-shaped ettringite structures, with their dimensions illustrated in Figure 4-23
(c) and (d). Furthermore, within the products of hydration, various calcium aluminate
hydrates and monosulfate structures exist, characterized by both hexagonal and
orthorhombic arrangements. The precise chemical formula of these structures

remains elusive, primarily due to variations in the Ca/Al and Ca/S ratios.
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Figure 4-23 images of 28- day hydrated C3A + G, (a) 1000 X, (b) 10000 X, (c)
10000 X, (d) 25000 X, (e) 40000 X, (f) EDX results of (a)

101



4.3  Hyperspectral Imaging Results

43.1 General

The results of hyperspectral imaging for cement compounds were examined in two
modes of analysis: 1) transmittance and ii) reflectance. Different sample preparation
techniques were used for each mode, with thin sections used for the transmittance

mode and polished sections used for the reflectance mode..

4311 Transmittances mode

Images acquired using a hyperspectral camera in transmittance mode are presented
in Figure 4-24. These images reveal challenges in distinguishing between particles,
particularly noting the difficulty in characterizing synthetic resin due to its
pronounced hardness in this mode. Furthermore, the initial materials, existing in a
powder form, posed difficulties in achieving a perfectly smooth surface for precise
microscope focusing on the thin sections. Notably, the presence of glue and glass
components introduced additional interference, impacting the ability to discern the
characteristics of the pure material. Consequently, in light of these complexities and
challenges observed in the results, the investigation proceeded by employing the

reflectance mode of the hyperspectral microscope.

Figure 4-24 Transmittance mode hyperspectral image results for cement
compounds
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4312 Reflectance mode

Prepared polish sections are used for measuring the reflectance ratio measurements.
Total of 10 random readings from each sample are gathered as it is shown in Figure
4-25.

Figure 4-25 Locations of 10 random readings from polished sections

The hyperspectral camera's microscopic view enables the detection of all pores and
resin material. In Figure 4-26, a microscopic hyperspectral image of C,S at 10x
magnification is presented, with a distinct color coding for each compound. The blue
area corresponds to C»S, the red area represents silicon material, and the green area
indicates the presence of aluminum paste. This advanced hyperspectral imaging
technology allows for detailed and accurate identification of the individual cement
compounds based on their unique spectral characteristics. A total of 150 readings
were conducted for each sample, and the average results for each cement compound
clinker were determined and depicted in Figure 4-27.
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Figure 4-26 Microscopic HSI of C>S with 10x magnification
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Figure 4-27 Hyperspectral imaging results of cement clinker compounds
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4.3.1.3  Pre-Processing method

Standard Normal Variate (SNV), Multiplicative signal correction (MSC), derivative
methods which are the most commonly used preprocessing methods are applied for
extracting the hyperspectral signature of raw data. This filtering process serves the
purpose of smoothing the data and mitigating noise effects arising from variations in
microscope zoom levels and light scattering impacts. The results of applied pre-

processing techniques are shown in Figure 4-28.
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Figure 4-28 Results of applied preprocessing methods to the raw data (a) SNV, (b)
MSC, (c) first order derivatives, (d) second order derivatives, (e) Savitzky-Golay
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Following the application of the filters, Savitzky-Golay pre-processing method is

chosen for further steps of analyzes for extracting the wavelengths corresponding to

local minima and maxima.

4.3.1.3.1 CsS Clinker

The outcomes of the preprocessed data are visually depicted in the Figure 4-29.

