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CHAPTER 1. INTRODUCTION

1.1. Background

In recent years, advancements in ICT and other fields have ushered in an "era of significant
transformation," characterized by daily changes in societal and economic structures. As domestic and
global challenges intensify and become increasingly complex, the need to promote science, technology,
and innovation has grown substantially. In Japan, the Fifth Science and Technology Basic Plan"
emphasized the importance of Japan spearheading this transformative era by creating major changes
of its own. A central pillar of this plan was the strong promotion of "Society 5.0," aimed at realizing a
"super-smart society" ahead of the rest of the world. The Sixth Science, Technology, and Innovation
Basic Plan® further elaborated on specific policies to achieve Society 5.0.

A "super-smart society" is defined as a society that "provides the necessary goods and services to
the right people at the right time and in the right amount, finely addressing diverse social needs. It is
a society where everyone can receive high-quality services and live vibrant, comfortable lives,
transcending differences in age, gender, region, and language." Society 5.0 is conceptualized as a
human-centered society that achieves both economic development and the resolution of social
challenges through a system that deeply integrates cyber space (virtual space) and physical space (real
space). This system involves aggregating vast amounts of data from sensors in the physical space into
the cyber space, where artificial intelligence (Al) analyzes this big data and feeds the results back to
humans in the physical space in various forms®.

In Society 5.0, all societal elements are constructed as digital twins within the cyber space,
enabling the redesign of institutions, business frameworks, urban planning, and regional development.
These redesigned elements are then reflected in the physical space to transform society. Achieving this
transformation requires a robust foundation for collecting and accumulating high-quality data in a
form that allows for advanced analysis, as well as leveraging mathematical models and data analytics
technologies for in-depth cyber space analysis®.

Currently, "smart cities" are being promoted as pioneering examples of Society 5.0. These
sustainable cities and regions utilize new technologies, such as ICT, to enhance management processes
(planning, development, and operation) to address various urban and regional challenges while
continually creating new value in terms of comfort and convenience.

To build smart cities and ultimately realize Society 5.0, information and communication
technologies, as well as communication infrastructures that bridge the cyber and physical spaces, are
indispensable. The commercialization of the fifth-generation mobile communication system (5G) in
2020 has enabled wireless communication using higher frequency bands, such as millimeter waves
(~60 GHz), in addition to conventional microwave bands (~2 GHz). By around 2030, the next-

generation sixth-generation mobile communication system (6G) is expected to be commercialized.



These systems are characterized by ultra-high speed, low latency, ultra-reliability, and the ability to
connect a massive number of devices simultaneously, playing a critical role in real-time data
transmission within Society 5.0.

In Society 5.0, the cyber and physical spaces are seamlessly connected through a cyber-physical
system (CPS). The cyber space includes big data and artificial intelligence (Al), while the physical
space encompasses sensors such as cameras and LiDAR, databases like dynamic maps, decision-
making edge computing (e.g., Multi-access Edge Computing, MEC), and actuators such as vehicles.
These elements are interconnected via 5G/6G to enable the realization of Society 5.0 (Figure 1-1)®.
Therefore, a stable and extensive 5G/6G communication environment is essential, and its early
deployment is a pressing requirement.

A significant obstacle in establishing 5G/6G communication environments is concrete, widely
used in infrastructure and high-rise buildings. High-frequency signals are highly directional and easily
affected by obstacles. Concrete, in particular, has low radio wave transparency, making it challenging
to secure service areas in building shadows or indoors (Figure 1-2)'9. While current solutions
involve improving and expanding base stations and antennas, their effectiveness is limited. Moreover,
with the anticipated adoption of communication standards using even higher frequency bands, such as
6G and 7G, this issue is expected to become more severe, necessitating fundamental solutions.

Concrete is an essential construction material for large-scale structures such as infrastructure and
high-rise buildings due to its ability to achieve high compressive strength and durability at low cost
compared to other construction materials. Therefore, replacing concrete with alternative materials
solely to enhance radio wave transparency is not a practical solution for such large-scale structures.
Consequently, a fundamental approach to addressing this issue requires improving the radio wave
transparency of concrete members while maintaining the necessary mechanical properties and

durability.
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Figure 1-1 Schematic diagram of the super smart society (Society 5.0)(1)
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Figure 1-2 Schematic diagram of the shielding of radio waves by concrete structures

1.2. Objective and positioning

The objective of this research is to develop concrete that exhibits high radio wave transparency
while maintaining sufficient mechanical performance as a construction material. When considering
the use of concrete in construction, reinforcement materials such as steel bars are incorporated to
compensate for its low tensile strength. Thus, realizing concrete members with excellent radio wave
transparency necessitates evaluating the radio wave transparency of both the concrete and the
reinforcement materials.

Figure 1-3 illustrates the research concept. First, for concrete, the mix proportions will be
optimized to significantly enhance its radio wave transparency while ensuring adequate mechanical
performance for use as a building material. Next, for reinforcement materials, the feasibility of
controlling radio wave transparency through material selection and arrangement optimization will be
explored. Based on these considerations, the study ultimately aims to propose a design methodology
for reinforced concrete members that balances both mechanical and radio wave transparency
performance.

This research focuses on the concrete component, investigating methods to significantly enhance
its radio wave transparency while maintaining mechanical performance. As will be discussed in detail
in CHAPTER 2, reducing the moisture content in concrete is key to improving its radio wave
transparency. This research examines the effectiveness of using geopolymer (GP) as a means of
reducing moisture and enhancing radio wave transparency. Additionally, since the complete properties
and mechanisms of GP remain unclear, investigations were conducted on the mechanical properties of
GP and analytical methods to elucidate the mechanisms governing both its radio wave transparency

and mechanical properties, thereby assessing its applicability in concrete structural members.
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Figure 1-3 Schematic diagram of the research concept and the positioning of this research

1.3. Geopolymer overview

Geopolymer (GP) is a solidified material primarily formed through the polycondensation reaction
between aluminosilicate powders (active fillers) such as fly ash (FA) and ground granulated blast
furnace slag (BS) and alkaline silica solutions (alkaline solutions) such as sodium silicate and sodium
hydroxide. Its solidification mechanism differs entirely from the hydration reaction of cement, as metal
ions dissolved from active fillers interact with sodium silicate, leading to dehydration and the cross-
linking of silicate complexes into polymers, thereby forming an inorganic adhesive structure that binds
the active filler particles"” (Figure 1-4).

Concrete that uses GP as a binder instead of cement exhibits significantly lower CO; emissions
during production compared to conventional concrete. Additionally, it enables the effective utilization
of industrial by-products, offers excellent resistance to strong acids and high temperatures, and
possesses the capability to immobilize hazardous substances such as heavy metals and cesium. These
characteristics make GP a promising material for achieving a low-carbon society, applications in
extreme environments such as highly acidic or high-temperature conditions, and further development
into new environmental remediation technologies'?.

This research focuses on GP’s unique solidification mechanism via dehydration reactions. As
mentioned in Section 1.2, reducing the moisture content in concrete is key to improving radio wave
transparency. Since GP solidifies through dehydration reactions, no hydration products remain within

the solidified material, which is expected to reduce moisture content and subsequently enhance radio



wave transparency compared to cementitious materials. Details will be discussed in CHAPTER 2.

While GP is advancing toward practical applications as a concrete material, there remain
numerous academic challenges that must be addressed to expand its use. In particular, shrinkage and
other time-dependent deformations can lead to cracking, which affects not only the mechanical
performance of structural elements but also their radio wave transparency. However, the time-
dependent deformation characteristics of GP remain largely unexplored and lack systematic study.
Therefore, to ensure the long-term retention of both high radio wave transparency and mechanical
performance, this study focuses on elucidating the time-dependent deformation behavior of GP, as
discussed in CHAPTER 3.

The properties of GP, including radio wave transparency and time-dependent deformation
characteristics, are believed to be significantly influenced by its microstructure, including pore
structure, skeletal strength, and skeletal composition. However, due to the amorphous nature of its
primary reaction products and the wide range of influencing factors, the microstructural formation
mechanism of GP has not been well understood. This study aims to clarify the relationship between
radio wave transparency, time-dependent deformation characteristics, and microstructure by
investigating the formation process of reaction products. Furthermore, an analytical method was

examined to visualize these growth processes, as detailed in CHAPTER 4.
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Figure 1-4 Schematic diagram of geopolymer solidified products and solidification mechanism



1.4. Impact

Concrete is primarily recognized for its structural performance, and its interaction with
electromagnetic waves, including radio waves, remains largely unexplored. However, electromagnetic
waves are already used for the non-destructive testing of concrete structures, and research to elucidate
the relationship between electromagnetic waves and concrete properties is advancing to improve
inspection accuracy!> 4. Furthermore, concrete is utilized in nuclear facilities such as reactor
buildings and containment vessels for radiation shielding, and research is ongoing to maintain its
shielding performance!>'?. Interest in the shielding properties of concrete against electromagnetic
waves beyond radiation has also increased. Tanai et al.?% 2D demonstrated the potential for shielding
specific frequency electromagnetic waves by adjusting the reinforcement arrangement in reinforced
concrete and modifying concrete’s dielectric properties. Additionally, studies have investigated
altering concrete’s surface geometry or mix proportions to shield or reflect electromagnetic waves®?*
29 Furthermore, with the emergence of ultra-smart societies as discussed in Section 1.1, studies on
estimating radio wave propagation environments based on concrete’s electromagnetic properties are
actively progressing®2). While research has focused on enhancing concrete’s shielding performance
under the assumption that "concrete does not transmit electromagnetic waves," no studies have aimed
to improve its radio wave transparency.

This study challenges the conventional notion that "concrete does not transmit electromagnetic
waves." By improving concrete’s radio wave transparency, this research not only reduces radio wave
shielding by buildings but also enables control over the shielding and transmission properties of
buildings, allowing users to actively manage radio wave propagation environments through
construction materials. This approach could lead to more flexible communication system designs, for
instance, allowing higher-frequency radio waves (above 5G) to pass through while shielding lower-
frequency waves (below 4G). Through this study, concrete buildings can gain new value as
communication infrastructure, contributing to the development of novel communication system
designs incorporating building structures. Additionally, research on GP conducted in this study is
expected to advance understanding of GP’s properties and mechanisms, ultimately facilitating its

broader adoption as a construction material.

1.5.  Thesis structure

This paper consists of five chapters (Figure 1-5).

CHAPTER 1 presents the background of this research, outlining challenges in wireless
communication from the present to the future. It also describes the objective, positioning, and potential
societal impact, along with an overview of GP and its relevance to the following chapters.

CHAPTER 2 discusses various methods for improving the radio wave transparency of



unreinforced concrete members, including an evaluation of the effectiveness of GP application.

CHAPTER 3 investigates the time-dependent deformation characteristics of various geopolymer
(GP) materials, including low water-to-binder ratio (W/P) GP, which was identified in CHAPTER 2
as having the potential for high radio wave transparency, influencing their long-term radio wave
transparency and mechanical performance.

CHAPTER 4 focuses on the formation mechanisms of GP microstructures, particularly the
growth process of reaction products. An analytical method for visualizing these growth processes is
explored.

CHAPTER 5 integrates the findings from CHAPTER 2, 3, and 4 to propose concrete with both
high radio wave transparency and sufficient mechanical performance as a construction material.

Furthermore, future research prospects for its practical application are discussed.

CHAPTER 1. INTRODUCTION
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]
7 N
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Figure 1-5 Thesis structure
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CHAPTER 2. RADIO WAVE TRANSPARENCY IMPROVEMENT

This chapter presents the results of an investigation into methods for improving radio wave

transparency in unreinforced concrete members.

2.1.  Literature review

In this section, based on the theory of electromagnetic wave propagation in concrete and a review
of previous studies, the impact of moisture in concrete on radio wave transparency is discussed.
Additionally, the forms of moisture in concrete and their classifications are organized, and the focal

points of this study are outlined.

2.1.1. Radio wave propagation in lossy media

Radio waves used for wireless communications, including 5G, are a type of electromagnetic wave.
Electromagnetic waves propagate without loss in a vacuum; however, when passing through a medium
with attenuation properties, they propagate with energy losses. Considering first the propagation of
electromagnetic waves in free space without obstacles, the transmission gain G in free space can be

expressed as the ratio of received power P. to transmitted power P, as shown in Equation (2-1).

P 1\
G=—r=(m) GG, 2-1

Let d denote the distance between the transmitting and receiving antennas, Gy and G, represent the
power gains of the transmitting and receiving antennas, respectively, and 4 denote the wavelength.
Specifically, when G; = G. = 1, the gain G is referred to as the free-space propagation gain Gy,

which is expressed by Equation (2-2).

Typically, this gain is represented in terms of loss, and the free-space propagation loss is expressed by

Equation (2-3)?.

From Equations (2-2) and (2-3), it is evident that free-space propagation loss is proportional to the
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square of the distance and inversely proportional to the square of the wavelength, or equivalently,
proportional to the square of the frequency. However, this relationship applies only to free space
without obstacles. In urban environments with obstacles such as buildings, empirical rules based on
experiments indicate that propagation loss is proportional to the cube or fourth power of the distance®.

Concrete, a material widely used in construction, is a lossy medium composed of dielectric,
resistive, and conductive components, including cement hydrates, aggregates, and water, randomly
mixed together. A lossy medium is a material that dissipates the energy of electromagnetic waves,
primarily as heat, causing the wave intensity to decay exponentially as it propagates. There are three
types of lossy media: conductive loss media, dielectric loss media, and magnetic loss media. The
constants that determine the loss for each type are electrical conductivity k, permittivity €, and
permeability u, respectively. In a uniform dielectric medium, both the permittivity and permeability
are represented as complex numbers, referred to as the complex permittivity € and the complex
permeability gi. The ratios of these values to the permittivity €, and permeability p, in a vacuum
are also complex numbers, called the complex relative permittivity &, and the complex relative

permeability fi,, expressed by Equations (2-4) and (2-5)@.

€& =€ —je 2-4
e = Uy — Jly (2-5)

It is known that for both conductive and dielectric loss media, p. = 1, ) = 0@,
For conductive loss media that carry only conduction current even at high frequencies, the
imaginary part of the complex relative permittivity €,/ for electromagnetic waves with angular

frequency w can be expressed in terms of the conductivity k using Equation (2-6)®.

& =— (2-6)

In contrast, for composite media such as concrete, Equation (2-6) cannot be applied. This is
because, in an electrical circuit model, composite media consist of resistive and conductive
components dispersed within a dielectric, leading to highly complex equivalent circuits. Such

complexity makes it impossible to represent the medium using a single element.

2.1.2. Attenuation equations and fluctuation factors of radio wave
When an electromagnetic wave oscillates sinusoidally at a single angular frequency w, assuming
it satisfies a one-dimensional wave equation, Equations (2-7) and (2-8) can be derived using the vector

wave equation®.
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VZE + k*E =0 2-7)
V?H 4+ k?H =0 (2-98)

Here, E represents the electric field (V/m), H represents the magnetic field (A/m), and k is
referred to as the propagation constant. The propagation constant k (1/m) for an electromagnetic
wave with angular frequency w is expressed by Equation (2-9) in terms of the permittivity € (F/m),

permeability p (H/m), and conductivity x (S/m).
k? = w?ep — jouk 2-9)
When the propagation constant k is a complex number, it can generally be separated into its real

and imaginary parts, as shown in Equation (2-10). The parameters a and [ are defined by Equations

(2-11) and (2-12), respectively.

k= w?eu—joux =B —ja (a>0,8>0) (2-10)

1/2
€ K2
a'=a)/7ﬂ Lt—-1 (2 —11)
1/2
€ K2
B=w7ﬂ L+ ——+1 2 -12)

The real part § (rad/m) of the propagation constant k, referred to as the phase constant,
indicates the phase change accompanying electromagnetic wave propagation. On the other hand, the
imaginary part a (dB/m), known as the attenuation constant, represents the magnitude of attenuation
during electromagnetic wave propagation®. When a plane wave polarized in the x -direction
propagates in the z-direction, it can be expressed using the terms « and S, resulting in Equation (2-
13).

E = XEy exp(—jkz) = XE, exp(—az — jBz) (2-13)
Consequently, the magnitude of the electric field |E| is described by the attenuation equation

shown in Equation (2-14), indicating that the electric field diminishes as the wave travels in the z-

direction.
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|E| = |E,| exp(—az) (2-14)

Therefore, the degree of attenuation of the electromagnetic wave is determined by the attenuation
constant « and the propagation distance z. The greater the attenuation constant a or the
propagation distance z, the larger the attenuation. For concrete members, the attenuation constant «
is an intrinsic property of the material, while the propagation distance z corresponds to the thickness
of the member. Thus, to improve the radio wave transparency of concrete members, it is effective to
reduce the attenuation constant « of the material itself and minimize the member thickness.
Conductive loss media and dielectric loss media are classified based on the ratio of conduction
current to displacement current, expressed as k/we. The attenuation constant and phase constant for

these media are represented by Equations (2-15) and (2-16), respectively®.

k/we > 1 (Conduction loss medium)

o [oxu ok B
a= /—2 B = /—2 (2 -15)

(g)\/g,gzwﬁ (2 - 16)

k/we K 1 (Dielectric loss medium)

IR

a

Since concrete is a composite medium, applying either Equation (2-15) or Equation (2-16)
exclusively is considered challenging. However, because concrete is a nonmagnetic material with
U, = 1 under normal conditions, the electromagnetic wave attenuation characteristics, or radio wave
attenuation characteristics, of concrete are determined by its conductivity k and relative permittivity
€. Regardless of the medium, since the conductivity k appears in the numerator of the attenuation
constant «, it follows that a lower conductivity k results in a smaller attenuation constant a and

consequently less electromagnetic wave attenuation.

2.1.3. Effect of moisture on radio wave transparency

As discussed in Sub-section 2.1.2, the radio wave transparency of concrete, particularly the
attenuation constant, is closely related to its electrical properties, especially its conductivity and
permittivity. Research on the electrical properties of concrete has been conducted for various purposes,
including improving electromagnetic shielding performance and advancing non-destructive testing
methods.

Chino et al.® investigated changes in the complex permittivity of lightweight concrete combined
with ferrite electromagnetic wave absorbers during water absorption (Figure 2-1). In this study, the

water absorption rate X was defined as X = 0 (0% absorption rate) when the sample was dried at
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105°C for 24 hours, and X = 1.0 (100% absorption rate) when the sample was submerged in water
at 20°C for 24 hours. The water absorption rate X was calculated using Equation (2-17) based on the
weight of the sample during absorption. Additionally, the real part €, and the imaginary part €, of
the complex permittivity €, = €, — je,' at X were determined using Equations (2-18) and (2-19),

respectively.

(Sample weight) — (Sample weight at 0%)

X= 2-17
(Sample weight at 100%) — (Sample weight at 0%) ( )
€ = €. at 0% + X(e,- at 100% — €, at 0%) (2-18)
€' =€/ at0% + X(¢,' at 100% — €, at 0%) (2-19)

From Figure 2-1, it can be seen that both the real and imaginary parts of the complex permittivity
increase with the water absorption rate. When comparing the absorption rates of 0% and 36.8%, the
imaginary part increases approximately fivefold, whereas the real part increases 10 to 60 times,
indicating that the real part changes more significantly. Furthermore, while the imaginary part remains
unaffected by frequency, the real part decreases with increasing frequency for any absorption rate other
than 0%.

Hayashi et al.”) investigated the effect of moisture content on the complex relative permittivity of
mortar specimens with added carbon powder, aimed at developing electromagnetic wave absorbers
using mortar. Their findings revealed that both the real and imaginary parts of the complex relative
permittivity were lower in air-dried specimens compared to wet specimens, and even lower in oven-
dried specimens.

Noda et al.®) examined the electrical properties of concrete under alternating current and their
influencing factors to explore the potential of evaluating concrete quality using relative permittivity.
They clarified the relationships between relative permittivity and relative moisture content and
between relative permittivity and the cement-to-water ratio (C/W) (Figure 2-2, Figure 2-3). The
results shown in Figure 2-2 were obtained for concrete with water-to-cement ratio (W/C) of 55% and
a curing age of approximately four months under an alternating current frequency of 1 mHz. Figure
2-3 presents results for concrete with a curing age of 28 days. The relative moisture content was
calculated using Equation (2-20), with W;, Wy, and Wy representing the mass of the specimen at the

time of measurement, the saturated mass, and the oven-dry mass, respectively.

W; — Wy

Relative moisture content(%) = (

From Figure 2-2, the relative permittivity increases with increasing relative moisture content,
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with particularly large changes observed below 50% relative moisture content. From Figure 2-3, the
relative permittivity decreases as C/W increases, and the impact of C/W becomes more pronounced at
lower frequencies. Noda et al. inferred that higher C/W results in a denser structure, reducing the water
content in concrete and increasing its resistance. Consequently, dielectric phenomena are less likely to
occur, and charge generation is suppressed, leading to lower relative permittivity.

Guihard et al.” proposed an electromagnetic model for estimating the moisture content of
concrete based on its permittivity. To validate the model, they clarified the relationship between
permittivity and moisture content for concrete with varying W/C. Their results confirmed that
permittivity increases with moisture content and that the effect of moisture content on permittivity is
more pronounced for concrete with higher W/C.

Dinh et al.0? investigated the dielectric properties of concrete for electromagnetic wave
propagation in the GHz range, specifically from 1 GHz to 10 GHz. Their study demonstrated that the
dielectric properties of concrete are strongly dependent on moisture content, pore volume, and pore
size distribution, with higher moisture content leading to increased dielectric constant and dielectric
loss. Additionally, they revealed that over time, moisture evaporates and is consumed by hydration
reactions, resulting in a decrease in the dielectric constant and dielectric loss, thereby reducing the
attenuation of electromagnetic waves.