Based on the findings, the hyperspectral signature of CsS reveals the presence of

seven local maxima and eight local minima. The enumerated list of these peaks is

documented in Table 4-8. Among these peaks, 10 of them lies in the near infrared

region of the electromagnetic spectrum, i.e. greater than 750 nm.
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Figure 4-29 Pre-processed data and determination of local minimum and maximum

for C3S
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Table 4-8 Positions of local minima and maxima for pre-processed data of C3S

CsS
Positions of Positions of
Maximums (nm) Minimums (nm)

500.6388 423.6983
512.3498 503.4810
574.5023 532.9324
588.5789 578.5857
671.7640 666.5258
838.4091 684.8195
934.3435 841.1872
964.6085 958.8722
978.8403 971.2884
989.6259 987.8099

991.2681

4.3.1.3.2 C2S Clinker

The identical pre-processing methodology is applied to C,S. The outcomes of the
peak determination are presented in both the Figure 4-30 and Table 4-9. In the
preprocessed data of C,S, a total of 16 peaks were identified, comprising 8 local
maxima and 8 local minima. Although C,S and CsS share similar components (Ca,

Si), distinct variations in their spectral signatures are evident. Specifically, CsS
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exhibits a notable abundance of peaks within the spectral ranges of 500-600 nm and

900-1000 nm. In contrast, for C.S, the prevalence of peaks is more pronounced

within the range of 600-700 nm.
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Figure 4-30 Pre-processed data and determination of local minimum and maximum
for C,S
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Table 4-9 Positions of local minima and maxima for pre-processed data of C,S

C2S
Positions of Positions of
Maximums (nm) | Minimums (nm)
508.72 425.53
601.91 511.63
630.55 624.55
662.79 668.41
872.36 874.32
941,51 967.36
973.59 978.09
982.63 986.59

4.3.1.3.3 C3A Clinker

The hyperspectral signature results for CzA are illustrated in both Figure 4-31 and
Table 4-10. A total of 19 peaks were discerned in this dataset, with 4 of these 19
peaks falling within the 500-600 nm range.
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Figure 4-31 Pre-processed data and determination of local minimum and maximum
for C3A
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Table 4-10 Positions of local minima and maxima for pre-processed data of CzA

CsA
Positions of Positions of
Maximums (nm) | Minimums (nm)

492.64 423.32
568.59 561.49
594.57 576.51
671.24 664.52
874.93 670.91
901.71 884.08
938.74 904.61
946.61 942.42
968.43 961.81

971.69

4.3.2 Ground Portland Cement Clinker Compounds

4.3.2.1  Comparison of Matlab Model and Hyperspectral Imaging Results

To check the ability of the HSI setup used in this study to classify the cement
compounds, powdered forms of clinkers were mixed in specific ratios (CsS = 60 %,
C2S = 30%, C3A = 10%) to create a sample with a specific blend of compounds. The
categorization of the main compounds of cement clinker was performed using the
Truscope software, which was integrated with the camera. The software's
capabilities allowed for efficient and accurate analysis of the hyperspectral data,
facilitating the classification of cement compounds based on their spectral
characteristics. The spectrum that represents the average results of each cement
compound was loaded into the software. The combination of advanced hyperspectral
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imaging with the Truscope software provided a reliable and effective approach for

the identification and categorization of cement clinker samples.

Table 4-11 comparison of real mixed ratio and HSI classification results

Cement compound | Ratio in the mixture | Average of HSI readings
CsS 60.0 % 61.6%
CaS 30.0% 27.4%
CsA 10.0 % 10.3%

Figure 4-32 Classified hyperspectral image of CsS, C2S and C:A

The Deep Learning Toolbox in Matlab was used to design and implement deep
neural networks to train, test, and create classification functions, for checking the
validity of the data obtained from the truscope software. First, the training process

was performed against 11 different model types, as listed in Table 4-12. These
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models were among the most used ones in literature. While one of the models failed

the prediction, four other models gave a high accuracy (over 90%). The validation

process was performed on the test dataset after that, to check the accuracy of the

created model. Finally, the model with the highest accuracy test result (No 11, Kernel

Logistic Regression) was selected and converted into a Matlab function. The

validation confusion matrix of the selected models is presented in Figure 4-33.