Ikuta et al.'" investigated the impact of various factors on the resistivity of concrete. They
clarified the relationship between the resistivity of concrete with a W/C of 70% under direct current
and its mass moisture content (Figure 2-4). From Figure 2-4, it was observed that resistivity decreases
linearly with increasing moisture content between 5.5% and 7.5%, becomes nearly constant above
7.5%, and exhibits significant variation at moisture contents below 5.5%. Similar trends were reported
by Makita!?, who demonstrated that as moisture content decreases, i.e., as drying progresses,
resistivity or resistivity values increase substantially, and the conductivity, which is the reciprocal of
resistivity, decreases significantly. Ikuta et al. hypothesized that the influence of water on resistivity is
dominant between 5.5% and 7.5% moisture content. Beyond 7.5%, the pores within concrete are
sufficiently filled with water, making water quantity less influential on resistivity. Conversely, below
5.5%, the continuity of water within the pores becomes more critical than the amount of water itself(!!.

Soutsos et al.!3 investigated the electrical properties of concrete to improve the accuracy of non-
destructive testing of concrete structures using radar. They clarified the relationship between relative
permittivity, conductivity, and moisture content in concrete (Figure 2-5). Moisture content was
calculated using Equation (2-21) based on the specimen's weight immediately after measurement, its

weight after oven drying, and its volume. These results were obtained at a frequency of 500 MHz.
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<Specimen weight immediately after measurement)
—Specimen weight after oven drying

Moisture content[%] = x 100 (2-—21)

Specimen volume

From Figure 2-5, both relative permittivity and conductivity increase with increasing moisture
content. Particularly, conductivity changes by 30 to 60 times between moisture content levels of
approximately 0% and 17%. When moisture content is extremely low, conductivity is significantly
lower compared to high moisture content, consistent with the findings of Ikuta et al.!'" and Makita(?.

Thus, the moisture state within concrete significantly affects its electrical properties, such as
relative permittivity and conductivity, which are critical factors determining its radio wave
transparency. Furthermore, lower moisture content in concrete tends to result in lower relative
permittivity and conductivity. Based on Equation (2-15), lower moisture content leads to a smaller
attenuation constant «, resulting in reduced electromagnetic wave attenuation. According to Soutsos
et al.!¥, as conductivity changes significantly with moisture content, the ratio x/+/€, decreases with
lower moisture content. Therefore, based on Equation (2-16), lower moisture content also leads to a
smaller attenuation constant a, reducing electromagnetic wave attenuation. Consequently, reducing

the moisture content within concrete is an effective approach to improving its radio wave transparency.
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Figure 2-1 Variation of dielectric properties of lightweight concrete as a function of water absorption(®
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2.1.4. Moisture in concrete

Within concrete, particularly within hardened cement paste, a wide range of pores exists, spanning
from a few nanometers to several millimeters in size. These pores consist of air bubbles introduced
during mixing and water pores left by the spaces previously occupied by water. Generally, water pores
account for the majority of total porosity!'¥. Table 2-1 presents a classification of pores in hardened
cement paste'®. Air bubbles introduced during mixing are classified into entrapped air and entrained
air. Entrapped air consists of unintended large bubbles with diameters exceeding 1 mm, which
negatively affect the strength and durability of concrete. Conversely, entrained air refers to

intentionally induced bubbles of 50-200 pm in size, achieved using air-entraining agents (AE agents),
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which are essential for freeze-thaw resistance and workability. Water pores are further categorized into
capillary pores, gel pores, and interlayer pores. Capillary pores represent the spaces left by water in
fresh cement paste and interfacial zones between cement paste and aggregates. Their size ranges from
3 nm to 30 pm, making them critical for the durability of concrete. Gel pores, on the other hand, are
extremely small pores (1-3 nm) left unfilled within the hydrated cement paste's gel (mainly C-S-H gel)
during hydration. Interlayer pores, measuring a few A, exist within the layers of calcium silicate
hydrate. While gel pores and interlayer pores generally do not adversely affect strength and durability,
they may influence shrinkage and creep behaviors!'®. The moisture within these pores can be
categorized based on its location: water within entrapped or entrained air pores is “interstitial water,”
water within capillary pores is “capillary water,” condensed liquid water or physically adsorbed water
on the surfaces of gel pores is “gel water” (o in Figure 2-6), and water in intracrystallite pores is
“intracrystallite water” (X in Figure 2-6).

The moisture within these pores exists due to physical or chemical adsorption or capillary
condensation, and its amount and characteristics vary with factors such as mix proportion, curing
conditions, temperature, and humidity. Separately from this pore-based moisture, cement hydration
products, such as C-S-H gel, calcium hydroxide, ettringite, and monosulfate, also retain chemically
bound water. Powers et al.!7-1® classified water in hardened cement paste, as illustrated in Figure 2-
7. They defined the moisture in pores (gel water and capillary water) as "evaporable water" and the
chemically bound water as "non-evaporable water." The total volume of evaporable water was equated
to the volume of pores in the hardened cement paste. Moreover, evaporable water was defined as the
water that evaporates under conditions such as D-dry (drying at the equilibrium vapor pressure of ice
at -79°C) or oven drying at 105+5°C. Non-evaporable water was defined as the weight loss upon
ignition of the specimen at approximately 1000°C after D-dry or oven drying. In summary, water that
easily evaporates upon drying is classified as evaporable water, whereas water that remains despite
drying is classified as non-evaporable water.

As noted in Sub-section 2.1.3, previous research indicates that reducing the moisture content in
concrete is effective for improving its electromagnetic wave transparency. However, existing studies
primarily focus on the effects of evaporable water, with little attention paid to the influence of non-
evaporable water. This study addresses the effects of both evaporable and non-evaporable water on
electromagnetic wave transparency. To eliminate the influence of aggregate properties and the water
content within aggregates, the scope of the study was limited to the hardened cement paste within
concrete.

Following the classification proposed by Powers et al., this study categorized water in hardened
cement paste into evaporable and non-evaporable water and investigated the effects of these water
types on electromagnetic wave transparency, as well as the improvement in transparency achieved by

reducing them. The detailed classification is presented in Figure 2-8. While Powers et al. did not
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include water in air voids or intracrystallite water in their classification, this study incorporated these
into the category of evaporable water. Consequently, evaporable water was considered present in all
voids within the hardened cement paste, correlating with total porosity. Although it is challenging to
clearly differentiate between evaporable and non-evaporable water or to precisely quantify their
respective amounts due to the inclusion of unstable non-evaporable water, this classification was
deemed sufficient for the relative evaluation of their effects on electromagnetic wave transparency and

the enhancement of transparency through their reduction.

Table 2-1 Classification of pores in hardened cement paste!>

Broad category Type Pore diameter Location
Entrapped air Imm~~ Between aggregates
Air bubble
Entrained air 10~100pum In cement paste
. In cement paste and between

Capillary pore 3nm~30pum

Pores occupied by cement paste and aggregate

water Gel pore 1~3nm Between gels
Intracrystallite pore ~1.2nm In gels

20



Hardened
cement paste

. ) Hydrate
Coarset *\ Fine t (inside cement particle)
aggregare \aggrega © Unhydrated / Hydrate
cement / (outside cement particle)
Concrete : o
\ apillary
X ¥ o pore
A
(]
®
Physically
adsorbed 5
Calcium
silicate 19
hydrate o) Intracrystallite
< _ water
o -
e}
xxxxxo OOOOOooxxxxxxx
OO X o 5000
°J9) o x %
005 ——"l
O00GCoocoo0000°

Figure 2-6 Schematic diagram of the structure around gel pore

Evaporable Capillary water Free water
water Gel water
Non-evaporable Chemically bound water || Hydrate
water

Hydrated cement

Figure 2-7 Classification of water in hardened cement paste by Powers et al.07-1®

21



Water in air bubble

Evaporable Capillary water
water Gel water

Free water

Intracrystallite water

- Hydrate
Non-evaporable Chemically bound water y
water

Hydrated cement
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2.1.5. Member thickness

As discussed in Sub-section 2.1.2, improving the radio wave transparency of concrete members
requires not only reducing the attenuation constant of the material itself but also decreasing the
thickness of the member. This section focuses on concrete wall members, particularly shear walls,
which serve as the wall panels of seismic walls, and outlines methods for calculating wall thickness
and the factors influencing it.

The thickness of concrete shear walls is specified to be at least 120 mm according to building
regulations, and in the case of reinforced concrete structures, it must also be no less than one-thirtieth
of the clear height of the wall panel'”. For reinforced concrete walls, additional detailed regulations
are provided, as shown in Table 2-2 and Table 2-3?%,

The aforementioned specifications serve as prescriptive regulations; the actual wall thickness is
determined through structural calculations. Below, the method for calculating wall thickness based on
allowable shear force using the allowable stress design method is presented. For simplicity, a wall
panel without openings or columns is assumed.

The long-term allowable shear force Q,;, used to evaluate the usability of wall members, can be

calculated using Equation (2-22).

Qar = tlf; (2-22)
where:
t: Thickness of the wall panel
l: Total height of the wall member, including columns or beams
fs: Allowable shear stress of the concrete

From this, the wall thickness can be determined using Equation (2-23). For wall panels with the same
height and long-term allowable shear force, the thickness is determined by the allowable shear stress

of the concrete.
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_Qa
=

t (2-23)

The short-term allowable shear force Q4, used to evaluate damage prevention, can be calculated
using Equation (2-23), which considers the larger value between @Q; and Q, from Equations (2-24)

and (2-25).

Qa = max (@1, Q2) (2-24)
Q: = tlf (2 -25)
Q2 = X0w + X0 (2 —26)
where:
Qu: Allowable shear force of a single wall panel
Q.: Allowable shear force of a single column or beam

Q,, and Q. can be calculated using Equations (2-26) and (2-27), respectively.

Qw = Dstlef; (2-27)
Qc = bj{afs + 0.5, f(py — 0.002)} (2-28)
where:
l,: Effective length of the wall panel

[, =l' when columns are present on both sides
[, = 0.9' when a column is present on one side

l, = 0.8!" when no columns are present

U Clear length of the wall panel
b: Width of the column or beam
j: Distance between the centroids of stress in the column or beam (= (7/8)d or 0.8D)

Total height of the column or beam

d: Effective height of the column or beam

ft: Short-term allowable tensile stress of shear reinforcement in the wall panel (limited to 390
N/mm? if it exceeds this value)

wht: Short-term allowable tensile stress of stirrup reinforcement in columns or beams (limited
to 390 N/mm? if it exceeds this value)

Ds: The shear reinforcement ratio for wall panels defined by Equation (2-29)
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=— 2—-29
Ps =1 ( )
where:
a, : Cross-sectional area of one set of shear reinforcements in the wall panel
S: Spacing of shear reinforcements

Additional conditions for calculating p:

1. For wall panels with columns on both sides and py = 0.012, p, = 0.012

2. For other wall panels with p; = 0.006, p; = 0.006

3. When pg = py,b/t, ps =pyb/t

4. For wall panels with different horizontal and vertical reinforcement ratios, the horizontal
reinforcement ratio is used for pg, with an upper limit of twice the vertical reinforcement ratio

5. For floors, pg is the ratio of slab reinforcement effectively anchored to beams relative to slab

thickness
Pw : Column stirrup ratio (limited to a maximum value of 0.012)
a: Confinement coefficient

a = 1.5 for walls with columns on both sides

a = 1.0 for pilasters, spandrel beams, and floors

For a single unreinforced wall panel without columns, @, = 0, and therefore, Q4can be expressed by

Equation (2-30).
Q4 = max(Qq,0) = Q; = tlfs (2-30)
Consequently, even for wall panels with the same height and long-term allowable shear force, the

thickness of the wall panel is determined by the allowable shear stress of the concrete, as in the case

of the short-term allowable shear force.
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Table 2-2 Minimum thickness of cast-in-place reinforced concrete load bearing walls??

Minimum wall
Floor ) Remarks
thickness t, (mm)

1-story building (excluding basement) 120 and hg/25

— hy: Distance
Each floor of a 2-story building

Ground ] 150 and hg/22 between vertical
(excluding basement)
floor supports which are
Buildings of 3 to 5 stories Top floor 150 and hg/22 o
major in terms of
(excluding basement) Other floors 180 and hy/22 .
structural capacity
Basement 180 and h,/18

Table 2-3 Minimum thickness of precast reinforced concrete load bearing walls*?

Minimum wall
Floor ) Remarks
thickness t, (mm)

Top floor and the second floor counting hg: Distance
Ground 120 and hy/25 _
a from the top floor between vertical
oor
Other floors 150 and hy/22 supports which are

major in terms of
Basement 180 and h,/18 .
structural capacity

2.2. Study flow

As described in Section 2.1, improving the radio wave transparency of concrete members can be
effectively achieved by reducing both evaporative and non-evaporative moisture content to lower the
material's attenuation coefficient and by increasing the strength of concrete to reduce the member
thickness.

In this study, first, as a method for reducing evaporative moisture, a drying treatment was applied
to the concrete members to forcibly dissipate evaporative moisture to the external environment, and
its effect on improving radio wave transparency was examined. Next, as a method for enhancing
strength, the water-to-powder ratio (W/P) was set to an extremely low level to reduce the pore volume,
and its impact on radio wave transparency improvement was investigated. Notably, high-strength
concrete is expected to suppress drying-induced cracking and further reduce the amount of evaporative
moisture through pore volume reduction. Finally, as a method for reducing non-evaporative moisture,
geopolymer (GP) was applied, and the effect of high-strength, low-W/P GP on enhancing radio wave
transparency was evaluated. Detailed examinations of each condition will be discussed in the

following sections.
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2.3. Radio wave transparency evaluation method
In this study, the primary evaluation criterion is the radio wave transparency of a structural
member that exhibits the same mechanical performance. The calculation method and the measurement

methods for the parameters required for this calculation are described below.

2.3.1. Radio wave transparency as a member
Radio wave transparency in this study is expressed in terms of transmission loss. First,

transmission loss is defined by Equation (2-31). Throughout this paper, transmission loss is expressed

in decibels (dB).

L = 10logq, <@> (2-31)
|E|
Where:
L: Transmission loss (dB)
|Eol: Magnitude of the electric field of the radio wave before passing through the medium
|E|: Magnitude of the electric field of the radio wave after passing through the medium

The primary evaluation index in this study is the transmission loss of a structural member when a
wall panel is fabricated to exhibit the same allowable shear strength under each condition. This can be

calculated using Equation (2-32), which is derived from Equations (2-14) and (2-31).

L. = 10log;[exp(az,)] 2-32)
Where:
L.: Transmission loss of a structural member when a wall panel is fabricated to exhibit the same
allowable shear strength (dB)
a: Attenuation coefficient of the material, calculated using Equation (2-33)
1 Ly
a=—In <1010> (2-133)
ZS
Where:

zs:  Thickness of the test specimen (mm), set as z; = 24mm in this study
Lg:  Transmission loss of the test specimen (dB), with the measurement method described in
Sub-section 2.3.2
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Z: Thickness of the structural member when a wall panel is fabricated to exhibit the same

allowable shear strength (mm)

The thickness z. of the wall panel fabricated to exhibit the same allowable shear strength under
each condition was calculated based on the compressive strength for each condition using Equations
(2-22) to (2-30). To exclude the effects of reinforcement, calculations were conducted assuming non-
reinforced conditions, and the wall height [(= ") was set uniformly to 1000 mm for all cases. The

allowable shear stress of concrete was calculated using Equations (2-34) and (2-35)"9.

1 1
fs1ong = min (5 F., 049 + MFC) (2 -34)

fs,short = 1-st,long (2-35)

where:

fsiong:  Long-term allowable shear stress of concrete (N/mm?)

E.: Design compressive strength of concrete (N/mm?), defined here as the measured
compressive strength

fsshort:  Short-term allowable shear stress of concrete (N/mm?)

Additionally, in compliance with the specifications, the minimum wall thickness was set at 120
mm. If the required wall thickness to satisfy long-term allowable shear forces differed from that for

short-term allowable shear forces, the larger value was adopted.

2.3.2. Radio wave transparency measurement method

A 24 mm thick plate-shaped specimen was fabricated, and its transmission loss was measured
using the free-space method with a vector network analyzer. To ensure the fabrication of specimens
with as uniform a thickness as possible, the specimen thickness was set to match the dimensions of
standard lumber. The measurement system's setup is shown in Figure 2-9, and the measurement
parameters are listed in Table 2-4. During the measurement, dielectric lens antennas were connected
to the transmitting and receiving ports, and the antennas were precisely aligned using a dedicated jig.
The impulse response between the transmitting and receiving ports was recorded, and the power P
of the peak transmitted radio waves was measured. The transmission loss Lg; was defined according
to Equation (2-36) as the difference between the received power P.o¢ in the absence of the specimen

and the measured transmitted power. Transmission loss is expressed in decibels (dB) in this study.
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P
L, = 1010g10( ;ff) (2 —36)

For instance, a transmission loss of 10 dB indicates that the radio wave intensity after passing
through the specimen is reduced to one-tenth of the intensity before transmission. A smaller
transmission loss value corresponds to higher radio wave transparency of the specimen.

To measure the transmitted wave power P, the specimens were wrapped in plastic film to prevent
moisture absorption or drying, which could alter the internal moisture content during the measurement.
Measurements were performed five times at different positions on the specimens, and the average
value was used as the representative result. It was confirmed beforehand that the plastic wrapping did

not affect the measurement results.

Specimen

Measurement area
200 x 200mm

Figure 2-9 Radio wave transmission testing system

Table 2-4 Measurement parameter

Central frequency 33 GHz
Signal band 6 GHz
Frequency measurement point 601 points
IF band 1 kHz
Transmission power 0 dBm
Transceiver antenna Dielectric lens antenna

2.4, Radio wave shielding by cement paste
This section validates the appropriateness of focusing on the cement paste component for

improving the radio wave transparency of concrete.
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2.4.1. Specimen and experiment overview

Plate-shaped specimens with dimensions of 24 mm in thickness, 360 mm in height, and 400 mm
in width were fabricated using cement paste and cement mortar. The height and width of the specimen
were set sufficiently large to prevent diffraction of the electromagnetic waves in the testing apparatus.
The materials used are listed in Table 2-5, the mix proportions in Table 2-6, and the appearance of the
specimens is shown in Figure 2-10 and Figure 2-11. The water-to-powder ratio (W/P) was set at 55%,
a commonly used value. To ensure workability and prevent material segregation, a thickener was
added to the cement paste. The density of the thickener was 1 g/cm® and was included in the unit
volume. A mortar mixer was employed for mixing, and the specimens were cast in layers following
the directions shown in Figure 2-10 and Figure 2-11. The specimens were demolded 24 hours after
casting and then cured in water for one week. Additionally, it was confirmed that there were no defects
such as cracks in the areas of the specimens through which radio waves were transmitted.

The transmission loss of the specimen was measured using the testing method described in Sub-
section 2.3.2. The test was conducted after the specimen had been cured in water and subsequently
placed in a temperature- and humidity-controlled chamber set at 20°C and 40% relative humidity (RH)
for at least two weeks, until no further weight change was observed. In the chamber, the specimen was
positioned such that the surfaces through which the electromagnetic waves would pass were oriented

as the top and bottom faces, as shown in Figure 2-12.

Table 2-5 Materials of cement paste specimen and cement mortar specimen

Type Name Mark Ingredients / Physical properties
Ordinary Portland Cement Specific surface area: 3110 cm?/g
Powder(P) C ) )
(OPC) Specific gravity: 3.16 g/cm?

Admixture Thickener - Cellulose-based

Fi Hard Sandstone from Hachioji, Tokyo

ine
Crushed sand S Surface dry density: 2.65 g/cm®

aggregate

Water absorption rate: 1.30%

Table 2-6 Mix proportions of cement paste specimen and cement mortar specimen

Unit weight (kg/m?)
W P(C) S Thickener
Cement paste 631 1148 0 Cx0.5%
Cement mortar 297 539 1412 0
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Overlay direction
360mm

Figure 2-10 W/P55% cement mortar specimen

Overlay direction
360mm

Figure 2-11 W/P55% cement paste specimen

Figure 2-12 Specimen under static condition in a constant temperature and humidity chamber

2.4.2. Results and discussion

The transmission loss measured for each specimen during the radio wave transmission test is
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shown in Figure 2-13. From Figure 2-13, it is evident that the transmission loss of the cement paste
specimen is greater than that of the cement mortar specimen, indicating lower radio wave transparency
in the cement paste specimen. This result suggests that, in concrete, the hardened cement matrix has a
more dominant influence on radio wave shielding compared to the aggregates. Therefore, it is
considered that improving the radio wave transparency of the hardened cement matrix can

fundamentally enhance the overall radio wave transparency of concrete.
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Figure 2-13 Transmission loss of W/P55% cement mortar and W/P55% cement paste

2.5. Effects of radio wave frequency
This section presents the results of an investigation into the effects of radio wave frequency on

the radio wave transparency of hardened cement paste.

2.5.1. Specimen and experiment overview

Using the specimens and measurement system described in Section 2.4, similar tests were
conducted at different central frequencies (6 GHz, 10 GHz). Since these tests were performed
concurrently with those in Section 2.4, the internal moisture conditions of the specimens are assumed

to be identical under all conditions.

2.5.2. Results and discussion

The relationship between transmission loss and frequency is shown in Figure 2-14. From Figure
2-14, it can be observed that transmission loss generally increases linearly with higher frequencies,
resulting in a decline in radio wave transparency. Therefore, improving the radio wave transparency

for frequencies around 33 GHz is expected to also enhance transparency for lower frequencies.
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Additionally, the change in transmission loss with frequency was more pronounced for cement paste
specimens than for cement mortar specimens, confirming that hardened cement paste is more sensitive
to frequency effects. Consequently, it can be concluded that the higher the frequency of the radio wave,

the greater the improvement in radio wave transparency for hardened cement paste.

50 |
O Cement mortar
O Cement paste
40 )
E
S,
?
©30
c
0
2]
2]
€20 |
g CD .................... @
"0 gt
10 O ...................
@ ......
0
0 10 20 ” !

Frequency[GHZz]

Figure 2-14 Relation between transmission loss and radio wave frequency

2.6. Evaporable water reduction
This section presents the results of an investigation into the improvement of radio wave

transparency in hardened cement matrices through the reduction of evaporable water.

2.6.1. Specimen and experiment overview

To examine the influence of evaporable water on the intrinsic radio wave transparency of the
material and the effect of drying on improving radio wave transparency, tests were conducted using
the cement paste specimens and measurement system described in Section 2.4. By varying the
relative humidity (RH), transmission loss was compared between specimens containing evaporable
water and those from which evaporable water had been removed. The transmission loss under RH
40% conditions, measured during the tests in Section 2.4, was considered as representing the state
with evaporable water present and was used as an indicator of the radio wave transparency of concrete
under general usage conditions. The relationship between moisture loss in concrete and relative
humidity is shown in Figure 2-152Y. Since evaporable water diminishes in low-humidity
environments, specimens were placed in a temperature- and humidity-controlled chamber set at 40°C

and RH 0% for at least two weeks after completing the tests under RH 40% conditions, until no further
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weight change was observed. Tests were then repeated under the same conditions to evaluate the state
where evaporable water had been removed. During this process, specimens were positioned in the
chamber such that the surfaces through which the radio waves would pass were oriented as top and
bottom surfaces.

Additionally, to evaluate the radio wave transparency of the specimens as structural elements,
compressive strength measurements were conducted under each condition to assess the influence of
specimen thickness. Specifically, compressive tests on cylindrical specimens were performed the day

after the radio wave transmission tests, in accordance with JIS A 1108 standards.
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Figure 2-15 Relation between loss of water and relative humidity®?

2.6.2. Results and discussion

The transmission losses under RH 40% and RH 0% conditions are presented in Figure 2-16. As
shown in Figure 2-16, the transmission loss under RH 0% conditions is approximately 35 dB smaller
than that under RH 40% conditions. According to Equation (2-31), this corresponds to a radio wave
intensity approximately 3,500 times greater under RH 0% conditions than under RH 40% conditions.
Furthermore, based on Equation (2-33), the attenuation constant a is calculated as 3.75 x 1071
under RH 40% conditions and 3.54 x 1072 under RH 0% conditions, indicating that a is reduced
by about one-tenth under RH 0% conditions. Since a decrease in RH leads to the disappearance of
evaporable water, the change in radio wave transparency between RH 40% and RH 0% conditions
reflects the degree of shielding caused by evaporable water. It can thus be concluded that, in
conventional cement concrete, shielding due to evaporable water predominantly affects radio wave
transparency, and its elimination through drying significantly enhances radio wave transparency.

To further analyze the impact of evaporable water on radio wave transparency, conceptual models
of the internal structure of the specimens are shown in Figure 2-17 and Figure 2-18. These models

are intended to illustrate the factors contributing to shielding within the hardened cement matrix, and
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the sizes of particles and voids are not representative of actual dimensions. Additionally, given the 33
GHz frequency used in this study, the wavelength of the radio waves is approximately 9 mm, which
is much larger than the scale of the models, and radio wave propagation is simplified as linear.

Under RH 40% conditions, evaporable water—i.e., pore water—is rich in ions dissolved from
cement particles, resulting in high electrical conductivity, which is thought to absorb radio waves.
Although non-evaporable water, such as chemically bound water, may also contribute to absorption,
its impact is considered relatively minor compared to evaporable water. Furthermore, the presence of
a continuous medium comprising pore water, cement hydration products, and unhydrated cement
particles may obstruct radio wave propagation and influence transparency (Figure 2-17). While
hydration products anchored by unhydrated cement particles typically have sizes on the order of
several hundred micrometers, this continuous medium, comprising pore water, hydration products,
and unhydrated cement, can act as a large obstacle, up to the thickness of the specimen, with high
electrical conductivity. The wavelength of the 33 GHz radio waves is approximately 9 mm, compared
to the specimen thickness of 24 mm. When the size of an object exceeds the wavelength, it acts as an
obstacle to propagation; therefore, this continuous medium likely forms a significant barrier to radio
waves. In contrast, under RH 0% conditions, the disappearance of pore water eliminates its absorptive
effect. The remaining components of the continuous medium consist solely of hydration products and
unhydrated cement, whose sizes, being several hundred micrometers at most, are much smaller than
the wavelength of the radio waves. Consequently, the obstructive effect of the continuous medium on
radio wave propagation is minimal. Thus, although some absorption by chemically bound water (non-
evaporable water) occurs, the majority of the radio waves are presumed to pass through (Figure 2-18).

Next, the compressive strengths under RH 40% and RH 0% conditions are shown in Figure 2-19.
From Figure 2-19, it is evident that there is little difference in compressive strength between the two
conditions, indicating negligible strength degradation due to drying. However, considering that the
compressive strength of cement paste with a water-to-cement ratio (W/C) of approximately 50% at 28
days of age is typically 25-30 N/mm?, the observed strength is relatively low, suggesting that a larger
component thickness might be required. Furthermore, the low strength may lead to shrinkage cracks
during drying, potentially reducing mechanical properties and durability, as well as negatively
impacting radio wave transparency. Therefore, enhancing the strength of concrete is considered
effective for improving its radio wave transparency as a structural component, while simultaneously

maintaining its structural performance and ensuring their long-term stability.
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Figure 2-17 Schematic diagram of internal model of W/P55% cement paste specimen at RH40%
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Figure 2-19 Compressive strength of W/P55% cement paste specimen at RH40% condition and at
RHO0% condition

217. Increase in strength
This section presents the results of an investigation into the improvement of radio wave

transparency as a structural member through the enhancement of concrete strength.

2.7.1. Specimen and experiment overview

In this study, to increase the strength of the concrete, the water-to-powder ratio (W/P) was set to
an extremely low level, thereby reducing the void content. By decreasing the void content, it is
expected that not only strength enhancement but also a reduction in pore water, i.e., evaporable water,

can be achieved. Furthermore, with a low W/P, self-desiccation is expected to become significant,
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potentially leading to an inherently dry internal state without requiring additional drying treatments.

Plate-shaped specimens with dimensions of 24 mm thickness, 360 mm height, and 400 mm width
were fabricated using cement paste. The materials used are listed in Table 2-7 the mix proportions are
shown in Table 2-8, and the specimen appearance is illustrated in Figure 2-20. The W/P was set to
15%, an exceptionally low level, and silica fume, a microfiller, was used to enhance packing density.
A mortar mixer was employed for mixing, and the material was placed by layering in the direction
shown in Figure 2-20. The specimens were demolded 24 hours after casting, subjected to a 30-minute
boiling water curing process, and then cured in water for one week. The mix proportion and fabrication
procedures were based on the ultra-low water-to-cement ratio concrete fabrication method by
Teramoto et al.?? and the non-porous concrete fabrication method by Kawano et al.??.

To evaluate the effect of low W/P strength enhancement on material-level radio wave transparency,
the same procedure as in Section 2.6 was followed. After the completion of water curing, the
specimens were placed in a constant temperature and humidity chamber set at 20°C and RH 40% until
their weight stabilized (for more than two weeks). The first radio wave transmission test was then
conducted. Subsequently, the specimens were placed in another constant temperature and humidity
chamber set at 40°C and RH 0% until their weight stabilized (for more than two weeks), followed by
a second radio wave transmission test.

Additionally, to confirm the effect of strength enhancement achieved through the low W/P, a
compression test was conducted on cylindrical specimens in accordance with JIS A 1108. However,
due to an issue with the test conducted the day after the radio wave transmission test, the results of a
compression test performed on a different day using cylindrical specimens prepared with the same
mix proportions and subjected to similar temperature and humidity histories were used as the final

compressive strength results.

Table 2-7 Materials of W/P15% cement paste specimen

Type Name Mark Ingredients / Physical properties
Low-Heat Portland Cement c Specific surface area: 3250 cm?/g
(LHC) Specific gravity: 3.22 g/cm?
Powder(P) :
. Specific surface area: 15-30 m*/g
Silica fume SF ) )
Specific gravity: 2.20 g/cm?
Chemical Superplasticizer SP Polycarboxylic acid ether-based
admixture Deformer DF Polyglycol-based
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Table 2-8 Mix proportions of W/P15% cement paste specimen

Unit weight (kg/m®)
P
W SP DF
C SF
316 1895 211 Px1.0% Px0.2%
400mm

Overlay direction
360mm

Figure 2-20 W/P15% cement paste specimen
2.7.2. Results and discussion

The compressive strengths under RH40% and RH0% conditions are shown in Figure 2-21. From
Figure 2-21, it is evident that the compressive strength has significantly increased compared to the
W/P 55% cement paste specimen, demonstrating that high strength can be achieved through a low W/P
ratio. The calculated thickness of wall panels designed to exhibit the same allowable shear strength,
based on compressive strength, is presented in Figure 2-22. Figure 2-22 shows that the wall thickness
for the W/P 15% cement paste is less than half of that for the W/P 55% cement paste, suggesting that
high strength achieved through a low W/P ratio significantly reduces the member thickness, potentially
enhancing the radio wave transparency of the structural member.

Next, the transmission losses under RH40% and RH0% conditions are shown in Figure 2-23.
Comparing the transmission losses of the W/P 55% and W/P 15% cement paste specimens in Figure
2-16 and Figure 2-23 reveals that the transmission loss under RH40% conditions is nearly the same.
However, under RH0% conditions, there is a notable difference. While the W/P 55% specimen shows
significantly reduced transmission loss upon drying, the W/P 15% specimen does not exhibit such a
marked improvement in radio wave transparency. Based on Equation (2-36), the ratio of transmitted
wave power after passing through the specimens indicates that for the W/P 55% specimen, the
transmitted power under RH0% conditions is approximately 3500 times greater than that under
RH40%. In contrast, for the W/P 15% specimen, the increase is only about fivefold.

Since the change in radio wave transparency from RH40% to RH0% conditions reflects the extent

of shielding due to evaporable water, it can be concluded that the low W/P ratio reduces the shielding
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effect of evaporable water. On the other hand, the transparency under RH0% conditions suggests that
the shielding due to non-evaporable water, unhydrated cement, and silica fume becomes dominant in
the absence of evaporable water. As shown in Table 2-6 and Table 2-8, the volumetric fraction of solid
particles in the specimens is approximately 36.3% for the W/P 55% specimen and 68.4% for the W/P
15% specimen, nearly double for the low W/P specimen. A larger solid fraction and lower porosity
increase the medium's conductivity®¥, likely causing the higher transmission loss. Additionally, the
dense microstructure formed by the hydration of unhydrated cement filling the voids, especially in
boiled and water-cured low W/P specimens®¥, is expected to contain more hydration products.
Increased hydration product content raises the amount of chemically bound water, i.e., non-evaporable
water, resulting in higher conductivity and transmission loss.

To analyze the effect of a low W/P ratio on radio wave transparency, schematic models of the
specimen interiors are shown in Figure 2-24 and Figure 2-25. Under RH40% conditions, radio wave
absorption by evaporable water (pore water) and chemically bound water (non-evaporable water),
along with propagation obstruction by a continuum composed of pore water, hydration products,
unhydrated cement, and silica fume, influences transparency. The increased hydration products
amplify absorption by chemically bound water compared to W/P 55% specimens (Figure 2-24). Under
RHO0% conditions, while pore water absorption disappears, absorption by chemically bound water
remains significant. Furthermore, the reduced porosity maintains the continuum size, still obstructing
wave propagation (Figure 2-25).

The calculated transmission loss of wall panels designed to exhibit the same allowable shear
strength, based on the measured transmission loss and compressive strength, is presented in Figure 2-
26. From Figure 2-26, it can be observed that the transmission loss as a structural member for W/P
15% cement paste wall panels is smaller under both RH40% and RH0% conditions compared to the
RH40% condition for W/P 55% cement paste wall panels. This indicates that reducing member
thickness through high-strength development achieved via a low W/P ratio can improve the radio wave
transparency of the member without the need for drying treatment. However, the transmission loss as
a structural member under RH0% conditions for W/P 55% cement paste wall panels is even smaller
than that for W/P 15% cement paste wall panels. This suggests that, in the current study, improving
the material-level radio wave transparency through drying has a greater effect on enhancing the radio
wave transparency of the member than reducing the member thickness. Nevertheless, thoroughly
drying large and thick members is challenging, and as discussed in 2.5.2, cracks caused by drying are
likely to have adverse effects. On the other hand, with a low W/P ratio, the smaller member thickness
facilitates internal drying, and the higher strength reduces the likelihood of cracks due to drying.
Therefore, considering actual structural scales, this approach appears to be a more practical method.
Additionally, given the difficulty of applying drying treatments to large structural members, high-
strength development through a low W/P ratio is a highly feasible method.
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However, simply reducing the W/P ratio does not improve the material-level radio wave
transparency, and even with drying, the improvement is limited. To achieve further enhancement of
radio wave transparency, it is necessary to improve the material-level radio wave transparency while
maintaining high strength with a low W/P ratio. As discussed earlier, in low W/P cementitious
materials, shielding effects caused by unreacted powders and non-evaporable water are expected to
dominate radio wave transparency. Since reducing the powder content to alleviate shielding due to
unreacted powders is challenging while maintaining high strength with a low W/P ratio, reducing non-

evaporable water is expected to be essential for improving radio wave transparency.
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Figure 2-21 Compressive strength of W/P15% cement paste specimen at RH40% condition and at
RHO0% condition
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Figure 2-26 Transmission loss considering wall thickness of W/P55% cement paste specimen and

W/P15% cement paste specimen at RH40% condition and at RH0% condition

2.8. Non-evaporable water reduction
This section presents the results of the study on improving the radio wave transparency of

cementitious materials by reducing non-evaporable water.

2.8.1. Geopolymer overview

Non-evaporable water exists as chemically bound water within cement hydration products.
Therefore, to reduce non-evaporable water, it is considered effective to use a solidified material
without hydration products as a binder instead of a cementitious material. In this study, geopolymer
(GP) was selected as a solidified material without internal hydration products.

As described in Section 1.3, GP is a solidified material formed through the polycondensation
reaction of aluminosilicate powders (active fillers) such as fly ash (FA) and ground granulated blast
furnace slag (BS) with alkaline silica solutions (alkaline activators) such as sodium silicate solution
and sodium hydroxide.

This study focused on the unique solidification mechanism of GP, which involves dehydration-
induced polycondensation. Since GP solidifies through a dehydration polycondensation reaction, no
hydration products are present in the solidified material, theoretically allowing the complete

elimination of non-evaporable water. Unlike hydration reactions, which continue over long periods,
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GP is expected to exhibit minimal internal structural changes over time, resulting in stable radio wave
transparency and the ability to maintain its initial transmission characteristics for an extended duration.

Additionally, GP forms an amorphous silicate polymer upon solidification, suggesting that its
internal structure is similar to that of silicate glass. Silicate glass constitutes the majority of commercial
glass products and is generally known for its excellent radio wave transparency. Given this structural

similarity, GP is also expected to exhibit superior radio wave transparency.

2.8.2. Specimen and experiment overview

Flat specimens with a thickness of 24 mm, height of 120 mm, and width of 120 mm (Figure 2-
27) were prepared using the materials listed in Table 2-9 and Table 2-10 and the mix proportions
shown in Table 2-11. The ratios of the components in Table 2-10 are expressed as mass ratios. While
GP typically uses a combination of FA and BS as reactive fillers, this study employed only FA as the
reactive filler to prevent the formation of hydration products and achieve an amorphous three-
dimensional structure similar to glass. Additionally, to enhance strength, the water-to-powder ratio
(W/P) was set to an extremely low level of 15%, and the mix proportions of the alkaline solution were
adjusted to minimize the water content. Here, W refers to the total water content in the alkaline solution,
equivalent to the water content per cubic meter of GP. For this mix, W was 219.5 kg/m?, with an alkali-
to-water molar ratio (A/W) of 0.365 and a silica-to-alkali molar ratio (Si/A) of 0.332.

The preparation of the specimens began with the preparation of the alkaline solution, followed
immediately by mixing. The solution was prepared in a 60°C water bath, starting with the stirring of
sodium silicate solution in a beaker, followed by the addition and further stirring of sodium hydroxide
solution. Mixing began immediately while the solution temperature remained elevated. A mortar mixer
was used for mixing, and the material was placed in layers as shown in Figure 2-27. After placement,
the specimens were subjected to sealed heating curing in a 60°C constant temperature and humidity
chamber for seven days, followed by demolding. Since the W/P was extremely low and the A/W was
high compared to typical GP, there were concerns about unreacted FA and residual alkali components
with conventional curing durations. Therefore, the curing period was extended to seven days (from
the usual 12 hours) to maximize the reaction between FA and the alkali components and fill voids. It
was confirmed that there were no defects such as cracks in the radio wave transmission areas of the
specimens.

The transmission loss of the specimens was measured using the same method as in Sections 2.4,
2.6, and 2.7. The measurement system is shown in Figure 2-28. The jig used in this test had higher
alignment precision than that shown in Figure 2-9, with reduced variations in the distance between
antennas and between the antennas and specimens. The reduction in specimen size was due to the
increased measurement accuracy, which minimized the need to consider radio wave diffraction. It was

verified that the differences in jigs did not affect the transmission loss.
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As in Sections 2.6 and 2.7, the tests were conducted twice under different relative humidity (RH)
conditions. Specifically, after demolding, the specimens were placed in a 20°C, RH40% constant
temperature and humidity chamber for more than two weeks until no weight changes were observed,
followed by the first radio wave transmission test. Subsequently, the specimens were placed in a 40°C,
RHO0% constant temperature and humidity chamber for more than two weeks until no weight changes
were observed, followed by the second radio wave transmission test. The specimens were placed in

the chambers such that the radio wave transmission surface faced upwards and downwards.
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Figure 2-27 W/P15% geopolymer specimen

Table 2-9 Materials of W/P15% geopolymer specimen

Type Name Mark Ingredients / Physical properties
Active JIS Type II
Filler Fly ash FA Specific surface area: 3690 cm?/g
P) Specific gravity: 2.29 g/cm’
Alkaline Sodium silicate solution SS Listed in Table 2-10
solution Sodium hydroxide SH Granular, Purity: 98.0% or higher
(L) Water LW Deionized water
Chemical Superplasticizer SP Polycarboxylic acid ether-based
admixture Deformer DF Polyglycol-based
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Table 2-10 Ingredients and physical properties of sodium silicate solution manufactured by FUJIFILM
Wako Pure Chemical Corporation

Test case Specified value
Iron (Fe) ~0.03%
Sodium oxide (Na,O) 17.0~19.0%
Silicon dioxide (SiOy) 35.0~38.0%
Molar concentration (Si02/NayO) 2.06~2.31
Concentration 52.0~57.0%

Table 2-11 Mix proportions of W/P15% geopolymer specimen

Unit weight (kg/m?)
P L
SP DF
FA SS SH LW
1463 243 122 122 Px2.0% Px0.2%

Vector Network Analyzer
o

Specimen
24 x 120 X 120mm

Figure 2-28 Radio wave transparency tenting system for W/P15% geopolymer specimen

2.8.3. Results and discussion

The compressive strength under RH40% and RH0% conditions is shown in Figure 2-29. From
Figure 2-29, it is evident that the compressive strength of the W/P15% geopolymer (GP) specimens
is comparable to that of W/P15% cement paste specimens, demonstrating that high strength can be
achieved with GP as the binder at a low W/P ratio.

Based on the measured compressive strength, the thicknesses of wall panels made from W/P55%
cement paste, W/P15% cement paste, and W/P15% GP, designed to exhibit the same allowable shear
strength, were calculated using the procedure described in Sun-section 2.7.2. The results are shown
in Figure 2-30. From Figure 2-30, it is clear that the thickness of W/P15% GP wall panels is
approximately equal to that of W/P15% cement paste wall panels. This indicates that low W/P GP, like
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low W/P cement paste, can significantly reduce the thickness of structural components, thereby
potentially enhancing radio wave transparency as a structural member.

The transmission loss under RH40% and RH0% conditions is shown in Figure 2-31. Comparing
Figure 2-16, Figure 2-23, and Figure 2-31, the transmission loss of the W/P15% GP specimens is
lower under RH40% conditions than that of the W/P55% and W/P15% cement paste specimens. Under
RHO0% conditions, while the W/P55% cement paste specimen exhibit the lowest transmission loss, the
W/P15% GP specimen approach that value. According to Equation (2-36), the radio wave transparency
of W/P15% GP specimens under RH40% is approximately 27 times higher, and under RH0% is
approximately 331 times higher than that of the W/P55% cement paste specimens under RH40%. In
the W/P15% GP specimens, the difference in transmission loss between RH40% and RH0% conditions
is approximately 11 dB, similar to that observed for W/P15% cement paste specimens. From Equation
(2-36), the radio wave transparency of the W/P15% GP specimens under RH0% is about 13 times
greater than under RH40%.

To further investigate the relationship between evaporable water and radio wave transparency, the
difference in transmission loss between RH40% and RH0% conditions and the unit volume weight
change from the first to the second test are shown in Figure 2-32. Weight change due to reduced RH
is attributed to the evaporation of evaporable water, linking weight change to evaporable water content.
From Figure 2-32, a linear relationship between transmission loss difference and weight change is
evident, suggesting that the shielding effect due to evaporable water increases linearly with the amount
of evaporable water.