Table 4-12 Summary results of Deep Learning process

Model Tvoe Status Accuracy % /| TotalCost | Accuracy [Total Cost

yp (Validation) |(Validation)| % (Test) | (Test)

Quadratict Failed NaN NaN NaN NaN

Discriminant

Efficient Logistic \.roc0q | 25,00 90 39.75 241

Regression

Guassian Naive |poq0q | 333 20 815 74

Bayes

Linear SVM Tested 96.67 4 96.25 15

Medium Guassian

SVM Tested 94.17 7 96.25 15

Medium KNN Tested 88.33 14 88 48

Coarse KNN Tested 25.00 90 29.25 283

Cosine KNN Tested 88.33 14 89.25 43

Ensemble Tested 25.00 90 25 300

Trilayered Neural - |r. 0y | 9583 5 97,5 10

Network

Kernel Logistic |0y | 9333 8 98.25 7

Regression
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Figure 4-33 The validation confusion matrix of Kernel Logistic Regression model
(PPV: Positive Predictive Values, FDR: False Discovery Rates)

4.3.3 Analysis of an Industrial Clinker

After evaluating the individual cement compounds, an industrially produced clinker
sample was procured for analysis. Initially, the selected clinker underwent
assessment using conventional methodologies. These tests are conducted in the R&D
Laboratories of the  Turkish  Cement Manufacturers’  Association
(TURKCIMENTO). Subsequently, hyperspectral imaging was employed in the
subsequent phase to further characterize the sample for comparison purposes.
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433.1 X-ray Diffraction Analysis of the Industrial Clinker

The results of XRD analysis for this cement clinker is presented in Figure 4-34.
According to the results of XRD presence of C3S, C»S and C3A is confirmed in the

sample.

50000

40000+

30000+

20000+

Intensity (cps)

10000+

c
3

= Brownmillerite, syn

Portlandite, syn
Periclase, syn

Periclase, syn

c

s E

g <

g = : ]

< A I
W

1Y Seside L ] M

Hatrurite, syn, Ca3 Si 05, 00-055-0740

Aliie M1; C3s, Caa Si 05, 00-055-0738
| Brownmillerite, syn, Ca2 (Al, Fe +3 )2 OS5, 00-030-0226
i s B-Ca2 (Si 04 ), c25, lamite, Ca2 ( Si O4 ), 04-013-6291
I C3A, Ca3 Al2 06, 04-008-8069

) Oxic 5-x Al2 06, 00-026-095
Periciase, syn, Mg O, 04-001-7205
Lime, syn, Ca O, 04-005-4757 |
5 ] , Portlandite, syn, Ca (O H )2, 01-073-8394
1 1 y Arcanite, syn, K2 S 04, 00-044-1414
Aphihitalite, syn, K3 Na (S O4 )2, 04-007-4249

W !

y r r

20 40 60 80
2-theta (deg)

Figure 4-34 Results of XRD analysis for industrial clinker sample

Additionally, employing the Rietveld model facilitated the computation of the
quantities of each compound. According to the obtained results, the total proportions
of Cs3S, C2S, and CsA are determined to be 64.0%, 17.4%, and 6.3%, respectively as
they are listed in Table 4-13.
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Table 4-13 Rietveld results for the industrial clinker

Compounds | Percentage
CsS 64.0 %
C2S 17.4 %
C3A 6.3 %

C4AF 10.4 %
MgO 1.0 %
CaOo 0.6 %
Ca(OH). 0.1%

K2SO4 <0.1%
K3sNaSO4 0.2%

4.3.3.2  Analysis by Bogue’s Equation

The chemical analysis results of the clinker, and the quantities of individual

compounds that were determined using the Bogue’s equations are presented in

Figure 4-14.