To clarify the relationship between non-evaporable water and radio wave transparency, the
relationship between transmission loss under RH0% conditions and the volume fraction of powder is
shown in Figure 2-33, while the relationship between transmission loss under RH0% conditions and
the volumetric filling ratio of the specimens is presented in Figure 2-34. The volumetric filling ratio
of the specimens was calculated based on the weight change of the specimens, from the end of water
curing to post-drying for cement paste specimens, and from demolding to post-drying for the GP
specimen. A comparison between W/P15% cement paste specimen and W/P15% GP specimen
indicates that the difference in transmission loss is significantly larger than the difference in powder
volume fraction. Additionally, despite the volumetric filling ratio of W/P15% GP specimen being
approximately equal to or slightly larger than that of W/P15% cement paste specimen, the transmission
loss of W/P15% GP specimen is lower. Under RH0% conditions, the shielding effect in W/P15%
cement paste specimens is attributed to the filled powder and non-evaporable water. However, since
GP reaction products contain no non-evaporable water, the shielding effect in W/P15% GP specimens
is solely due to the filled powder. Therefore, the difference in transmission loss between these
specimens represents the magnitude of shielding caused by non-evaporable water. It is suggested that

approximately half of the transmission loss in W/P15% cement paste specimens may be due to non-
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evaporable water, which is absent in W/P15% GP specimens.

Based on these considerations, models of the internal structure of W/P15% GP specimens are
shown in Figure 2-35 and Figure 2-36. Within the solidified body of GP, it is hypothesized that gel-
like reaction products surround unreacted FA particles, with voids scattered throughout. In these
models, the size of the powder and voids differs from reality, and the propagation of radio waves is
simplified as linear.

Under RH40% conditions, the shielding effects on radio waves are expected to result from the
absorption by void water (evaporable water) and the obstruction to propagation caused by a continuum
composed of void water, geopolymer reaction products, and unreacted FA particles. The absence of
chemically bound water (non-evaporable water) likely makes radio wave transmission easier
compared to low W/P cement paste specimens. Despite the small void fraction and large continuum
size relative to the wavelength, the continuum’s electrical conductivity is hypothesized to be lower
than that of cementitious materials due to differences in internal structure, resulting in less obstruction
and easier radio wave propagation (Figure 2-35). Under RH0% conditions, the absence of void water
eliminates absorption by evaporable water, and the continuum, composed only of reaction products
and unreacted FA particles, further reduces conductivity, leading to minimal obstruction and improved
propagation (Figure 2-36).

Using the calculated wall panel thicknesses and measured transmission losses, the transmission
loss as a structural component for W/P55% cement paste, W/P15% cement paste, and W/P15% GP
panels designed to achieve the same allowable shear strength was calculated following the procedure
in Sub-section 2.7.2. The results are shown in Figure 2-37. From Figure 2-37, the structural
transmission loss of W/P15% GP wall panels is smaller than that of W/P15% cement paste panels
under both RH40% and RH0% conditions. Notably, under RH0% conditions, the transmission loss
approaches that of W/P55% cement paste panels under RH0%. Low W/P GP significantly improves
the radio wave transparency of structural members even without drying treatments. Thus, the
combination of non-evaporable water reduction through the application of GP and high strength
achieved by a low W/P ratio is an effective and feasible method for enhancing the radio wave
transparency of concrete components. Additionally, like low W/P cement paste, low W/P GP allows
for reduced component thickness, making it easier to dry internally. Its high strength also reduces the
likelihood of cracks caused by drying. Therefore, combining evaporable water reduction through
drying, non-evaporable water reduction through GP application, and high strength via a low W/P ratio
is an effective approach to maximize radio wave transparency, enhance structural performance, and

maintain these properties over an extended period.
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Figure 2-29 Compressive strength of W/P15% geopolymer specimen at RH40% condition and at
RHO0% condition
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Figure 2-30 Calculated wall thickness of W/P55% cement paste specimen, W/P15% cement paste
specimen and W/P15% geopolymer specimen at RH40% condition and at RH0% condition
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Figure 2-35 Schematic diagram of internal model of W/P15% geopolymer specimen at RH40%
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Figure 2-37 Transmission loss considering wall thickness of W/P55% cement paste specimen,
W/P15% cement paste specimen and W/P15% geopolymer specimen at RH40% condition and at
RH0% condition

2.9. Future prospects

The relationship between evaporable water, non-evaporable water, and radio wave transparency
obtained in this study is based on a relative evaluation. The mechanisms by which water content,
powder, and reaction products contribute to radio wave shielding, as well as the mechanisms by which
the proposed method improves radio wave transparency, remain speculative. To establish a method for
enhancing the radio wave transparency of concrete, it is essential to quantitatively clarify the
relationship between water content and radio wave transparency and to elucidate the mechanisms of
both radio wave shielding and transparency enhancement. For this purpose, future studies should focus
on collecting and accumulating various data related to internal structure, water content, and radio wave
transparency. This includes measuring total porosity using multiple methods such as mercury intrusion
porosimetry, observing the microstructure using SEM, determining evaporable water content through
drying at 105°C and moisture meters, measuring non-evaporable water content through ignition loss,
and evaluating the electrical conductivity and dielectric properties of specimens and reaction products.
Furthermore, when considering drying treatment, there may exist an optimal condition that balances
high radio wave transparency and sufficient mechanical properties. Identifying this optimal condition

requires further investigations under various conditions.
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Additionally, the low W/P geopolymer (GP) used in this study exhibits low fluidity and a short
setting time, making it essential to improve workability for practical manufacturing applications.

Furthermore, this study primarily aimed to enhance the radio wave transparency of the cement
matrix. However, for practical use as a building material, a detailed investigation that includes
aggregates is necessary. While the study demonstrated significant improvements in the radio wave
transparency of concrete elements, it is still not at a practical level, considering that the link budget
for millimeter-wave communication ranges from 110 to 140 dB. As indicated in Section 2.4,
aggregates contribute to improved radio wave transparency, suggesting that incorporating aggregates
may further enhance the transparency of concrete elements. However, introducing aggregates may
lead to cracking due to aggregate-induced constraints, which could negatively impact radio wave
transparency. Therefore, future research should examine the influence of aggregate content and type
on radio wave transparency, as well as strategies for preventing and mitigating crack formation.

Moreover, while this study evaluated radio wave transparency under the assumption of wall
elements, future research should explore its applicability to other structural components. In particular,
floor elements differ from walls in that they are less likely to have openings, making the intrinsic radio

wave transparency of the material even more critical.

2.10. Concluding remarks
The findings obtained from the investigation into methods for improving the radio wave
transparency of unreinforced concrete members are summarized as follows:

(1) The radio wave transparency of concrete is closely related to its electrical properties, particularly
conductivity and relative permittivity. Lower conductivity results in reduced attenuation of radio
waves.

(2) The conductivity and relative permittivity of concrete vary with its internal moisture state.
Consequently, it is inferred that lower moisture content leads to reduced attenuation of
electromagnetic waves, suggesting that reducing moisture content is effective for improving
radio wave transparency.

(3) The radio wave transparency of concrete as a structural member significantly depends on the
member thickness. Reducing the thickness through the high-strength design of concrete is
considered effective for enhancing radio wave transparency.

(4) It is highly likely that the dominant factor in radio wave shielding within concrete is not the
aggregate but the cementitious matrix.

(5) A primary factor reducing the radio wave transparency of cementitious matrix in conventional
concrete is likely the shielding effect caused by evaporable water within the matrix.

(6) Drying the cementitious matrix to reduce evaporable water enhanced its material-level radio

wave transparency by approximately 3,500 times. However, due to its low strength, drying
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induced cracking, raising concerns about long-term mechanical properties, durability, and radio
wave transparency.

High strength was achieved by adopting an extremely low water-to-powder ratio (W/P). This
approach potentially reduces member thickness, thereby improving structural radio wave
transparency while also increasing resistance to adverse effects caused by drying.

When the W/P ratio is extremely low, the material's inherent radio wave transparency improves
little even with drying. It is hypothesized that shielding effects are dominated by unreacted
powders and non-evaporable water. Therefore, further improvements in radio wave transparency
require a reduction in non-evaporable water while maintaining a low W/P ratio.

The use of geopolymer (GP) as a binder in place of the cementitious matrix reduced non-
evaporable water. The combination of GP with high strength achieved through a low W/P ratio
was shown to enhance material-level radio wave transparency without drying and further
improve it with drying. This approach holds significant potential to maximize radio wave
transparency as a structural member while improving structural performance and maintaining
these properties over the long term.

To establish methods for improving the radio wave transparency of concrete, it is essential to
quantitatively clarify the relationship between water content and radio wave transparency and to
elucidate the mechanisms underlying radio wave shielding and transparency enhancement. This
requires the collection and accumulation of diverse data on internal structures, moisture content,
and radio wave transparency. Additionally, further studies on improving the workability of low
W/P GP and investigating its application to aggregates and other structural components are
necessary.

The study demonstrated that the use of low-W/P GP as a binder is effective for improving the
radio wave transparency of unreinforced concrete members, with further improvements expected
through drying. However, further investigations are necessary to establish this method as a viable

approach.
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CHAPTER 3. PERFORMANCE EVALUATION OF GEOPOLYMER

3.1.  Motivation

Through the investigation conducted in CHAPTER 2, it was confirmed that the use of low water-
to-powder ratio (W/P) geopolymer (GP) is effective in enhancing the radio wave transparency of
concrete. However, there are no prior studies on low W/P GPs, and properties other than those
examined in CHAPTER 2 remain entirely unexplored. GP itself has many properties and mechanisms
that are insufficiently understood and systematized compared to conventional cement concrete,
limiting its application in structures.

In this chapter, to advance the application of low W/P GP in structures and expand its broader use,
the investigation focuses on time-dependent deformation properties, which significantly influence the
long-term radio wave transparency and mechanical performance. The results of these investigations

are presented here.

3.2. Literature review

Hardened concrete is known to undergo volumetric changes over time due to internal moisture
state variations and moisture migration. These volumetric changes are referred to as time-dependent
deformations, with shrinkage and creep being the most prominent examples. Accurate prediction of
these characteristics is essential for the application of concrete in structures. In this section, the effects
of shrinkage and creep on concrete structures are discussed. Additionally, the mechanisms and
influencing factors of shrinkage and creep in cement concrete are reviewed, and the current state of

research on shrinkage and creep in GP is described.

3.2.1. Effects of shrinkage and creep on concrete structures

In structural elements, concrete experiences restraint due to reinforcement and other components,
which induces tensile stresses in the concrete as shrinkage occurs. As a result, the apparent tensile
strength of the concrete may decrease, or cracks may develop. After cracking, shrinkage may cause
the crack width to increase further. Although cracks in reinforced concrete structures do not usually
compromise their mechanical performance immediately, from the perspective of aesthetics and
durability, cracks are undesirable and must be kept within acceptable limits!". Recent studies have
revealed that shrinkage-induced cracks, although not significantly affecting ultimate strength, can
reduce the stiffness of elements® ». Moreover, due to restraint between members, deformation can
occur in non-dried members, leading to a reduction in the overall stiffness of the structure®.
Consequently, shrinkage can influence the natural frequencies and vibration modes of structural
elements and structures as a whole. It has been suggested that shrinkage must be considered when

evaluating the seismic response of concrete structures®.
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Furthermore, shrinkage-induced cracks accelerate moisture absorption in concrete, potentially
worsening radio wave transparency. From the perspective of radio wave transparency, it is therefore
desirable to minimize the occurrence and propagation of cracks. In particular, when drying elements
to achieve higher radio wave transparency, the risk of cracking increases, making it essential to control
drying shrinkage.

On the other hand, creep in concrete generally acts to relax (reduce) stresses in both the concrete
and reinforcement within the structure. Thus, neglecting creep and estimating indeterminate stresses
based on elastic analysis can lead to an overestimation of stresses, yielding conservative results.
However, when precise predictions of stress induced by temperature and shrinkage are required, the
effects of concrete creep must be accurately considered. Notably, ignoring creep is dangerous when
calculating deformation, as it can lead to an underestimation of time-dependent deformations such as
deflection(27). Recent studies have shown that, over a timescale of decades, the impact of creep in
actual structures is more significant than previously anticipated. Excessive deflections in prestressed
concrete (PC) long-span bridges, as well as excessive deflections and delayed shear cracking in
underground reinforced concrete (RC) structures, are likely primarily caused by shrinkage and creep
in concrete®®),

Additionally, shrinkage and creep are known to significantly impact the performance of
prestressed concrete (PC)™V. PC is a structural system in which high-strength prestressing steel is used
to apply compressive forces to concrete, reducing the likelihood of tensile stresses developing in the
concrete when the structure is subjected to external loads. This mechanism helps suppress cracking,
allows for a reduction in cross-sectional dimensions, enables the construction of longer spans, and
minimizes deflection. As mentioned earlier, from the perspective of radio wave transparency, crack
suppression is also essential. Therefore, the introduction of prestress can be considered effective in
maintaining radio wave transparency. However, in PC structures, concrete shrinkage leads to a
reduction in prestress. Additionally, since concrete in PC structures is continuously subjected to
compressive stress due to prestressing, creep deformation progresses over time, further contributing
to the loss of prestress, similar to shrinkage. Thus, in PC structures, shrinkage and creep both act as
factors that reduce prestress, leading to crack formation and a decline in structural performance.
Consequently, it is crucial to accurately predict the extent of shrinkage and creep to ensure the long-

term durability and performance of PC structures(".

3.2.2. Shrinkage mechanism of cement concrete

Shrinkage in cement concrete is mainly categorized into two types: drying shrinkage and
autogenous shrinkage.

Drying shrinkage refers to the phenomenon where concrete loses moisture due to drying, leading

to contraction of the hardened matrix. Drying shrinkage often generates significant stress due to
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deformation, directly causing cracks and thus frequently posing problems. The relationship between
drying shrinkage strain and mass loss in a cementitious matrix can be schematically represented as
shown in Figure 3-1, with four distinct regions differing in gradient (except under heating
conditions)”. Region (D occurs when the relative humidity exceeds 85%, where shrinkage is
minimal relative to the degree of mass loss. Region @ occurs between 90-40% relative humidity,
where shrinkage is significant relative to mass loss, making it critical in practical applications. Region
@ shows little shrinkage despite mass loss. Region @ occurs between 20-0% relative humidity,
where the greatest shrinkage occurs relative to mass loss. These phenomena are closely related to the
role of water within the hardened matrix. In Region (D, water is removed from relatively large pores,
where interactions between water and the solid surface are weak, thus having little influence on
shrinkage. In Region (@), capillary water in capillary pores is removed, and shrinkage due to capillary
tension becomes pronounced. In Region (), capillary water has been depleted, and only adsorbed
water in capillary walls is lost through drying, contributing minimally to shrinkage. In Region @), gel
water and intracrystallite water within calcium silicate hydrate (C-S-H) are lost, causing structural
changes in the C-S-H and resulting in significant shrinkage.

Drying shrinkage is considered a physical behavior associated with moisture loss rather than a
result of chemical or mineralogical changes in cement hydrates. The primary theories explaining the
mechanism of drying shrinkage include capillary tension, disjoining pressure, surface tension, and
intracrystallite water migration mechanisms.

The capillary tension mechanism attributes elastic volumetric reduction of the hardened matrix to
tensile stress induced in capillary water by meniscus formation during drying (Figure 3-2). Based on
the principles of interfacial physical chemistry, water with a concave surface has a lower vapor
pressure than water with a flat surface due to surface tension. When the water surface is hemispherical,
the relationship between the radius of curvature of the vapor-liquid interface and vapor pressure can
be expressed by Equation (3-1) (Kelvin's equation). Here, 1%, known as the Kelvin radius, represents
the radius of a tube at which the relative humidity of the air equals the relative humidity of water

within the tube, forming a state of equilibrium where neither evaporation nor condensation occurs.

P21 3B-1)
po RTprg
Where:
p: Vapor pressure (N/m?)
Do: Saturation vapor pressure (N/m?)
y: Surface tension of the liquid (N/m)
M: Molecular weight of the liquid (kg/mol)
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Gas constant (J/K * mol)
Absolute temperature (K)
p: Density of the liquid (kg/m?)
Tx: Radius of the capillary (m)

At this point, the tensile stress (capillary tension) generated in the capillary water is given by Equation

(3-2) (Young-Laplace Equation).

Ap = — (3-2)

Where:

Ap: Capillary tension (N/m?)

y: Surface tension of the liquid (N/m)
Tx: Radius of the capillary (m)

From Equations (3-1) and (3-2), Equation (3-3) is derived.

Ap = ——In— (3-3)

From Equation (3-3), it can be observed that capillary tension increases as relative humidity decreases.
This mechanism is considered to act in the medium-to-high humidity range'?.

At a given humidity, the thickness of the adsorption water layer is determined by the surrounding
vapor pressure. However, when the distance between particles is relatively small, the thickness of the
adsorption water layer may be determined by this distance rather than the surrounding humidity. In
such regions where adsorption is hindered, disjoining pressure (swelling pressure) acts, separating the
gel particles. The disjoining pressure mechanism posits that during drying, part of this pressure is
released, leading to a reduction in the distance between gel particles and causing shrinkage. Powers!!)
proposed a model shown in Figure 3-3 (a), suggesting that this mechanism can explain shrinkage
across the entire humidity range.

The surface tension mechanism (surface energy change mechanism) posits that changes in the
surface tension of gel particles due to the desorption of adsorption water induce volumetric changes.
Water adsorbed on the surface of gel particles is considered part of the solid’s surface layer, relaxing
the surface tension of the solid. As relative humidity decreases, adsorption water is lost, surface tension

increases, and compressive stress is generated within the solid particles, leading to shrinkage (Figure
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3-3 (b))!2. The amount of water molecules adsorbed on the pore walls can be expressed, for example,

by Equation (3-4) (BET Equation), where higher relative humidity leads to greater adsorption'?.

n”K pﬂ
n=(1—ﬂ){1+(;’—1)ﬁ} G0
Po Po
Where:
n: Amount of adsorption (m*/kg)
ne: Saturation adsorption amount for a monolayer (m*/kg)
p: Vapor pressure (N/m?)
Do: Saturation vapor pressure (N/m?)
K: Equilibrium constant

In high-humidity ranges, variations in the amount of capillary water evaporating do not influence
surface tension, and this mechanism is considered effective at relative humidity levels below 40%1%).
The intracrystallite water migration mechanism postulates that the ingress and egress of water in
calcium silicate hydrate (C-S-H) influence the interlayer spacing, resulting in volumetric changes.
Feldman et al.!* !> indicated that the movement of intracrystallite water is reversible, as shown in
Figure 3-4 (a). Conversely, Ishai'® argued that intracrystallite water is irreversible and that the
volume change resulting from this mechanism only results in shrinkage. Alizadeh!'” reported that as
water dissipates during drying, the silica framework of the C-S-H forms interlayer cross-links (either
Si-O-Si or Si-O-Ca-O-Si bonds), leading to layer-to-layer bonding, as illustrated in Figure 3-4 (b).
Uchikawa et al.!® explained that this mechanism occurs in extremely low-humidity conditions.

At present, no unified theory sufficiently explains the shrinkage behavior of cement-based
materials, including their irreversible characteristics, across all humidity ranges. Generally, multiple
mechanisms are thought to coexist, with capillary tension and disjoining pressure mechanisms
prevailing in medium-to-high humidity ranges and surface tension and intracrystallite water migration
mechanisms being dominant in low-humidity conditions.

In contrast to drying shrinkage, autogenous shrinkage is a macroscopic volumetric reduction
caused by cement hydration, excluding volumetric changes due to water ingress or egress, temperature
fluctuations, external forces, or external constraints. Autogenous shrinkage becomes more pronounced
as the water-to-binder ratio decreases and the microstructure of the hardened material becomes
denser!”. In some cases, autogenous shrinkage alone can result in cracking®.

Autogenous shrinkage is triggered by hydration shrinkage. Hydration shrinkage refers to the

reduction in absolute volume during hydration caused by the solid-phase volume of the hydration
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products being smaller than the combined volumes of unhydrated cement and water. Once the skeletal
structure of the hardened cement paste is formed after setting, hydration shrinkage is offset by an
increase in internal pores. Therefore, in the absence of an external water supply, or if the rate of water
ingress cannot match the rate of pore formation even with a water supply, pores become unsaturated,
creating a type of drying condition. This process generates capillary tension, leading to shrinkage via
a mechanism similar to the capillary tension mechanism of drying shrinkage®".

Drying shrinkage and autogenous shrinkage occur within the cement paste, while the aggregate
constrains the shrinkage of the cement paste and mitigates the overall shrinkage of the concrete. Thus,
the greater the aggregate content and the higher its elastic modulus, the smaller the shrinkage of the
concrete. In terms of mix proportion, the unit water content, which correlates with aggregate content,
is commonly used as an indicator of shrinkage. Concrete shrinkage is also influenced by numerous
factors, such as the temperature and humidity around the structure, the shape and size of the member
cross-section, the type of cement and admixtures, concrete compaction, and curing conditions.
Autogenous shrinkage, in particular, is known to vary significantly depending on the type of cement.
Among the mineral components of cement, the reactions of C3A (aluminate phase) and C4AF (ferrite
phase) are significantly related to autogenous shrinkage, with higher contents of these phases resulting
in greater autogenous shrinkage®?.

Numerous prediction equations and methods have been proposed for forecasting concrete
shrinkage strain. In the Standard Specifications for Concrete Structures -2022 [Design Chapter], the
shrinkage strain prediction formula for concrete in structural members is provided as Equation (3-

5)2),

1—RH/100 |,
T()//loo'g shinf * (t = to)
E,ds(t, tO) = d 2 (3 - 5)
(100) "B+t —to)
4V
d —? (3—-16)
, & sninf " (£ —7)
7) = —Shinf =~ 77 _7
g q5(t,7) B+ =7 B-7
glh' :(1+£)'€’h (3—8)
sh,inf 182 S
_30( 120 070) (3-9)
= p \—=14+21-c/W
' —24(W+ 5 A ) (3 - 10)
Esn =& —20+30-c/w ¥

63



Where:

glds(t' tO):

t, to:
RH:

d:

V/S:
£’sh,inf:
E sh:

c/W:

Wg W¢g

Aw = s G
“ =100+ ws" T 100 + wg

(3-11)

Drying shrinkage strain of the member (X 107°)

Age of concrete and age at the start of drying (days) (¢, > 3 days)

Average relative humidity of the environment where the structure is placed (%)
Effective thickness of the member (mm). For bar members with all surfaces exposed to
drying, it can be the side length. For general cross-sections, it can be calculated using
Equation (3-6).

Volume-to-surface area ratio (mm). The surface area includes only the portions exposed
to external air.

Ultimate value of drying shrinkage strain (X 107°)

Coefficient representing the time-dependent change in drying shrinkage strain
Estimated value of test shrinkage (x 107°)

Unit volume mass of concrete (g/cm?)

Cement-to-water ratio

Unit water volume of concrete (kg/m®) (W < 175kg/m?)

Coefficient representing the influence of aggregate quality (a¢ = 4~6). For standard
aggregates, & = 4 may be used.

Water content in the aggregate

Absorption rate of fine aggregate (%)

Unit weight of fine aggregate (kg/m®)

Absorption rate of coarse aggregate (%)

Unit weight of coarse aggregate (kg/m®)
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nanostructural changes occurring on the removal of intracrystallite water in C-S-H!®)

3.2.3. Creep mechanism of cement concrete
Creep refers to the phenomenon where deformation increases over time under sustained load.
When stress exceeds approximately 70-90% of the material's strength, strain due to creep continues

to increase, ultimately leading to failure. This type of failure is referred to as creep rupture, and the
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maximum stress level below which no rupture occurs is called the creep limit. Depending on the stress
state, creep can be categorized into compressive creep, tensile creep, and bond creep; however,
compressive creep is generally referred to simply as "creep." In structural applications, creep is
considered in contexts such as the effective stress in prestressed concrete beams, the long-term
deflection of reinforced concrete beams, and the vertical shortening of high-rise buildings.

Numerous hypotheses have been proposed regarding the internal mechanisms of creep, but no
single theory fully explains the phenomenon. Representative theories include the delayed elasticity
theory, which suggests that stress distribution gradually shifts from viscous fluids bearing the load in
the initial stages to the cement skeleton over time, leading to slow additional elastic deformation and
resulting in creep (Figure 3-5). Another is the seepage theory, which attributes creep deformation to
the movement of water under external pressure, escaping from pores and eventually evaporating
(Figure 3-6). Additionally, some theories propose that creep deformation arises from microcracks or
plastic deformation due to slippage in weak zones, such as the interfacial transition zones (ITZ)
between aggregates and hardened cement paste (Figure 3-7).

Regarding the prediction of creep strain in concrete, numerous prediction equations and methods
have been proposed alongside those for shrinkage strain. The Standard Specifications for Concrete
Structures -2022 [Design Chapter] provides a prediction equation for creep strain per unit stress in

concrete members, as shown in Equation (3-12)%.

_ 4W(1—RH/100) + 350

& (6, t))0" oy = — Jogy(t —t' + 1) (3 - 12)
ce P 12+ _(t) e

n

t dt’—ZAt [13 65 4000 ] (3—-13)

andt =, 1 ETEXP RO T3 T () /T,

i=

I ] =— _2 _14

F) = s e (<204 30 C/W) (3-14)

Where:
g'cc(t,t")/0’ cp: Creep strain per unit stress of concrete loaded at age t’ (days), evaluated at age t

(days) (x 1076/(N/mm?))

w: Unit water volume of the concrete (kg/m?®) (W < 175 kg/m3)
RH: Relative humidity (%) (45% < RH)
t' and t: Effective ages of concrete at the time of loading and during loading (days), corrected

using Equation (3-13) (t' = 7 days)

At;: Number of days during which the temperature is T (°C)
Ty: 1°C
f.@): Compressive strength of the concrete at effective age t' (days) at the time of loading
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(N/mm?). If measured values are unavailable, Equation (3-14) may be used.

c/W: Cement-to-water ratio
Additionally, the creep coefficient prediction equation is provided in Equation (3-15)(49)

4W (1 — RH/100) + 350

¢(t, t,) = 12 + flc(tl)

‘log,(t —t'+1)-E. (3—-15)

where:

¢(t, t"): Creep coefficient for concrete loaded at age t’ (days), evaluated at age t (days)

E.: Young's modulus of concrete at effective age t’ (days) at the time of loading

Load .
_— Fine

Concrete , aggregate
- - Coarse
aggregate

Hardened
cement paste

After a period
of time

Stress is borne by the skeleton Water borne stresses gradually shift to
and pore water (viscous body) the skeleton and deformation increases

Figure 3-5 Schematic diagram of the theory of delayed elasticity
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Hardened
cement paste

—
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of time

Cement gel Pressurized water seeps out of the
Cement hydrates pores, increasing the stress on the
y
skeleton and causing deformation

Figure 3-6 Schematic diagram of the seepage theory
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(a) Theory of deformation caused by microcracks

Hardened cement paste

Aggregate

(b) Theory of plastic deformation

Hardened cement paste

ttt1

Interfacial Transition Zone (ITZ) Aggregate
(the most vulnerable part) — Deform

Figure 3-7 Schematic diagram of the theory of interfacial transition zone (ITZ) deformation

3.2.4. Research trends on the shrinkage and creep of geopolymer

Geopolymer (GP) solidify through dehydration and polycondensation reactions, resulting in an
internal structure completely different from cementitious materials. Additionally, the variety of
manufacturing conditions complicates the systematic understanding of their shrinkage and creep
characteristics, as well as the underlying mechanisms®?. Factors influencing these properties include
the type of reactive filler or alkali-silicate solution, the solution-to-powder ratio, curing temperature,
and calcium content>>2”), Representative studies are summarized below. Homma®® investigated the
length changes and drying shrinkage of geopolymer mortar made with Class II fly ash and a
geopolymer solution, cured at 80°C. During the heating phase (from room temperature to 80°C),
expansion occurred, but shrinkage was observed during the constant-temperature phase. After cooling,
the specimen almost returned to its original length. Regarding drying shrinkage, shorter curing times
resulted in greater length changes, and the shrinkage characteristics varied depending on the type of
alkali used. Ichimiya et al.?” measured the length changes of geopolymer mortar made with various
types of fly ash (Class I, I, and IV) and ground granulated blast furnace slag (GGBFS), cured at 60°C,
and compared them with cement mortar. At 4 weeks of age, shrinkage strain in geopolymer mortar

varied with fly ash type; Class IV fly ash showed approximately five times the shrinkage of Class I
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fly ash and 1.7 times that of cement mortar. Although trends in mass loss rates were similar to
shrinkage strain, some combinations (e.g., Class I fly ash) exhibited small shrinkage strain despite
significant mass loss. Uehara et al.®? partially replaced fly ash with GGBFS in geopolymer concrete
cured at 80°C and examined its length and mass changes. The length change ranged between 250-550
u, with higher alkali-to-water molar ratios resulting in smaller length changes under the same GGBFS
replacement ratio. However, no clear trend between GGBFS replacement ratios and length changes
was identified. Similar results have been reported in other studies®®*!-3?, indicating that geopolymer
concrete made with only fly ash tends to exhibit smaller length changes and larger mass loss rates,
possibly due to the presence of large internal pores that allow significant water loss while reducing
capillary shrinkage. For repair applications, geopolymers are typically cured at ambient temperature.
However, fly ash alone is insufficient for rapid strength development, necessitating the use of GGBFS.
Under such conditions, drying shrinkage and early-age cracking have been noted as significant
concerns®*3%, Okada et al.®” replaced 30% of the binder with GGBFS and added 3% shrinkage-
reducing agents (SRA) based on polyether derivatives to geopolymer concrete. They observed that the
shrinkage strain was reduced from approximately -1000x10° (without SRA) to -200x10° with SRA,
significantly mitigating drying shrinkage. While these studies primarily focus on non-ambient curing
conditions, expansion agents have also been employed to enhance shrinkage resistance. Nakamura et
al.0® used ettringite-lime composite and calcium sulfoaluminate-based expansion agents in
geopolymer mortar with 30% GGBFS replacement, cured at 60°C. Early-age expansion comparable
to that of cement mortar was achieved, with greater expansion observed at higher additive dosages.
However, ettringite-lime composites exhibited significant early-age expansion, followed by notable
shrinkage. Other investigations have explored shrinkage in fiber-reinforced and recycled aggregate-
based geopolymers©®-4?,

Wallah and Rangan®'* studied geopolymer concrete made with Class F fly ash as a reactive
filler and sodium hydroxide and sodium silicate as alkali-silicate solutions. Applying 40% of the
compressive strength as sustained stress over approximately one year, they reported extremely low
creep. The specific creep ranged from 15-29 x 10°®/MPa for specimens with compressive strengths of
67-40 MPa. The creep coefficient was 0.6-0.7 for specimens with compressive strengths of 40-57 MPa
and 0.4-0.5 for those with 67 MPa, approximately half of the predicted values by Australian Standard
AS 3600. Sagoe-Crentsil et al.“¥ reported that geopolymer concrete with 40 MPa compressive
strength exhibited creep coefficients 40-60% lower than ordinary Portland cement (OPC) concrete of
equivalent strength. Although the mechanism remains unclear, they suggested that unreacted fly ash
particles may act as micro-aggregates, contributing to creep reduction through a restraining effect.
Castel et al.*Y) investigated geopolymer mortar made with Class F fly ash, Kaolite high-performance
ash, and GGBFS as reactive fillers, using sodium hydroxide (12M) and sodium silicate as alkali

solutions. When 40% of the compressive strength was applied at 8 days of age, creep coefficients were
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initially consistent with Eurocode 2 predictions but became smaller after 50 days. Geopolymer mortars
cured at 80°C for 7 days exhibited negligible creep with coefficients of approximately 0.2, highlighting
the need for further research as excessively low creep could induce stress concentration issues.
Gunasekera et al.“®) investigated long-term creep and drying shrinkage in three geopolymer concretes
made entirely of Class F fly ash. While concretes with fly ash from Gladstone and Pt. Augusta
exhibited creep strains comparable to OPC concrete (700-800 p), Tarong fly ash exhibited
significantly higher creep (1900 p), attributed to macropores ranging from 50 nm to 1 pm. Un et al.?
studied the long-term behavior of geopolymer beams under sustained loads. Sustained loads were
applied at 14 and 28 days of age, and creep tests were conducted using cylinder specimens. They
reported that while geopolymer concrete exhibited sufficient structural strength, both compressive and
flexural tensile strengths were affected by drying, with microcracks forming on drying surfaces. Nan
et al.*® reported that geopolymer concrete with 70 N/mm? compressive strength, made with Class I
fly ash, GGBFS, and potassium silicate and hydroxide, exhibited a creep coefficient of 0.44 at 410
days of loading. The basic creep coefficient was 0.39, comparable to or smaller than high-strength

concrete.

3.3.  Shrinkage and creep test of geopolymer

To elucidate the time-dependent deformation characteristics of low water-to-powder ratio (W/P)
geopolymer (GP) that are expected to enhance the radio wave transparency of concrete, and to
systematize the time-dependent deformation characteristics of GP concrete while identifying
influential factors, compression creep tests were conducted on various GP concretes, including low
W/P GP. While most studies on GP concrete have utilized a mixture of fly ash (FA) and ground
granulated blast furnace slag (GGBFS) as reactive fillers, this study exclusively used FA as the reactive

filler to verify the properties of pure GP without calcium-derived hydrates in the solidified matrix.

3.3.1. Specimen overview

The test specimens were rectangular prisms (100 mm in width and depth, 400 mm in height),
simulating structural members. To measure strain and temperature inside the specimens, a self-
temperature-compensating strain gauge (KM-100BT, Tokyo Measuring Instruments Laboratory) was
embedded at the center of each specimen. As shown in Table 3-1, five levels of test conditions were
set, with two specimens prepared for each condition. The materials used for each condition are listed
in Table 3-2 and Table 3-3, and the mix proportions are shown in Table 3-4.

The "Normal" condition followed the mix and curing conditions specified by the Geopolymer
Technology Research Subcommittee (361 Committee) of the Concrete Committee of the Japan Society
of Civil Engineers®¥. The "Normal (Room Temp)" condition utilized the same mix proportions as

"Normal" but was cured at room temperature, unlike the other conditions, which were subjected to
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60°C sealed curing. The "Si Rich" condition increased the Si content by reducing the alkali

concentration while maintaining the solution-to-powder ratio and unit water content as in "Normal."

The "Low Water" condition reduced the solution-to-powder ratio while keeping the alkali solution

composition identical to "Normal." Lastly, the "W/P17% (Paste)" condition, consistent with the

investigations in CHAPTER 2, utilized an extremely low W/P to minimize unit water content and

excluded aggregates. While chemical admixtures were used in CHAPTER 2, subsequent evaluations

revealed minimal improvement in flowability or filling performance, so admixtures were excluded in

this study. For the "W/P17% (Paste)" condition, an additional unloaded specimen with embedded

reinforcing bars ("Reinforced") was prepared for shrinkage strain measurement (Figure 3-8). To

ensure sufficient flowability and filling around the reinforcement, W/P was slightly increased to 17%.

Table 3-1 Conditions of geopolymer specimens for the compression creep test

Alkali/Water Silica/Alkali Liquid/Powder Curing Temp.
Normal 60°C
Normal 0.125 0.700
0.90 Room(=20°C)
(Room Temp)
Si Rich 0.108 1.046
Low Water 0.125 0.700 0.70 60°C
W/P17% (Paste) 0.365 0.332 0.45
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Table 3-2 Materials of geopolymer specimens for the compression creep test

Type Name Mark Ingredients / Physical properties
Active JIS Type II
Filler Fly ash FA Specific surface area: 3690 cm?/g
(P) Specific gravity: 2.29 g/cm?
Alkaline Sodium silicate solution SS Listed in Table 3-3
solution Sodium hydroxide SH Granular, Purity: 98.0% or higher
L) Water LW Deionized water
Fine Hard sandstone from Hachioji, Tokyo
Crushed sand S Surface dry density: 2.65 g/cm®
aggregale Water absorption rate: 1.30%
Hard sandstone from Ome, Tokyo
Large Surface dry density: 2.66 g/cm®
Coarse Water absorption rate: 0.81%
Crushed stone
aggregate Hard sandstone from Ome, Tokyo
Small Surface dry density: 2.66 g/cm®
Water absorption rate: 0.81%

Table 3-3 Ingredients and physical properties of sodium silicate solution manufactured by FUJIFILM

Wako Pure Chemical Corporation

Test case Specified value
Iron (Fe) ~0.03%
Sodium oxide (Na,O) 17.0~19.0%
Silicon dioxide (SiOz) 35.0~38.0%
Molar concentration (Si02/NaxO) 2.06~2.31
Concentration 52.0~57.0%
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Table 3-4 Mix proportions of geopolymer specimens for the compression creep test (TW: Total water

volume)
Unit weight (kg/m?)
P L G
S Air ™
FA SS SH Lw Large | Small
Normal 592 156 18 132 607 372 372 0 195
Si Rich 592 202 0 114 607 372 372 0 170
Low Water 661 136 16 115 607 372 372 0 195
W/P17% (Paste) | 1458 275 137 137 0 0 0 0 248
25mm 50mm
[
25mmil s o |
S0mm | |FeRe Rebar
|1 (SD345, D6)
=  &| Embedded
. / strain meter
400mm |1
. _!'\ Strain gage
= 4 & | attached to rebar
i | L
1
100mm

Figure 3-8 Schematic diagram of the reinforced WP17% (Paste) specimen

3.3.2. Preparation of specimens

The mixing and placement procedures differed between "W/P17% (Paste)" and other GP concretes.

For GP concretes, the alkali solution was prepared one day prior to mixing and stored at room
temperature. Mixing was performed using a 100 L forced-mixing mixer. Reactive filler and fine
aggregate were dry-mixed for 30 seconds, followed by the addition of the alkali solution and mixing
for 60 seconds. After scraping down the sides of the mixer, coarse aggregate was added, and mixing
continued for another 60 seconds. Immediately after mixing, placement into molds began, and slump
flow tests (JIS A 1150) and air content tests (JIS A 1128) were conducted. Due to high flowability, the
500 mm flow time was recorded instead of the standard slump flow. The results of these tests are
summarized in Table 3-5. While the designed air content was 0%, the measured air content was up to

4.0%, likely due to the high viscosity of the GP matrix and the entrapped air caused by viscous sodium
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silicate solutions and the solution-to-powder ratio. Placement was conducted in two layers, with
compaction performed using a formwork vibrator for each layer. Figure 3-9 shows the placement
immediately after the first layer.

For the "W/P17% (Paste)" condition, the alkali solution was prepared on the mixing day and
maintained at 60°C in a constant-temperature and humidity chamber until use. Mixing was performed
using a 30 L mortar mixer, with the reactive filler and alkali solution added sequentially. After low-
speed mixing for 90 seconds, the sides of the mixer were scraped, followed by high-speed mixing for
60 seconds. Due to low flowability and rapid setting caused by the heat of the alkali solution, no tests
for fresh-state properties or compaction were conducted. The paste was manually pressed into molds
to ensure filling.

After placement, the specimen surfaces were wrapped and sealed with aluminum tape (Figure 3-
10). Once all specimens were placed and sealed, except for "Normal (Room Temp)," they were
transferred to a constant-temperature and humidity chamber. Strain gauges and strain sensors were
connected to a data logger, and heating began. Specimens were cured at 60°C for 24 hours under sealed
conditions, followed by cooling to 20°C and continued sealed curing for five days. After curing,

specimens were disconnected from the data logger and removed from the chamber and demolded.

Table 3-5 Fresh properties of geopolymer concrete

Time to reach 500mm flow (s) Air volume (%)
Normal 7.08 1.9
Si Rich 22.82 2.5
Low Water 6.86 4.0

Wooden formwork with PTFE sheet

\

\ Embedded strain meter

Figure 3-9 Specimen immediately after casting the first layer
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Figure 3-10 Specimen after sealing by aluminum tape

3.3.3. Compression creep test overview

After demolding the specimens, the strain gauges and strain sensors were immediately
reconnected to the data logger, and the compression creep test was initiated in accordance with JIS A
1157. The testing facility was an indoor environment without temperature or humidity control.

For the loaded specimens, sustained loads were applied using the apparatus shown in Figure 3-
11. The load was first applied using a hydraulic jack (Figure 3-11 (a)), and once the designated load
was reached, the upper nuts were tightened to maintain the load through the spring's restoring force
(Figure 3-11 (b)). The applied load was set at 30% of the compressive strength measured the day prior
(Figure 3-12). However, for the "W/P17% (Paste)" condition, due to its high strength exceeding the
spring's maximum deflection capacity, the maximum deflection load of the spring was used as the
actual applied load. During the test, strain and temperature within the specimen were monitored, and
strain gauges attached to the PC steel bars were used to confirm that the applied load was maintained
without loss.

For the unloaded specimens used to measure shrinkage, the top and bottom surfaces were sealed
with aluminum tape, and the specimens were placed adjacent to the loaded specimens (Figure 3-13).
During the test, in addition to measuring strain and temperature within the specimens, periodic
measurements of ambient temperature, humidity, and specimen weight were conducted. Figure 3-14

shows the change in temperature and humidity.
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Figure 3-11 Schematic diagram of the testing equipment for compressive creep of geopolymer
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Figure 3-12 Compressive strength at 5 days of age

79



L
Cylindrical specimens

for compressive
strength measurement .

/

Data logger - %%
E VTesting
' requipment

Figure 3-13 Overall view of the testing site

Unloaded
specimens

100 .

« Temperature
90

+ Relative humidity |

80
70

60

50

40

Temperature[°C]

30

20

=

10
0

0 20 40 60 80 100
Exposure/Loading time[days]
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3.3.4. Compression test and MIP test overview
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To investigate the influencing factors on time-dependent deformation properties, compressive

strength and pore size distribution measurements were conducted. In accordance with JIS A 1108 and

JIS A 1149, the compressive strength and static elastic modulus were measured at curing ages of 7, 28,

and 91 days. Additionally, at curing ages of 28 and 91 days, the solidification reaction was terminated

by acetone immersion, and the pore size distribution was measured using the mercury intrusion

porosimetry (MIP) method. The measurement principles of the MIP method, as well as the
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measurement procedure and conditions, are described below.

The mercury intrusion method is a technique used to measure the pore volume and pore size
distribution of porous materials based on the volume of mercury intruded into the pores. Mercury has
a high surface tension compared to most liquids and does not penetrate pores unless external pressure
is applied. Additionally, it does not chemically react with porous materials such as cementitious
hardened materials or silica-based materials. Assuming that the pores are cylindrical, the relationship
between pore diameter D and applied pressure P can be expressed by the Washburn equation, as

given in Equation (3-16):

D=— 4y,,cosO (3 - 16)
P
Where:
D: Pore diameter (m)
VYm: Surface tension of mercury (N/m), approximately y,, = 0.485 N/m
Om Contact angle of mercury with the solid surface (deg), approximately8,,, ~ 140°
P: Applied pressure (Pa)

This equation indicates that pore diameter D is inversely proportional to applied pressure P. Based
on Equation (3-16), by measuring the volume of mercury intruded into the sample at incrementally
increasing pressures, it is possible to quantify the distribution of different pore sizes. Typically,
mercury intrudes into larger pores at low pressures and progressively enters smaller pores as the
pressure increases.

Prior to measurement, cylindrical specimens were crushed into fragments approximately 2.5-5
mm in size. These fragments were immersed in acetone for 24 hours to halt the progression of
solidification reactions. To facilitate acetone penetration, a water-flow pump was used to degas the
samples. Acetone immersion is a commonly used technique to suppress cement hydration reactions by
removing pore water, thereby ceasing further hydration. However, since geopolymer solidification
does not involve hydration, it remains unclear whether water removal effectively inhibits the
solidification reaction. Nevertheless, in the early stages of geopolymerization, dissolution of raw
materials such as fly ash is necessary, and this process occurs only in the presence of water. Therefore,
in this study, it was assumed that removing water from the geopolymer would inhibit the dissolution
of raw materials, thereby preventing further geopolymerization. Based on this assumption, acetone
immersion was adopted as the method to halt the solidification reaction. Following acetone immersion,
the samples were subjected to ultrasonic cleaning for 15 minutes, after which the acetone was replaced,

and ultrasonic cleaning was performed again. After washing, the samples were removed from the
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acetone and degassed using a water-flow pump. Finally, the samples were dried in an oven at 40°C for
more than 24 hours.