Table 4-14 Chemical Analysis and the Compound Composition of the Clinker

Analysis Result| | Compound Analysis Result (%0)

Parameter (%) CaS 6713
SiO» 20.73 C2S 8.84
Al203 4.99 CsA 7.81
Fe O3 3.20 CiAF 9.74
CaO 65.03
MgO 2.07
SO3 1.69
Na.O 0.52
K20 0.76
CI 0.0198
Free CaO 0.47
Loss on Ignition 0.13
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4.3.3.3  Optical Polarized Light Microscope Analysis

As an additional step in the classification of compounds within the clinker sample,
optical polarized light microscopic tests were conducted. In this test the ratio of each
compound was determined by enumerating the quantity of individual crystals and
measuring the dimensions of their respective crystals. The visual representation of
these samples under the optical polarized light microscope is shown in Figure 4-35.
Applied magnification is 100x for all those pictures. Brown-hued crystals correspond
to C3S, while the blue-hued crystals are indicative of C,S. The crystal structures
associated with C3A are not discernible at this magnification level, but in Figure 4-35
(c) the sample is shown with 500x magnification and the crystals of C3A could be
detectable in gray color on the cream color background. Figure 4-36 shows the size
distribution data for both CsS and C.S.
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Figure 4-35 (a) and (b) Crystals of CsS (brown) and C>S (blue) under light
microscope with 100x magnification, (c) Crystals of C3A, gray crystals on a cream
background under 500x magnification
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Figure 4-36 Crystal size distribution for C3S and C,S

In accordance with the findings, the ratios of each compound are documented in
Table 4-15. As per these outcomes, the determined ratios for individual compounds
based on light microscopic phase detection are as follows: 63.38% for CsS, 22.15%
for C2S, and 14.47% for the combined content of C3zA + C4AF. It is noteworthy to
mention that the discrete quantification of the total amounts of C3A and CsAF was

not feasible using this method.

Table 4-15 Results of optical polarized light microscope phase detection

Cement compound | Percentage
CsS 63.38 %
C.S 22.15%
CsA+C,AF 14.47 %
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4.3.3.4  Hyperspectral results of industrial clinker

The function generated in Matlab for classifying the cement compound is applied for
the industrial clinker. The Kernel Logistic Regression model was used for this
purpose. The same sample was classified using the HSI test setup. The classification
was performed on a dataset taken from the Hyperspectral Cube, which contains
65044 readings. The results obtained from the hyperspectral camera categorization
are presented in Figure 4-37. Based on the analysis and the provided data, the red
areas in the image are associated with CsS, while the dark blue regions represent

C2S. The green areas correspond to C3A, and the light blue parts indicate the presence

of pores, which were filled with aluminum paste during the polishing process.

Figure 4-37 (a) Hyperspectral image of cement, (b) categorized cement clinker

The classification results of the generated model and the quantitative results taken

from the HSI setup are presented in Table 4-16.
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Table 4-16 Classification results of the generated model and the quantitative results
taken from the HSI setup.

4.3.35

Cement Analysis Result (%)

compound | Matlab model HSI
CsS 58.6% 59.9%
CaS 23.0% 22.1%
CsA 8.8% 9.3%
Other 9.6% 8.7%

Comparison of classifications with different methods

The categorization of industrial clinker involved employing various methodologies,

and this section presents a comparative analysis of the outcomes obtained through

each method in relation to hyperspectral imaging. The results are delineated in Table

4-17 for comprehensive examination.

Table 4-17 Comparison of classification results for different methods of testing

Conventional Methods
Compound | Ritvela | Optcal poarized | Bogue | L | it
CsS (%) 64.0 63.4 67.13 58.6 59.9
C2S (%) 17.4 22.2 8.84 23.0 22.1
C3A (%) 6.3 - 7.81 8.8 9.3
Other (%) 12.3 145 9.74 9.6 8.7

In light of the obtained findings, the hyperspectral imaging method demonstrated an
accuracy of 72.98% with Rietveld method. Conversely, the light microscope method
exhibited a notably higher accuracy rate of 97.14%, while the application of Bogue
equations yielded an accuracy of 85.07%. Additionally, the developed Matlab

functions showcased a commendable accuracy of 96.06%.
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4.3.4 Hyperspectral Imaging Results of Hydrated Cement

Clinker Compounds

Hyperspectral images of hydrated cement compounds were obtained from their
polished surfaces. The average of 130 readings are gathered for each compound.