For measurements, PoreMaster 60GT (Anton Paar, Austria) was used. The technical specifications
are summarized in Table 3-7. The measurement process involved placing the sample into a sealed
measurement cell and recording its weight. Subsequently, the cell was inserted into the low-pressure
station for measurement under low pressure. After completing the low-pressure measurement, the cell
was transferred to the high-pressure station for measurement under high pressure. Using the
measurement data, including the sample density, cumulative pore volume per unit volume (cc/cc) and

pore volume per unit volume (cc/cc) were calculated.

Table 3-6 Technical specifications of MIP used (PoreMaster 60GT)

Low-pressure stations 2
(low-pressure range — psi) (0.2 to 50)
(low-pressure pore size range — microns) (1,100 to 4)
Cold trap Yes
High-pressure stations 2
(high-pressure range — psi) (20 to 60,000)
(high-pressure pore size range — microns) (10 to 0.0036)
Automatic air purge system Yes
High-pressure port open assist Yes
Mid-range pressure transducer Included
Transducer accuracy Better than +/-0.11 % fso
Volume accuracy Better than +/-1 % of sample stem volume
Volume resolution Better than +/-0.0001 cm?

3.4. Results
3.4.1. Shrinkage behavior

The time-dependent changes in internal strain, specifically the drying shrinkage strain, of the
unloaded specimens, including those with reinforcing bars, after exposure are shown in Figure 3-15.
The strains presented here have been corrected to remove thermal strain according to Equation (3-17),
assuming a thermal expansion coefficient of 10 x 107¢/°C, consistent with typical concrete values®*
49 1t should be noted that while a systematic review of the thermal expansion coefficient of GP
concrete has not been conducted, values comparable to those of conventional cement concrete have

been observed in previous studies®% >V,

£=Cog; + (117 —y) - At — Cpx (3-17)
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X = E&,) ~ &) (3-18)
e(t;)) = at} + bt? +ct; +d (3-19)

Strain with thermal strain removed (X 107°)

Calibration coefficient (X 1076/1 x 107°)

Change in indicated value from the initial reading (gauge factor K = 2.00) (x 107°)
Thermal expansion coefficient of the specimen (x 1076/°C), assumed to be10 X
1076/°C

Temperature difference (°C)

Zero-point drift of the strain gauge (gauge factor K = 2.00) (x 107°)

Thermal expansion coefficient of the calibration jig used for measuring zero-point drift
(x 1076 /°C)

Correction coefficient (X 1076 /°C)

: Coefficients derived from zero-point drift measurement data of the strain gauge

Actual temperature at the time of initial reading (°C)

Actual temperature at the time of measurement (°C)

Additionally, the time-dependent changes in shrinkage strain of general cement concrete were

estimated using the shrinkage strain prediction equation presented in the 2022 Concrete Standard

Specification [Design Edition] (Equation (3-5), reproduced), labeled as "Cement" in the figure. The

cement concrete mix assumed a typical C/W ratio of 2.0, with aggregate quantity and properties

consistent with GP concrete.

1—-—RH/100
T()//loo & sning - (t = to)

g qs(t, to) = RN (3 — 5, Reproduced)
(105) B+ t—to)
4V
d= 5 (3 — 6, Reproduced)
, & sning - (E—7)
e'as(t,7) = Tgﬁf(ﬁ (3 — 7, Reproduced)
& shin = (1 +£) “&'sn (3 — 8,Reproduced)
sh,inf 182 S ’
—30( 120 070) (3 — 9, Reproduced)
b= vz ow ™% »neproduce
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Where:

glds(t' tO):

t, to:
RH:

V/S:

! .
& sh,inf -

E sh:

c/W:

45
-20+30-C/W

e =24 (W + ca- Aa)) (3 — 10, Reproduced)
Wg Wg¢

Aw = s G
“ =100+ ws" 100+ wg

(3 — 11, Reproduced)

Drying shrinkage strain of the specimen (x 107°)

Concrete age and age at the start of drying (days) (t, > 3 days)

Average relative humidity of the environment where the specimen is placed (%), assumed
as the average relative humidity during the measurement period (RH = 44.5%).
Effective member thickness (mm), set as d = 100mm here.

Volume-to-surface area ratio (mm)

Final value of drying shrinkage strain (X 107°)

Coefficient representing the time-dependent changes in drying shrinkage strain
Estimated test value of shrinkage strain (X 107°)

Unit volume mass of concrete (g/cm?), assumed as p = 2.10g/cm> based on the mix
proportion.

Cement-to-water ratio, assumed as C/W = 2.0.

Unit water content of concrete (kg/m?), assumed as W = 165kg/m3.

Coefficient representing the quality of the aggregate (@ = 4~6), assumed as a = 4.
Water content in the aggregate

Water absorption rate of fine aggregate (%), assumed as wgs = 1.30%.

Unit weight of fine aggregate (kg/m®), assumed as S = 607kg/m3.

Water absorption rate of coarse aggregate (%), assumed as w; = 0.81%.

Unit weight of coarse aggregate (kg/m?), assumed as G = 744kg/m3.

From Figure 3-15, it is evident that the magnitude of drying shrinkage strain in geopolymer (GP)

varies significantly depending on its mix proportions and curing conditions. However, the drying

shrinkage behavior of GP exhibits a distinct characteristic compared to that of "Cement," i.e.,

conventional cement concrete: a substantial shrinkage occurs immediately after exposure, followed by

a gradual progression of shrinkage over time.

Focusing on GP concrete, the drying shrinkage strain in all cases is larger than that of "Cement,"

suggesting that GP concrete exhibits greater drying shrinkage compared to conventional cement

concrete. The drying shrinkage strain of "Normal" is approximately 1.5 times larger than that of

"Cement." The drying shrinkage strain of "Normal (Room Temp)" is more than twice that of "Normal"

and nearly four times that of "Cement," indicating that the absence of heat curing leads to significantly
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increased drying shrinkage. The drying shrinkage strain of "Si Rich," while not as pronounced as that
of "Normal (Room Temp)," is still greater than that of "Normal" and "Cement," suggesting that
increasing the Si/A ratio results in higher drying shrinkage. The drying shrinkage strain of "Low
Water" is slightly smaller than, but largely follows the same trend as, "Normal," indicating that
reducing the water-to-solids ratio (L/P) and unit water content has little effect on drying shrinkage
behavior. In contrast, the drying shrinkage strain of "W/P17% (Paste)," which does not include
aggregates, is smaller than that of other GP concretes and comparable to "Cement." Generally, in the
absence of aggregates, drying shrinkage is larger than in the presence of aggregates. Thus, the drying
shrinkage strain of binder-only materials is expected to exceed that of "Cement." Consequently, when
comparing binder-only materials, GP with a low W/P ratio exhibits smaller drying shrinkage than the
hardened cement paste in conventional cement concrete. Therefore, it is anticipated that GP with a
significantly reduced W/P ratio, which minimizes unit water content, can reduce the drying shrinkage
of concrete when used as a binder. However, approximately 70 days after exposure, the drying
shrinkage strain of "W/P17% (Paste)" appears to accelerate, requiring careful monitoring in the future.
In the case of "Reinforced," which incorporates reinforcement into "W/P17% (Paste)," the drying
shrinkage strain is slightly smaller than that of "W/P17% (Paste)," and no signs of accelerated strain
increase are observed, suggesting that reinforcement suppresses shrinkage.

The time-dependent changes in internal strain from immediately after placement, including
specimens with reinforcement, are shown in Figure 3-16. These strains also exclude thermal strain.
During the curing period, "W/P17% (Paste)" and "Reinforced" exhibit significant expansion, and their
drying shrinkage strains remain small, indicating that they are still in the expansion range at 100 days
of age relative to the initial placement. However, these results assume a thermal expansion coefficient
of 10 x 107%/°C, and different results could arise if the actual coefficient differs. Comparing
"W/P17% (Paste)" and "Reinforced," the expansion magnitude is smaller for "Reinforced." Since the
mix proportion is identical and the thermal expansion coefficient is presumed the same, the difference
in expansion magnitude is likely due to the restraint effect of reinforcement limiting specimen

expansion.
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Figure 3-16 Change in total strain

3.4.2. Creep behavior

The time-dependent changes in creep strain obtained from the loaded specimens are shown in

Figure 3-17. The creep strain was calculated using Equation (3-20).

Ect = €at — €e — Est (3-20)

€e = &ato ~ Esto (3-21)

Where:
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£t Creep strain (X 1076)

Eat: Strain of the loaded specimen with thermal strain removed (X 107°)
& Elastic strain (X 107°)

Est: Strain of the unloaded specimen with thermal strain removed (X 107°)
Eato: Strain of the loaded specimen at the end of loading (X 107°)

Esto: Strain of the unloaded specimen at the end of loading (X 107°)

From Figure 3-17, it is evident that the magnitude of creep strain, like drying shrinkage strain,
varies significantly depending on mix and curing conditions. The magnitude of creep strain in GP
concrete specimens generally aligns with the trends in drying shrinkage strain; however, the
relationship between creep strain and drying shrinkage strain is reversed for "Normal" and "Low
Water." Additionally, the creep strain of "W/P17% (Paste)" is more than twice that of "Normal" and
exhibits greater variability.

The time-dependent changes in creep strain per unit stress are shown in Figure 3-18. The creep

strain per unit stress was calculated using Equation (3-22).

Ect
HEee = — (3-22)
Where:
UEt: Creep strain per unit stress (x 107¢/(N/mm?))
£t Creep strain (X 1076)
o: Applied stress (N/mm?)

Additionally, using the creep strain prediction equation per unit stress provided in the 2022
Concrete Standard Specification [Design Edition] (Equation (3-12), reproduced), the time-dependent
changes in creep strain per unit stress for general cement concrete were estimated and included in the

figure ("Cement").

_ 4W(1 - RH/100) + 350

et tY/ o o= — ‘log . (t —t' +1) (3 — 12, Reproduced)
ce p 12+ f' (t") ¢
X 4000
tandt' = Z At; - exp [13.65 " 273+ TGO/T, ] (3 — 13, Reproduced)
i=1 7no

Where:

&'cc(t,t")/0’ cp: Creep strain per unit stress of concrete loaded at an effective age of t’ (days) at the
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RH:

t' and t:

Atil
T0:
f.@):

time of age t (days) (x 107¢/(N/mm?))

Unit water volume of concrete (kg/m?), assumed as W = 165kg/m?3.

Relative humidity (%), assumed as the average relative humidity during the
measurement period (RH = 44.5%).

Effective age of concrete at loading and during loading (days), corrected using
Equation (3-13). (t' = 7 days)

Duration of the period at temperature T (°C)

1°C

Compressive strength of concrete at effective age t’ (days) at the time of loading

(N/mm?), assumed as f'_(t") = 30N/mm?.

From Figure 3-18, the creep strain per unit stress of all GP specimens exceeds that of "Cement,"

indicating that GP generally exhibits a higher creep strain per unit stress than conventional cement

concrete.

The time-dependent changes in the creep coefficient are shown in Figure 3-19. The creep

coefficient was calculated using Equation (3-23).

Where:

b =— (3-23)

Creep coefficient
Creep strain (X 1076)

Elastic strain (X 107°)

Additionally, using the creep coefficient prediction equation provided in the 2022 Concrete

Standard Specification [Design Edition] (Equation (3-15), reproduced), the time-dependent changes

in the creep coefficient for general cement concrete were estimated and included in the figure

("Cement").
.. 4W(1—RH/100) + 350 ,
ot t') = 2+ () log.(t —t'"+1)-E. (3 — 15, Reproduced)
") —k
E, = [kl + %} x 10 (3 —24)
3
Where:
o(t, t"): Creep coefficient for concrete loaded at age t’ (days), evaluated at age t (days)
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E.: Young’s modulus of concrete at the effective age of t’ (days) at the time of loading,
calculated using the formula provided in the 2022 Concrete Standard Specification
(Equation (3-24)).

ky, k,, ks: Coefficients for the Young’s modulus calculation formula, set as k; = 2.8, k, = 30,

and k; = 33 based on Table 3-7.

Table 3-7 Coefficients in the Young's modulus calculation formula(49)

Compressive strength range kq k, ks
f'. < 30N/mm? 2.2 18 20

30 < f'_ < 40N/mm? 2.8 30 33
40 < f'_ < 70N/mm? 3.1 40 50
70<f' < 80N/mm? 3.7 70 100

From Figure 3-19, the creep coefficient of GP specimens correlates with creep strain, and the
trends are consistent. The creep coefficients of "Normal" and "Low Water" are smaller than those of
"Cement," while those of "Si Rich" and "Normal (Room Temp)" are larger. The creep coefficient of
"W/P17% (Paste)" is comparable to or slightly larger than that of "Cement." Similar to drying
shrinkage, creep generally increases in the absence of aggregates compared to when aggregates are
present. Therefore, the creep coefficient of binder-only materials is expected to be larger than that of
"Cement." When comparing binder-only materials, low W/P GP exhibits smaller creep than the
hardened cement paste in conventional cement concrete. Consequently, it is anticipated that concrete
using low W/P GP as a binder will exhibit smaller creep than conventional cement concrete.
Additionally, GP concrete shows a characteristic behavior similar to drying shrinkage: it deforms
significantly immediately after loading, and subsequent deformation proceeds more gradually,
differing from cement concrete. Consequently, the creep coefficients of "Normal" and "Low Water"
are initially larger than those of "Cement" but become smaller after 20-40 days. This suggests that the
creep coefficients of "Si Rich" and "Normal (Room Temp)" may also eventually become smaller than

those of "Cement."

&9



5000

Creep strain[y]

2000 f{ w

> Normal
> Normal (Room Temp)
> Si Rich
Low Water
> W/IP17% (Paste)

1000

0

4000 /-
3000 (
N N~
a Waad
0 2

0 40 60 80 100
Loading time[days]

Figure 3-17 Change in creep strain

2000

120

1600 ”

1200

800 7~

= Normal
= Normal (Room Temp)
= 8i Rich

Creep strain per unit stress[p/(N/mm?2)]

Low Water
> W/P17% (Paste)
- Cement
400
0 g |- - ! I —I
0 20 40 60 80 100 120

Loading time[days]

Figure 3-18 Change in creep strain per unit stress

90




4 2—'7

w

> Normal

> Normal (Room Temp)
Si Rich

" Low Water

] - WIP17% (Paste)
wf-'A‘ﬁ - Cement

l
l

Creep coefficient

0 20 40 60 80 100 120
Loading time[days]

Figure 3-19 Change in creep coefficient

3.4.3. Compressive strength and Young’s modulus

The time-dependent changes in compressive strength, including results at 5 days of age, are shown
in Figure 3-20. First, the compressive strength of the "Normal" mix level is comparable to or slightly
higher than that of conventional cement concrete with a W/C of approximately 50%. However, the
compressive strength of GP concrete with 0% slag substitution in the standardized GP tests conducted
in Japan is around 10 N/mm?, significantly lower than the results obtained in this study. This
discrepancy is likely due to differences in the heating rate, heating duration, or curing methods. In the
standardized tests, the temperature increases from 20°C to 60°C over three hours, with a 60°C hold
time of 12 hours. In contrast, in this study, the temperature rises from 20°C to 60°C in 30 minutes to
an hour, with a 60°C hold time of 24 hours. This suggests that the greater heat input in this study
accelerated the reaction. Additionally, the standardized tests involve demolding after heating and then
air curing, while this study involves sealed curing for five days after heating before demolding. This
sealed curing may have promoted reactions between the alkaline solution and particles in the pores,
filling them and enhancing strength. The compressive strength of "Normal (Room Temp)" is lower
than "Normal," indicating that GP with only FA as the reactive filler does not achieve sufficient
strength without accelerated reactions during heat curing. However, especially within the first 28 days
of curing, the strength increase rate is higher compared to other mix levels. This is likely because the
lack of heat-induced reaction acceleration leaves many unreacted ions in the pores, which gradually
react over time. The compressive strength of "Si Rich" is lower than "Normal" despite heat curing.
Increasing the Si/A ratio reduces the A/W ratio, decreasing the alkalinity and the activation potential
of the alkali, which may have hindered the reaction. The compressive strength of "Low Water" is

slightly lower than "Normal," indicating that reducing the unit water content and L/P ratio does not
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significantly increase strength in GP concrete, unlike in cement concrete. This is likely because
reducing the amount of alkaline solution decreases the absolute amount of reactive ions, thereby
limiting the reaction. "W/P17% (Paste)" exhibits significantly higher strength than other mix levels,
demonstrating successful high-strength development through a low W/P ratio. However, the
compressive strength is slightly lower compared to GP with W/P = 15% in CHAPTER 2, indicating
that minor differences in W/P at extremely low levels can have a substantial impact on compressive
strength. The high variability in compressive strength is likely due to poor filling caused by rapid
setting.

The time-dependent changes in Young’s modulus are shown in Figure 3-21. The trends in Young’s
modulus closely follow those of compressive strength, with higher compressive strength
corresponding to higher Young’s modulus. The relationship between Young’s modulus and
compressive strength is shown in Figure 3-22. From Figure 3-22, the relationship between the
Young’s modulus and compressive strength in GP can potentially be approximated logarithmically.
The relationship between measured Young’s modulus and calculated values using Equation (3-24) is
shown in Figure 3-23. From Figure 3-23, it is evident that the measured Young’s modulus is lower
than the calculated values. Thus, it is difficult to directly apply the prediction equations for the Young’s

modulus of cement concrete to GP.

160 -Normal
-©-Normal (Room Temp)
— 140 Si Rich
g Low Water
S 120 ©W/P17% (Paste)
< i
100
T :
£ 80
e |
=
@ 60
2 9
g 40 + m@_"_———e———', — T
© 20 | — °
&
0 1
0 20 40 60 80 100
Age[days]

Figure 3-20 Change in compressive strength from 5 days to 91 days of age
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3.4.4. Weight change

The time-dependent changes in specimen weight after exposure are shown in Figure 3-24. From
Figure 3-24, the weight changes of "W/P17% (Paste)" and "Reinforced" are about one-fifth of those
of GP concrete. However, there are no significant differences among the GP concrete specimens. GP

concrete exhibits relatively large weight changes immediately after exposure, followed by more

gradual changes after about 10 days.
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3.4.5. Pore distribution

The cumulative pore volumes at 28 and 91 days of age are shown in Figure 3-25 and Figure 3-
26, respectively, while the pore size distributions are shown in Figure 3-27 and Figure 3-28,
respectively. For comparison with general cement concrete, the cumulative pore volume and pore size
distribution of W/C = 50% cement concrete after sufficient reaction at 210 days of age are included as
"Cement" in the figures. The vertical axis, "pore volume," represents the proportion of sample volume
occupied by pores.

Comparing 28 and 91 days of age, there are no significant differences in cumulative pore volume
and pore size distribution except for "Normal (Room Temp)." This suggests that the accelerated
reactions during heat curing lead to early reaction completion. Conversely, "Normal (Room Temp)"
exhibits a decrease in pores around 13 nm from 28 to 91 days, suggesting that delayed reactions
gradually progressed over time, filling the pores.

Focusing on total pore volume, GP concrete generally exhibits higher total pore volumes than
"Cement." The low W/P mix, "W/P17% (Paste)," shows about one-fifth the total pore volume of other
mix levels and less than half that of "Cement."

Examining pore size distribution, "Cement" contains the largest number of pores in the 30-60 nm
range, whereas GP has a higher concentration of smaller pores. Compared to "Normal," "Si Rich" has
overall larger pore sizes, resulting in a higher total pore volume. While "Normal (Room Temp)" has a
total pore volume similar to "Normal," its pore size distribution is concentrated around 13 nm, with
fewer pores above 30 nm. "Low Water" exhibits reduced overall pore volume and fewer pores, leading
to a smaller total pore volume. "W/P17% (Paste)" shows almost no pores above 10 nm but may have

a certain amount of pores smaller than a few nanometers.
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3.5.  Consideration

In this section, the factors and mechanisms influencing the shrinkage and creep characteristics of

geopolymer (GP) concrete are discussed based on the results presented in Section 3.4.
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3.5.1. Shrinkage of geopolymer

Regarding "Normal," its compressive strength is comparable to that of conventional cement
concrete, while its total pore volume is larger and its pore size distribution is concentrated in smaller
diameters. As a result, the amount of water loss (dehydration) is greater than that of cement concrete,
and the capillary tension is also larger. This is believed to result in greater drying shrinkage than in
cement concrete. Moreover, since water is not consumed in the solidification reaction of GP, a large
amount of water remains in the pores of the specimens immediately after exposure. Furthermore, due
to the abundance of similarly sized pores, the ink-bottle effect is less likely to occur, resulting in a pore
structure that facilitates water escape. Consequently, a large amount of water is lost immediately after
exposure, leading to significant deformation, but the subsequent reduction in water loss lowers
capillary tension, resulting in more gradual shrinkage over time.

In "Normal (Room Temp)," a similar phenomenon is likely occurring. However, due to its lower
strength and smaller pore diameters compared to "Normal," the capillary tension is higher, and the
structural resistance to this tension is weaker. Therefore, shrinkage is larger than in "Normal."

Although the strength of "Si Rich" is similar to "Normal (Room Temp)," its pores are concentrated
in larger diameters compared to both "Normal (Room Temp)" and "Normal," reducing capillary
tension. As a result, shrinkage is smaller than in "Normal (Room Temp)."

In "Low Water," the strength is similar to "Normal," but the pores are slightly smaller in diameter,
leading to slightly higher capillary tension. However, the unit water content—i.e., the amount of water
remaining in the pores—and the total pore volume are both smaller than in "Normal." Consequently,
while the capillary tension per pore is higher, the overall capillary tension across the specimen is
similar to "Normal," resulting in comparable shrinkage.