43.4.1 Hydrated CsS

As can be seen from Figure 4-38, When the absorbance of the hydrated C3S clinker
is compared with the 1-day hydrated compound it is evident that there is a reduction
in the reflectance below 750 nm, and after that a general increase is observed with
the formation of some peaks and valleys. As the hydration continues to 7 days the
the reflectance further decreases. At 28 days however, there is a remarkable increase

in the reflectance ratio.
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Figure 4-38 Average of hyperspectral data recordings from hydrated C3S after 1, 3,
7, 28 days
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4.3.4.2 Hydrated C2S

Figure 4-39 illustrates the mean hyperspectral readings for both C»S and its hydrated
form. The findings indicate that, following a single day of hydration, there is an
elevation in the reflectance ratio beyond the 600 nm wavelength, coupled with a
reduction preceding the 600 nm as compared to the unhydrated C,S. After a span of
seven days, the reflectance ratio demonstrates a considerable resemblance to that of
the unhydrated C,S. However, the data obtained at the 28-day mark reveals a

significant increase in the reflectance ratio.
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Figure 4-39 Average of hyperspectral data recordings from hydrated C»S after 1, 3,
7, 28 days
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4343  Hydrated C3A

In the case of C3A, the evolution of absorbance follows a pattern analogous to that
of C.S as it is shown in Figure 4-40. Subsequent to a single day of hydration, there
is a decline in the reflectance ratio preceding 700 nm, coupled with an elevation
beyond 700 nm. Following three days, a further reduction in absorbance ratio is
observed before 700 nm in comparison to the compound hydrated for one day, and
before 870 nm when contrasted with the unhydrated CsA; however, an increase is
discernible beyond these wavelengths. After seven days of hydration, the reflectance
pattern closely aligns with that observed after one day of hydration. Similar to other
cement compounds, a conspicuous escalation in the reflectance ratio is noted after

28 days of hydration.
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Figure 4-40 Average of hyperspectral data recordings from hydrated C3A after 1, 3,
7, 28 days
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4.3.44  Pre-Processed hyperspectral data for hydrated compounds

The results of Savitky-Golay preprocessed are shown in Figure 4-41. According to
this preprocessing the data gets smoother and the noise from light scattering is
eliminated from the results. In all cases the reflectance ratio decreases in first 7 days

of hydration, and then increase in 28 day measurements in pre-processed data.
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Figure 4-41 Preprocessed hyperspectral data for (a) CsS, (b) C.S and (c) C3A
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CHAPTER 5

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The main objective of this study is to investigate the technical feasibility of utilizing
hyperspectral imaging (HSI) to characterize features of Portland cement. To achieve
this, a comprehensive experimental program is designed, commencing with the
successful synthesis of Portland cement compounds. Following synthesis, these
compounds undergo characterization using well-established traditional methods
such as XRD and SEM. The acquisition of hyperspectral images for these
compounds and the use of various pre-processing techniques for identification marks
the completion of the first phase of the experimental program.

In the second phase, the synthesized compounds are ground and blended to produce
typical ordinary Portland cement. The compounds within this blend are identified
using previously generated hyperspectral images of each individual compound. As
part of this phase the compound composition of an industrially produced clinker
sample is also analyzed through conventional techniques as well as HIS, and the
developed mathematical model was applied to identify the compound composition

for this clinker.

In the third and final phase of the experimental program, the hydration characteristics
of the Portland cement compounds are investigated using HSI in conjunction with
traditional characterization methods, including isothermal calorimetry, XRD, FTIR,
and microstructural characterization through SEM. Additionally, the mechanical
properties of each compound, specifically compressive strength, and modulus of
elasticity, are determined.