The "W/P17% (Paste)" sample is considered to have low capillary tension and high resistance to
capillary tension due to its high strength and small total pore volume. This suggests that, despite the
absence of aggregates and being composed solely of the binder, it exhibits less shrinkage than GP
concrete. Additionally, after approximately 70 days of exposure, an acceleration in the increase of
drying shrinkage strain was observed. This is presumed to be due to an increase in shrinkage driving
force caused by mechanisms unique to low-W/P GP as the relative humidity (RH) decreased. From
Figure 3-14, it can be observed that the average RH remained above approximately 40% for the first
70 days of exposure but fell below 40% thereafter. The extremely small pore size of low-W/P GP
suggests that the viscoplastic behavior of water dominates, leading to a slow rate of water evaporation
from the pores. This likely caused drying shrinkage to progress gradually during the initial exposure
period. After approximately 70 days, as the RH fell below 40%, water fully evaporated from relatively
larger pores (greater than several nanometers), and water began to dissipate from smaller pores (less
than several nanometers), increasing the capillary tension. Furthermore, during the initial 70 days,

disjoining pressure likely acted within smaller pores, but this pressure is believed to have decreased
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after 70 days due to water dissipation. Consequently, the combined effects of increased capillary
tension and decreased disjoining pressure accelerated the driving force for shrinkage, leading to a
faster progression of drying shrinkage.

Here, both "W/P17% (Paste)" and "Reinforced" do not contain aggregates, possess a dense
internal structure, and exhibit high strength. As a result, their thermal expansion coefficient might
differ from that of conventional concrete or other GP concretes. According to Teramoto et al.5?),
cementitious materials with low W/P ratios and ultra-high strength typically exhibit a thermal
expansion coefficient larger than that of conventional cement concrete, reaching approximately
20 x 1076/°C. Similarly, the thermal expansion coefficient of low W/P GP is also expected to be
greater than that of conventional cement concrete. For "W/P17% (Paste)" and "Reinforced," the drying
shrinkage strain with temperature strain removed is shown in Figure 3-29 for two cases: when the
thermal expansion coefficient is assumed to be 10 X 107°/°C and when it is assumed to be
20 x 107%/°C. For comparison, "Cement" is also included in the figure. From Figure 3-29, it can be
observed that as the thermal expansion coefficient increases, the drying shrinkage strain of "W/P17%
(Paste)" and "Reinforced" decreases, with the drying shrinkage strain of "W/P17% (Paste)" becoming
slightly smaller than that of "Cement." Therefore, considering the effect of the thermal expansion
coefficient, it can be suggested that low W/P GP is likely to exhibit less shrinkage than conventional
cement concrete even when used independently.

From the observed shrinkage behavior and inferred mechanisms across the mix levels, it can be
concluded that the shrinkage characteristics of GP are influenced by structural strength, total pore
volume, and pore size distribution, similar to hardened cement paste. Higher structural strength,
smaller total pore volume, and a concentration of larger pores are associated with reduced shrinkage.
GP’s structural strength, total pore volume, and pore size distribution vary significantly with mix
proportion parameters such as L/P, W/P, A/W, and Si/A. Based on the results, reducing unit water
content, lowering L/P or W/P to increase packing density, and increasing A/W to enhance alkalinity—
combined with heat curing to accelerate reactions—are effective measures. These approaches increase
resistance to shrinkage-driving forces through high strength while reducing water loss and total pore
volume, thereby mitigating shrinkage. The "W/P17% (Paste)" mix successfully achieved these
conditions, demonstrating its potential to suppress shrinkage and crack formation, which is crucial for
low-W/P GP with high radio wave transparency. However, it is important to note that for low-W/P GP,
drying shrinkage may accelerate significantly when the RH drops below approximately 40%,
necessitating careful monitoring and consideration. Additionally, the shrinkage characteristics of GP
exhibit a distinct behavior, with significant deformation occurring immediately after the start of
exposure, followed by gradual deformation. This suggests that exposing the elements for several days

before applying constraints could potentially suppress cracking.
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Figure 3-29 Comparison of drying shrinkage strain when the thermal expansion coefficient is set to

10 X 107%/°C and when it is set to 20 x 1076/°C

3.5.2. Creep of geopolymer

The creep characteristics of GP concrete specimens, except "W/P17% (Paste)," follow similar
trends to their shrinkage characteristics and are influenced by structural strength, total pore volume,
and pore size distribution. Like shrinkage, GP exhibits a distinct behavior compared to cement
concrete, with large deformation immediately after loading that gradually diminishes. This is attributed
to significant water loss from the pores under load shortly after loading, followed by minimal
subsequent water loss. Additionally, the influence of structural strength is more pronounced under load,
leading to a stronger correlation between compressive strength and creep strain or creep coefficient.
Structural strength particularly affects initial deformation: lower strength results in greater creep
deformation of the structure itself, accompanied by higher water loss, contributing to larger overall
creep deformation. However, the amorphous structure of GP differs fundamentally from the crystalline
structure of cement hydrates (e.g., C-S-H), suggesting that the deformation mechanisms of GP’s
structure significantly influence its creep characteristics.

Conversely, the "W/P17% (Paste)" mix, which exhibited the smallest shrinkage, showed larger
creep strain and creep coefficients compared to "Normal" and "Low Water," behaving similarly to
typical cement concrete. Although the high strength of "W/P17% (Paste)" minimizes initial
deformation, its small pore volume and difficulty in water egress lead to gradual water movement to
finer pores under loading, resulting in behavior similar to cement concrete. The absence of aggregates
in this mix increases the unit water content and water loss, leading to greater deformation. Vertical
cracks observed in the specimen 80 days after loading suggest increased moisture exchange compared

to unloaded specimens, possibly amplifying creep strain variations due to relative humidity
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fluctuations.

From the observed creep behavior and inferred mechanisms, it can be concluded that GP creep
characteristics are influenced by structural strength, total pore volume, and pore size distribution, as
well as the deformation properties of the structure itself. To suppress GP creep, increasing strength to
reduce initial deformation and designing a pore structure that facilitates water loss are essential.
Maintaining moderate unit water content and L/P or W/P, while enhancing structural strength through
higher A/W or increased curing temperatures, is effective. Additionally, based on the results for
"W/P17% (Paste)," it can be inferred that using low-W/P GP, which exhibits excellent radio wave
transparency, as a binder has a high potential to suppress creep. Furthermore, the creep behavior of
low-W/P GP on its own appears to be predictable using conventional creep prediction equations for

standard cement concrete.

3.6. Future prospects

The exposure and loading periods in this study were approximately 100 days, which is relatively
short. To fully understand the shrinkage and creep characteristics of geopolymer (GP), it is essential
to continue the tests over a longer period and expand the dataset. In particular, at this stage, the
shrinkage and creep of "Normal (Room Temp)" and "Si Rich" are larger than those of conventional
cement concrete. However, with prolonged exposure and loading, they may become smaller than those
of conventional cement concrete. Additionally, "W/P17% (Paste)" and "Reinforced" specimens are
still in an expansion phase compared to their condition immediately after casting, and their behavior
should be carefully monitored in the future. Furthermore, measuring the thermal expansion coefficient
of the specimens is expected to yield more accurate thermal strain data, leading to more precise
shrinkage and creep strain measurements.

In the pore structure analysis, the mercury intrusion method measures pore sizes ranging from a
few nanometers to several tens of micrometers, corresponding to capillary pores. However,
particularly for low water-to-powder ratio (W/P) GP, it is likely that pores smaller than a few
nanometers exist. While this study did not include such measurements, employing techniques like gas
adsorption (BET method) to measure pores smaller than a few nanometers and using methods like the
Archimedes method to determine total porosity is expected to clarify the relationship between
shrinkage and creep characteristics and the pore size distribution and porosity of GP.

Water movement within concrete is influenced by not only the pore structure but also the contact
angle of the inner pore walls. The roughness of GP's pore walls and the physical properties of the pore
solution are considered fundamentally different from those of cement paste, which likely results in
different contact angles. Measuring contact angles is expected to provide further insight into the effects
of water movement within GP on its shrinkage and creep characteristics.

Moreover, by utilizing the characteristic shrinkage and creep behavior of geopolymer (GP), which
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exhibits significant deformation immediately after exposure or loading followed by a gradual decrease
in deformation, it is expected that the calculation and control of prestress can be facilitated. This
suggests that GP could be highly beneficial for application in prestressed concrete (PC). However,
research on prestressed GP concrete remains limited, and no studies have yet been conducted at the
scale of actual structures. Therefore, further investigations, including manufacturing methods, are

necessary to explore the feasibility of GP application in PC.

3.7. Concluding remarks
The study of the time-dependent deformation characteristics of geopolymer (GP) yielded the
following insights:

(1) The shrinkage and creep characteristics of GP using fly ash (FA) as the sole active filler vary
significantly depending on the mix proportion and curing conditions.

(2) GP's shrinkage and creep characteristics are influenced by structural strength, total pore volume,
and pore size distribution. Creep characteristics are thought to be more strongly affected by
structural strength compared to shrinkage.

(3) Compared to conventional cement concrete, GP exhibits a characteristic behavior where
significant deformation occurs immediately after exposure or loading, followed by minimal
deformation thereafter.

(4) To suppress shrinkage, reducing unit water content, lowering L/P or W/P to increase packing
density, increasing A/W to enhance alkalinity, and promoting reactions through heat curing are
effective. These measures increase resistance to shrinkage-driving forces through high strength,
while reducing dehydration and total pore volume, thereby minimizing the overall shrinkage-
driving force across the component.

(5) To suppress creep, it is effective to avoid excessively low unit water content, L/P, and W/P.
Instead, increasing A/W or raising curing temperatures to enhance structural strength can reduce
initial deformation under load and prevent subsequent deformation by creating a pore structure
that facilitates water release.

(6) Concrete using low-W/P GP as a binder, which exhibits excellent radio wave transparency, is
expected to experience less shrinkage compared to standard cement concrete, with a high
potential to suppress cracks caused by shrinkage. Furthermore, concrete utilizing low-W/P GP as
a binder may exhibit lower creep compared to conventional cement concrete.

(7) Continued shrinkage and creep testing, combined with detailed pore structure analysis using the
BET method or the Archimedes method, as well as analysis of contact angles within pore walls,
are expected to elucidate the mechanisms of water movement within GP. These efforts will
contribute to a more detailed understanding of the mechanisms underlying shrinkage and creep

in GP.
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CHAPTER 4. MICROSTRUCTURE OF GEOPOLYMER

4.1.  Motivation

In the case of cement concrete, the desirable engineering characteristics of hardened concrete,
such as strength, dimensional stability, and durability, are influenced not only by the proportion but
also by the properties of the hydrated cement paste, which, in turn, depends on the microstructural
features (i.e., the type, amount, and distribution of solids and voids)). It can be said that the properties
of cement concrete can be controlled by controlling the microstructure of the cement paste. The results
of CHAPTER 2 and CHAPTER 3 suggest that the properties of geopolymer, including radio wave
transparency and time-dependent deformation properties, are strongly influenced by microstructures
such as pore structure, skeletal strength, and skeletal composition. Therefore, it is quite possible that
the properties of geopolymer can also be controlled by controlling the microstructure. However, there
have been few studies on the microstructure of geopolymer, and the relationship between mix
proportions, production methods and microstructure, as well as the relationship between
microstructure and properties, has not been fully clarified.

This chapter focuses on the microstructure formation mechanism within a fly ash-based
geopolymer. Since the microstructure would strongly affect the properties of geopolymer, this study
aims to clarify the microstructure formation mechanisms of the geopolymer and use these insights to
improve the performance of the material by controlling parameters that directly change the final

microstructure.

4.2. Literature review
4.2.1. Micro structure of geopolymer

The reaction mechanism and microstructure of geopolymer are totally different from these of
cement. The interior of the hardened cement body has a Velcro-like structure of hydration products
extending from the cement particles, while the interior of the geopolymer solidified body has a
structure of alumina-silica powder particles solidified with an inorganic, irregularly shaped gel. This
gel has been found to be amorphous, although its local structure is similar to that of a zeolite with a
three-dimensional structure®®. Zeolites are characterized by a three-dimensional structure in which
they combine to form a "framework" like quartz, which is composed only of SiO4 tetrahedra. However,

13%), and the framework becomes

Si*" in some SiOy tetrahedra is replaced by aluminum ions (A
negatively charged, and cations such as sodium ions (Na") and potassium ions (K*) compensate for
this. The structure consisting of a SiOs tetrahedral framework with Al substituting for Si and cations
compensating for the negative charge is called an "aluminosilicate structure."® Geopolymer produced
from powders with low calcium content, such as metakaolin and fly ash, are considered to have such

aluminosilicate structures, but their atomic arrangement is less regular and they do not have a certain
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long-period structure, so-called amorphous materials (Figure 4-1). This unique reaction product of
geopolymer is called N-A-S-H (sodium aluminosilicate hydrate) in analogy to C-S-H (calcium silicate

hydrate) in cement hydrates.
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Figure 4-1 Schematic diagram of the structure of geopolymer (****: Q*(4Al) by ¥Si-NMR, *#*;
Q*(3Al), **: Q*2Al), *: Q*(1Al), Unlabeled: Q*(0Al))

4.2.2. Raman microscopy

Since the reaction product of geopolymer (N-A-S-H) is amorphous, X-ray diffraction, a common
method for crystal structure analysis, does not provide much information. Therefore, in many cases,
geopolymer is described by the local structure around Si or Al atoms by solid-state nuclear magnetic
resonance (NMR) measurements of 2°Si or 2’Al. The schematic diagram of the condensed structure of
SiOy tetrahedron in 2°Si-NMR spectrum is shown in Figure 4-2. ’Si-NMR peak is represented by Q",
where Q represents SiO4 tetrahedron and n represents the degree of condensation, indicating that n
oxygen atoms are shared by neighboring T (Si or Al). Three-dimensional structures such as zeolite or
quartz in which all four oxygen atoms are shared are represented by Q*. The main geopolymer reaction
product from metakaolin or fly ash (N-A-S-H) is considered to have this Q* structure™®.

Raman spectroscopy is considered to be one of the effective methods to clarify the detailed
reaction mechanism of geopolymer. Raman spectroscopy is a spectroscopic method for evaluating
materials using Raman scattered light discovered by Raman®. When monochromatic radiation with a
wavenumber 7V, is incident upon a system, the majority of the radiation is transmitted without
modification. However, some of the radiation undergoes scattering. Analysis of the scattered radiation
reveals not only the wavenumber ¥, associated with the incident radiation but also additional

wavenumbers of the form 7' = ¥y + 7). In molecular systems, the wavenumbers ¥, are primarily
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associated with transitions between rotational, vibrational, and electronic energy levels. This scattering,
which results in a change in wavenumber, is referred to as Raman scattering® ” (Figure 4-3).

The modified frequencies observed in Raman scattering can be explained by energy transfer
between the incident radiation and the system. When the system interacts with radiation of
wavenumber 7V, an upward transition occurs from a lower energy level E; to a higher energy level
E,, requiring an energy difference AE = E, — E;. This energy difference AE can be expressed in

terms of a wavenumber V,, associated with the two energy levels:

AE = hcy 4-1)

The energy required for this transition is supplied by the absorption of one photon of the incident
radiation, with energy hcV,, and the simultaneous emission of a photon with a reduced energy
hc(¥y — V). This results in the scattering of radiation at a lower wavenumber ¥, — ;. Conversely,
the interaction may induce a downward transition from a higher energy level E, to a lower energy

level Ej, releasing an energy:

E2 - E1 = hCﬁM (4‘ - 2)

In this case, a photon of the incident radiation is absorbed with energy hcv,, and a photon of
higher energy hc(V, + 7)) is emitted, leading to scattering at a higher wavenumber ¥, + ¥,.

For Rayleigh scattering, the energy state of the system remains unchanged. The system, however,
participates in the scattering process by absorbing a photon with energy hci, and simultaneously re-
emitting a photon of identical energy. This results in scattering with no change in wavenumber, V.

In the context of Raman scattering, the characteristic feature of a Raman band is not its absolute
wavenumber V' = ¥, + ¥, but rather the magnitude of the wavenumber shift ¥, from the incident
wavenumber. These shifts are referred to as Raman wavenumbers. To distinguish between Stokes and
anti-Stokes Raman scattering, the wavenumber shift AV is defined as positive for Stokes scattering
and negative for anti-Stokes scattering, such that AV = 7, + 7' (Figure 4-4).

The relative intensity of anti-Stokes Raman scattering decreases rapidly with increasing
wavenumber shift. This is because anti-Stokes scattering involves transitions from a higher populated
energy state to a lower energy state, which are inherently less probable.

In Raman spectroscopy, Stokes scattering light, which has higher intensity, is typically used for
analysis. A monochromatic laser serves as the excitation light source, and the scattered light is
dispersed using a diffraction grating to obtain a Raman spectrum. The wavelength difference between
the incident light and the scattered light corresponds to the energy of molecular vibrations inherent to

the material. As a result, materials with different molecular structures produce Raman scattered light
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with distinct wavelengths, leading to unique Raman spectra. Using Raman spectra, various physical
properties, such as stress, temperature, electrical characteristics, orientation, and crystallinity, can be
examined. Specifically, peak positions provide information about chemical bonds, the overall spectral
shape reveals molecular structure and differences in crystal structures, peak widths at half-maximum
indicate variations in crystallinity, and peak shifts offer insights into stress or strain®®,

The advantages of Raman spectroscopy include the ability to analyze various forms of materials
such as solids, liquids, and gases, the ease of analyzing samples containing water because they are not
easily affected by moisture, and the ability to make in sitfu measurements because no vacuum drying
or other sample preparation is required®®.

In addition, the use of confocal Raman microscopy (CRM) allows high-resolution imaging of the
two- and three-dimensional chemical composition distribution of samples, which, when combined
with in situ measurements, enables real-time reaction monitoring®!?. A confocal Raman imaging
optical system in CRM is an optical setup designed to efficiently detect scattered light from a single
point on a sample by placing a pinhole at the confocal position corresponding to that point (Figure 4-
5). During imaging, signals are collected from each point either by moving the sample with a stage
scan or by scanning the focal position across the sample using a galvanometric mirror or similar device.
The key feature of the confocal Raman imaging optical system is its spatial resolution. The spatial
resolution in a confocal optical system is determined by the numerical aperture (N.A.) of the objective
lens, the wavelength of light, and the size of the pinhole at the confocal position. The spatial resolution
defined by the N.A. of the objective lens and the wavelength is typically described using the Rayleigh
criterion, which refers to the minimum resolvable distance between two bright points on the sample.

CRM is becoming a popular technique to characterize the cement hydration process!!"'¥). Garg et
al.(1% 1618 have conducted over a decade of research using CRM for microscale analysis to elucidate
the distribution of various phases in cementitious materials and their temporal changes. They have
identified and characterized more than ten phases, including Alite and Belite, in anhydrous cement
and hardened cement paste, detailing their distribution, morphology, and abundance. Their research
outcomes enable a new dimension of physical and chemical particle characterization and pave the way
for future applications of Raman imaging on other heterogeneous, powdered systems. Loh et al.!>)
were the first to visualize the growth of hydration products at submicron resolution and its direct
relationship to setting, confirming that setting is indeed a percolation process. The proposed time
space-resolved characterization method can map and quantitatively analyze the heterogeneous
reaction of the cementitious colloidal system and thus provide potential application value in the field
of cement chemistry and materials design more broadly.

However, CRM is not commonly used for geopolymer, because the Raman spectra of the reaction
products of low-calcium geopolymer such as fly ash-based or metakaolin-based geopolymer have not

been clarified. Although several studies have examined the Raman spectra of solidified geopolymer'*:
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20) it is very difficult to extract the Raman spectra of the geopolymer reaction products because the
amorphous structure of geopolymer reaction products makes their Raman spectral signals weak and
obscured by the strong signals of other components such as hydrates. It goes without saying that this
has also been a significant obstacle in the in situ observation of geopolymer. To date, there are no
reported cases of visualizing the growth process of reaction products in geopolymer through in situ
observation using CRM.

Since the main geopolymer reaction product from metakaolin or fly ash (N-A-S-H) is considered
to have Q* structure, the Raman spectrum of geopolymer reaction product is expected to be similar to
those of Q* aluminosilicates such as zeolite and quartz. Various studies have been conducted on the
Raman spectra of aluminosilicates®!?®. Although the peak intensity varies depending on the NayO,
AlO3, and SiO; content, it has been found that peaks indicating O-bending motions in Si-O-Si rings
sharing three or four SiOj tetrahedra appear around 500-600 cm!, and that peaks indicating stretching
motions in SiO4 tetrahedra with 4-n nonbridging oxygens appear around 950 cm™ (Q!, Q?) and 1100
em™! (Q?, Q*)@¥. Therefore, the Raman spectrum of geopolymer reaction product is expected to have

peaks around 500-600 cm™ and 1100 cm™.

Q° Q' Q2
SiO, A single point Two points
Tetrahedron  shared shared

Four points
shared

Three points
shared

Figure 4-2 Schematic diagram of the condensed structure of SiO4 tetrahedron in ’Si-NMR spectrum
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Figure 4-5 Schematic diagram of confocal Raman imaging optical system

4.3. Methodology
4.3.1. Experiment method

In order to clarify the growth process of the reaction products in the geopolymer, the original
experiment system for in situ Raman imaging while heating the sample was built (Figure 4-6 (a)). The
heating stage, which consists of a 3D-printed base and a steel plate with a heating film attached (Figure
4-6 (b)), was installed on the stage of a CRM system (Alpha 300RA, WITec, Germany). The heating
film was powered by the electric current from an adjustable power supply. The prepared samples were
fixed on the steel plate by magnetic clips (Figure 4-6 (b)).