According to the experimental test results, the following conclusions could be drawn:

129



The synthesis of pure Portland cement compounds and their identification by
XRD analysis is a difficult process. The use of XRD analysis alone could
lead to the misidentification of the two calcium silicate phases. Therefore,
the required phase formation depends on rapid quenching and the selection
of appropriate chemical stabilizers. In addition to XRD analysis, isothermal
analysis and microstructural characterization are essential for the
identification of these phases. According to these analyses, the heat
generation in cement comes mainly from CzA in the presence of gypsum,
followed by CsS. During hydration, CsS is responsible for early age strength,
contributing to a 40 MPa increase in strength, while C>S becomes more
influential in the 90 to 180 day period, achieving a 70 MPa gain. In addition,
microstructural analysis indicates that C3A has a more crystalline structure,
while C5S is denser than CsS, which is denser than C3A.

At the microscopic scale, hyperspectral imaging appears to be an affordable
and promising tool for the identification of Portland cement compounds. This
experimental thesis program marks the initial phase in the development of
such an identification tool.

Among the two investigation modes, the reflectance mode seems to be more
preferable over the transmittance mode, and among the various preprocessing
analysis methods of the hyperspectral image data, the Savitzky-Golay
preprocessing method yielded the most effective results for the classification
of the Portland cement compounds.

When the Savitzky-Golay pre-processing method is used for extracting the
wavelengths corresponding to local minima and maxima of each
hyperspectral image data, the results indicate that C3S exhibits 21 peaks, C2S
has 16, and C3A has 19 local peaks, each contributing to the characterization
of the hyperspectral signature for the respective compound.

In the context of ground and blended clinker compounds, when the developed
mathematical model was used for the classification of each compound, an

average accuracy of 95% was obtained. Therefore, it can be concluded that

130



the local maxima and local minima obtained can be successfully used to
identify the cement compounds within a blend.

It should be mentioned that the classification of the cement compounds for
the industrial clinker, using the conventional techniques brings some
discrepancy in the results. This is attributed first of all to the underlying
assumptions used in applying these methods such as the use of Bogue’s
equations and the Rietveld method, and to the heteregeneoity of the clinker
sample in the microscopic range. When the compound classification is
performed by the hyperspectral image acquisition process developed in this
thesis, the overall accuracy was about 73% with respect to the Rietveld
method and 85% with respect to the use of Bogue’s equations. On the other
hand, when compared to the polarized optical light microscopy the accuracy
increased to 97%, as the same polished section was used in the analysis.
Finally, for the hydrated phases of the Portland cement compounds the
addition of water reduces the reflectance of all compounds at the visible part
of the electromagnetic spectrum and increases the reflectance in the near
infrared part, as observed from the 1-day through 7-day hyperspectral data.
On the other hand when the measurements are made on the 28-days, a
significant increase in the reflectance at all wavelengths was observed for all

of the cement compounds, which requires further investigation.

This thesis is a first step in the use of HSI analysis in characterizing Portland cement

characterization and the following recommendations will be helpful for future

studies:

The use of hyperspectral imaging on a microscopic scale requires some extra
work on the side of specimen preparation. The main reason for that is the
high surface flatness needed to allow the microscope to focus on the
specimen. Therefore, expertise in specimen preparation is needed for

successful utilization.
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The hyperspectral camera that was available in our laboratory covered a
wavelength range of 400 nm to 1000 nm across the visible to near-infrared
spectrum. As future research endeavors unfold, employing hyperspectral
cameras equipped with broader wavelength coverage could prove to be
beneficial for further cement compound classification and identification. This
enhanced spectral range would likely facilitate even more comprehensive and
accurate assessments, paving the way for advancements in the field of cement
characterization and opening new avenues for exploring the unique
properties of cementitious materials.

Large scale cameras, without using the microscope could be used to
investigate its accuracy in checking cement compounds categorization, to
overcome the polish sample preparation for microscope. A dynamic focus
area scanning system can provide a solution for this, hence reduce the time

needed to prepare the specimen, which can allow for online scanning.
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