The geopolymer sample was prepared using the materials shown in Table 4-1, and the specific
properties of the materials are shown in Table 4-2, Table 4-3, and Table 4-4. Here, the class F fly ash
used to form the geopolymers was collected from the Salt River Materials group in Pheonix, Arizona.
Fly ash is a byproduct of the coal combustion process during power generation and is often used as an
additive in OPC concretes as a pozzolanic material due to the high silica content. The XRF results
collected from the raw precursor powder is shown below in Table 2. Sodium silicate is produced by
melting high purity sand with sodium carbonate (soda ash) in high temperature furnaces. The resulting
product is a water-soluble silicate powder that is known as water glass or sodium silicate solution once
it is dissolved in water. Sodium silicate solution is chemically comprised of a weight ratio of silica to
sodium oxide dissolved in water. The sodium silicate used in this study has a weight ratio of 3.22
(Si02:Nay0), which breaks down as ~28.7% silica (SiO) to ~8.9% sodium oxide (Na>O), and that
translates into a solution that is approximately 37.5% sodium silicate by weight in water. The mix
proportion shown in Table 4-5. In the mix proportion, the liquid to powder volume ratio (L/P), the

alkali to total water ratio (A/W), and the silica to alkali ratio (Si/A) were set to the same value used in
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the common geopolymer tests proposed by the research subcommittee for promoting the practical
application of geopolymer technology in the civil engineering field in the Japan Society of Civil
Engineers (JSCE)®@,

To validate the original experiment and analysis method, a cement paste sample was also prepared
using Portland cement blended with Type I and II. The L/P (volume ratio) was set to the same value
(0.9) as the geopolymer sample. This gives a W/C (mass ratio) of 0.28. Because of the low W/C, a
superplasticizer (PLASTOL 6400, Euclid Chemical) was added for 0.5% of the cement mass to ensure
the workability. The experiment for the cement paste samples were conducted at room temperature
without the heating stage to avoid overly fast reaction speed.

The day before the experiment, the alkaline solution was mixed and placed in a sealed container.
Before mixing, the power supply was turned on, and the voltage was adjusted so the steel plate was
heated to a constant 60°C. The temperature was maintained at 60°C throughout the experiment for the
geopolymer sample in order to accelerate the geopolymer reaction. After confirming that the surface
temperature of the steel plate reached 60°C, the mixing was started. The powder was put into a beaker,
in which the solution was added and mixed for 1 minute using a glass rod. The mixed paste was put
on a glass slide using a needle. The amount of paste on the glass slide should be as small as possible
to reduce the volume change of the paste. After that, the paste was covered with cover glass and sealed
with aluminum tapes (Figure 4-6 (b)). The prepared sample was fixed on the steel plate by magnetic
clips.

The CRM system was manipulated to focus on the surface of the paste. After the scan area was
determined, the brightness was adjusted and the image was re-focused. After that, the first scan started
using the settings shown in Table 4-6. In this study, the first scan started 20 minutes after mixing. The
same scans were conducted 1, 2, 3, 4, 5, 8, and 24 hours after mixing. To maintain the focal plane as

consistent as possible across all scans, optical focus was carefully adjusted before initiating each scan.
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Figure 4-6 Schematic diagrams of the experimental setup. (a) Experiment system. (b) Cross-section

view of the heating stage and the sample preparation

Table 4-1 Materials for the geopolymer sample

Type Name Symbol Ingredients and Properties
Active filler (P) Fly ash FA ASTM Class F, Density 2.35g/cm’
Sodium silicate solution SS Silicon dioxide content: 28.7%
Alkaline solution - - -
o Sodium hydroxide SH Pellets, Purity 97%
Water Lw Deionized water
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Table 4-2 Elemental composition of fly ash as measured by XRF

Oxide Percentage (%)
SiO, 56.79
AlLO3 17.07
Fe 03 4.17
CaO 8.16
MgO 1.98
SO3 0.57
Na,O 2.66
K20 2.11
TiO; 0.78
P,0s 0.39
SrO 0.172
Mn,03 0.036
Cr203 0.011
ZnO 0.01
LOI 4.927
Total oxides 99.83

Table 4-3 Physical and chemical properties of sodium silicate solution

Sodium silicate 37% Wt.% (28% silica + 9% sodium oxide)

Water 63% Wt.%
Appearance Thick liquid
Color Clear to murky white
Odor Odorless or musty odor
pH Approximately 11.3
Specific gravity 1.39 g/em?® (20°C), 41° BE, 11.62 Ibs/gal
Solubility in water Miscible
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Table 4-4 Specification test results of sodium hydroxide

Calcium 0.005%
Chloride =0.005%
Heavy metals =0.002%
Iron =0.001%
Magnesium =0.002%
Mercury =0.1 ppm
Nickel =0.001%
Nitrogen compounds =0.001%
Phosphate =0.001%
Potassium =0.001%
Purity =97%
Sodium carbonate =1%
Sulfate =0.003%
Table 4-5 Mix proportions for the geopolymer sample
Unit volume(kg/m®)
P L A/W Si/A L/P
FA SS SH LW
1237 412 65 148 0.125 0.700 0.9

Table 4-6 Setting for the Raman system

Magnification 50x (N.A. = 0.75) (Zeiss EC Epiplan)
Laser 532nm, 3.00mW

Spectrograph G2: 600 g/mm, BLZ 500.00 nm, Centre Wavenumber: 2400.0 1/cm
Integration Time 0.5s
Scan area: 20%20 pm
Image Scan

Points per Line: 50, Lines per Image: 50, Layers per Scan: 1

4.3.2. Analysis method

WITec Project SIX software was used for data analysis and visualization. The data was first
processed with cosmic ray removal (Filter size: 2, Dynamic factor: 8) and a background subtraction
was applied based on the shape (Shape size: 100).

In this study, the new analysis method was proposed for extracting the Raman spectrum and in
situ mapping of reaction products of geopolymer which could not be obtained by ordinary Raman

spectroscopy. First, the average Raman spectra of each mapped area was obtained by averaging the
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CCD counts of each wavenumber at every point in the scanned area (50x50 points). If an increase in
intensity is observed in the average spectra, the increase is considered to be due to the growth of
reaction products. Therefore, it can be said that the difference between the two spectra obtained at the
first scan (20m) and the last scan (24h) represents the spectrum of reaction products produced between
the first and last scan. The target spectrum was obtained by subtracting the average spectra of the 20m
scan and the 24h scan, using Graph Demixer function embedded in WITec Project SIX software. Only
the wavenumber range where the intensity increased within the spectrum was extracted, using the
Repair function embedded in WITec Project SIX software. For the remaining ranges, the intensity was
set to a constant value equal to the intensity at the boundaries of the extracted range. Finally, the peak
intensity of the extracted spectrum was measured at each point within the scan area, and the peak
intensity was represented as a color, resulting in a Raman image. The Raman images at each time step

were output with a consistent color scale.

4.4. Results and discussions
4.4.1. Cement paste sample

To confirm the validity of the proposed analysis method, results of the cement paste sample are
shown. The average spectrum at each time step is shown in Figure 4-7. An increase in the intensity of
strong peaks was found at around 1000 cm™. The cropped spectrum from around 400 cm™ to around
1200 cm™ in the difference spectrum between the two spectra obtained at the first scan (20m) and the
last scan (24h) is shown in Figure 4-8. The cropped spectrum includes some strong peaks of v1[SO4>]
bands"?, such as 980 cm™, 991 cm™!, 1003 cm!. These peaks are considered to represent monosulfate,
ettringite, and gypsum, respectively!> 13, Since ettringite and monosulfate are the reaction products
from the hydration reaction of cement and water, it can be said that the proposed analysis method can
detect the reaction products properly.

Obtained distributions at each time step by the Raman imaging using the cropped spectrum are
shown in Figure 4-9. The brighter the color, the higher the concentration of the component, and black
areas are considered to be pores. The distributions show that the bright area expands over time,
especially between the first scan (20m) and the second scan (1h). To clarify the extent to which the
distribution has expanded, an overlay image of distributions at the second scan (1h) and the last scan
(24h) was generated (Figure 4-10). Since the sample moved slightly over time, the overlaying
positions were adjusted so that the positions of the pores coincided. The overlay image shows that the
reaction products grew up to approximately 5.6 um and are filling the pores, and that the reaction
products have a complex shape, which in turn complicates the pore shape. This result indicates that
the proposed analysis can visualize the distribution of reaction products and its changes over time.

In addition, the cropped spectrum was decomposed into three spectra, each with one strong peak

(Figure 4-11) by “Repair” tool, and the results of mapping the distribution of each component and the
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combined bitmap are shown in Figure 4-12. These mapping results show that the distributions shown
in Figure 4-9 are primarily due to components exhibiting peaks at 980 cm™ and 1003 cm™, and these
two distributions are almost identical. This result indicates that the 980 cm™ and 1003 cm™' peaks may
represent a single component rather than separate components. Belite (C,S) is the most likely
compound to contain these two peaks!?, but belite is not a reaction product, but a compound originally
included in the cement. Therefore, if this compound is belite, two peaks should appear in the first scan,
so it is more natural to assume that it is some kind of reaction product. In this paper, the two peaks are
treated as indicating different compounds, monosulfate and gypsum, but further investigation is
needed to identify this compound with high accuracy.

Furthermore, the average spectrum at each time step and the difference spectrum obtained in this
study don’t include the peaks representing main reaction products such as calcium silicate hydrate (C-
S-H). C-S-H is identified by a strong peak around at 3618 cm’! that indicates the OH stretching band
in Ca(OH),!> 9. Using the conventional analysis method, a sharp peak around at 3618 cm™ was
detected, but the peak intensity was smaller than the three peaks around at 1000 cm™ and the
distribution was also smaller, so it is assumed that it did not appear in the total average spectrum of
the scan area. Further study is required to enable extraction of spectra of compounds with weak peak
intensities.

Thus, although there are several points that require further study, it is possible to extract spectra

of some reaction products and visualize their distribution by using the proposed method.
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Figure 4-7 Average spectrum at each time step (Cement paste sample)
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Figure 4-8 Cropped spectrum from the difference between the two spectra obtained at the first scan

(20m) and the last scan (24h) (Cement paste sample)
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Figure 4-9 Distributions of reaction products at each time step (Cement paste sample), (a) 20 minutes
after mixing, (b) 1 hour after mixing, (c) 2 hours after mixing, (d) 3 hours after mixing, (¢) 4 hours

after mixing, (f) 5 hours after mixing, (g) 8 hours after mixing, (h) 24 hours after mixing

Figure 4-10 Overlayed image of distributions at the second scan (1h) and the last scan (24h) (Cement

paste sample)
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Figure 4-11 Decomposed spectra from the cropped spectrum
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Figure 4-12 Distributions of each component and the combined bitmap at each time step (Red: 980cm”
!, Blue: 991cm™, Green: 1003cm™), (a) 20 minutes after mixing, (b) 1 hour after mixing, (c) 2 hours
after mixing, (d) 3 hours after mixing, (e) 4 hours after mixing, (f) 5 hours after mixing, (g) 8 hours

after mixing, (h) 24 hours after mixing

4.4.2. Geopolymer sample

The average spectrum at each time step is shown in Figure 4-13. An increase in the intensity of
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the round peaks at around 500-600 cm™ and around 1100 cm™ was found as the material cured. The
cropped spectrum from around 500 cm™ to around 1200 cm™ in the difference spectrum between the
two spectra obtained at the first scan (20m) and the last scan (24h) is shown in Figure 4-14. The
cropped spectrum includes round peaks at around 500-600 cm™ and around 1100 cm’!, indicating O-
bending motions in Si-O-Si rings sharing three or four SiOy tetrahedra and stretching motions in SiO4
tetrahedra (Q°, Q*) with 4-n nonbridging oxygens, respectively. Since the main geopolymer reaction
product from metakaolin or fly ash (N-A-S-H) is considered to be Q* structure, it can be said that this
spectrum correctly represents the geopolymer reaction product. A small peak at around 1000 cm™! is
also observed, which represents stretching motions in SiOy tetrahedra (Q!, Q%) with 4-n nonbridging
oxygens, and is considered to be derived from C-S(A)-H formed by the reaction of alkali with calcium
components slightly contained in the fly ash. The cropped spectra shown in Figure 4-14 shows distinct
peaks not fully expressed in the reference spectra collected from the bulk fly ash. In the base fly ash,
the major peaks were found to be quartz, albite, and sanidine with each reference shown in Figure 4-
15. In the cropped spectra the peaks are also in the same silicate regions but do not contain all the
fingerprint peaks that allow for a positive identification of a crystalline phase.

Obtained distribution at each time step by the Raman imaging using the cropped spectrum is
shown in Figure 4-16. The distributions show that the bright area expands over time. Furthermore, it
can be observed that the areas with colors closer to yellow within the bright regions expand over time,
especially between the first scan (20m) and the second scan (1h). In these Raman images, the brighter
the color, or in other words, the closer the color is to yellow, the higher the peak intensity. This indicates
that, in addition to the growth of reaction products as the reaction progresses, the framework within
the products is becoming more densely structured.

An overlay image of the distributions at the first scan (20m) and the last scan (24h) is shown in
Figure 4-17. Since the sample moved slightly over time, the overlaying positions were adjusted so
that the positions of the pores coincided as same as the cement paste sample. The overlay image shows
that the reaction products grew up to approximately 5.8 um and are filling the pores as same as the
cement paste sample, but the structure of the reaction products and pores seem quite different from
those of the cement paste sample as seen in Figure 4-7 and Figure 4-8. In the cement paste sample,
needle-like reaction products extend in different directions and appear to form a three-dimensional
microstructure, while in the geopolymer sample, the reaction proceeds uniformly and appears to form
a flat amorphous microstructure. In literature this distinction between morphology can be seen using
electron microscopy (SEM), where at early ages OPC forms needle-like structures that densify
overtime while fly ash tends to form an amorphous mass with unreacted material trapped within the
matrix®> 29, In the Raman mapping results a higher degree of crystallinity and spectral resolution can
be seen in areas with high intensity well-defined peaks. Between the two materials the reaction

products of the OPC had higher peak intensities compared to the geopolymer samples. This could be
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due to the geopolymer reaction products behaving as a continuous amorphous gel phase without a
specific crystalline network, while the cement hydration reaction products exist in several phases with
different crystal structures and morphologies. The microstructure of a geopolymer, especially the pore
structure created by the gaps between reaction products, is simpler than that of cement, and many
pores of similar size are expected to exist as shown in Sub-section 3.4.5. The nano pores (2nm-
100nm) in geopolymer have been shown to be the interstitial spaces left between clusters of granular
aluminosilicate gel particles®”-?®. It is also clear that the pores in geopolymer tend to be concentrated
within these nano pores®. It can be said that the results are consistent with these known facts.
Therefore, the obtained results capture the known microstructural characteristics of both cement paste
and geopolymer, demonstrating that the proposed method accurately visualized the distribution and

growth of reaction products in geopolymer.
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Figure 4-13 Average spectrum at each time step (Geopolymer sample)
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Figure 4-16 Distributions of reaction products at each time step (Geopolymer sample), (a) 20 minutes
after mixing, (b) 1 hour after mixing, (c) 2 hours after mixing, (d) 3 hours after mixing, (¢) 4 hours

after mixing, (f) 5 hours after mixing, (g) 8 hours after mixing, (h) 24 hours after mixing
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Figure 4-17 Overlayed image of distributions at the first scan (20m) and the last scan (24h)

(Geopolymer sample)

4.5, Future prospects

The proposed experiment and analysis methods are very useful to clarify the differences in the
microstructure formation process of geopolymer depending on mix proportions and production
methods, and can promote greater use of geopolymer. Furthermore, these methods are considered to

be very useful for the in situ analysis not only of geopolymer but also of materials for which Raman
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spectra are unknown. However, the proposed method has several points that need improvement, such
as the fact that it is more difficult to identify compounds than conventional Raman analysis, and the
fact that detection is difficult when the peak intensity is weak. In addition, the volume of the paste
changes over time, resulting in subtle changes in the height of the surface of the paste to be observed.
Although the height of the lens is adjusted and optically focused at each time step so that the same
surface can be observed, it is possible that the same surface is not observed completely. Further studies
are needed to improve the accuracy of this method.

Furthermore, it is necessary to collect a lot of data under various conditions including low water-
to-powder ratio (W/P) mix and to clarify the differences in shape and growth speed of reaction
products in order to systematize the microstructure formation process and to control the microstructure
of geopolymer. Moreover, it is expected that more detailed relationships between microstructure and
macro properties can be elucidated by separating spectra and clarifying the distribution of each
compound, as in cement paste, and by clarifying the differences in their distribution depending on mix

proportions and curing conditions.

4.6. Concluding remarks
The following are the findings obtained from the study on the microstructure formation
mechanism of geopolymer.

(1) The growth process of reaction products (N-A-S-H) in geopolymer was visualized for the first
time using CRM.

(2) To apply CRM to geopolymer, the previously unknown spectrum of reaction products was
defined as the difference between the average spectrum of the scanned area immediately after
mixing and that measured 24 hours later. This definition enabled the acquisition of a reliable
Raman spectrum for the geopolymer reaction product (N-A-S-H), making in situ Raman imaging
feasible.

(3) The obtained Raman images captured the planar expansion of geopolymer reaction products over
time, revealing that the microstructure of geopolymer differs significantly from that of cement
paste.

(4) The observed characteristics of the geopolymer's microstructure generally align with previous
findings, demonstrating that the proposed method accurately extracts the distribution of
geopolymer reaction products.

(5) The proposed method represents a significant contribution to elucidating the characteristics of
geopolymer and establishing methods for its control, ultimately supporting the broader
application of geopolymer materials. Furthermore, it holds potential for application in other fields.

(6) It is necessary to improve the accuracy of proposed methods and to collect a lot of data under

various conditions, in order to systematize the microstructure formation process and to control
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the microstructure of geopolymer.
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CHAPTER 5. CONCLUSION
51. Proposal for concrete with both high radio transparency and sufficient mechanical
performance

Based on the findings presented in CHAPTER 2, CHAPTER 3, and CHAPTER 4, this section
proposes a concrete material that possesses high radio wave transparency while maintaining sufficient
mechanical performance as a construction material, along with the process required to achieve this
material. The term "mechanical performance” in this context refers not only to the mechanical
properties of the structural component but also to its time-dependent deformation characteristics.
Ensuring sufficient mechanical performance means that the material must exhibit adequate mechanical
properties as a structural component while simultaneously minimizing time-dependent deformation,
thereby preventing cracking and maintaining both radio wave transparency and mechanical
performance over an extended period.

Findings from CHAPTER 2 indicate that in order to enhance the radio wave transparency of a
plain concrete component while preserving its mechanical properties, using low W/P geopolymer (GP)
as the binder is effective, and further improvements can be expected through drying treatment.
Furthermore, results from CHAPTER 3 reveal that low W/P GP exhibits minimal shrinkage, which
suggests a high potential for reducing shrinkage-induced cracking. Consequently, concrete that
achieves both high radio wave transparency and mechanical performance while simultaneously
suppressing time-dependent deformation, which can lead to cracking, can be concluded as "concrete
utilizing GP with an extremely low W/P ratio as the binder."

The creep characteristics of low W/P GP have been partially clarified in CHAPTER 3, and it is
expected that predicting its creep behavior when applied to structures will be relatively straightforward.
Additionally, as discussed in Sub-section 3.5.2, the creep behavior of low W/P GP can potentially
be controlled through appropriate drying treatment of structural components. Although a significant
amount of water remains within the solidified GP due to its dehydration reaction, its dense internal
structure inhibits moisture migration under no-load conditions. However, when subjected to loading,
water gradually migrates from larger pores to finer pores, leading to creep deformation. Therefore, by
adjusting the internal water content of the component before load application through drying treatment,
the amount of moisture displaced under loading can be regulated, ultimately allowing for creep control.
Drying treatment is effective not only for improving radio wave transparency but also for reducing the
risk of drying-induced cracking due to the minimal shrinkage observed in GP. As indicated in Sub-
sections 2.8.2 and 3.3.2, the low W/P GP proposed in this study requires heating during
manufacturing and must undergo heat curing, suggesting that its application as a precast component
is appropriate. This further implies that the introduction of drying treatment is relatively feasible. By
applying drying treatment to precast components and optimizing the drying conditions, it is expected

that concrete components with controlled radio wave transparency and creep characteristics can be
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realized.

Furthermore, by applying the microscale analysis method proposed in CHAPTER 4 to various
types of GP, including low W/P GP, it is expected that a systematic understanding of the relationship
between mixture and curing conditions and the resulting microstructure can be established.
Furthermore, by integrating the analytical results obtained through the proposed method with other
analytical data, such as porosity and chemical composition obtained from different analysis methods,
along with macroscopic property measurements (e.g., radio wave transparency, compressive strength,
shrinkage, and creep), a more detailed understanding of the relationship between manufacturing
conditions and macroscopic properties can be achieved. Through this process, the mechanisms
governing macroscopic properties can be elucidated, ultimately leading to the development of methods
for controlling macroscopic properties via microstructural regulation. This would ensure that the
performance of low W/P GP is substantiated by microstructural mechanisms and that its properties can
be consistently maintained through microstructural control. Therefore, building upon the findings of
CHAPTER 4, the applicability of low W/P GP to concrete structural components is expected to be

further enhanced.

5.2. Future prospects

As described in Sections 2.9, 3.6, and 4.5, this study has not yet fully elucidated the mechanisms
underlying radio wave shielding and the enhancement of radio wave transparency in concrete, the
comprehensive time-dependent deformation characteristics of GP and their governing mechanisms, or
the mechanisms of GP microstructure formation. To establish methodologies for improving the radio
wave transparency of concrete and controlling its time-dependent deformation characteristics,
extensive data collection and accumulation on concrete's internal structure, moisture content, and radio
wave transparency are necessary. Additionally, further research is required to expand data on the time-
dependent deformation of GP, clarify moisture migration mechanisms within GP, and improve the
accuracy of the proposed microscale analysis methods while accumulating data under various
conditions. Considering practical manufacturing processes, improving the workability of low W/P GP
is also essential.

Moreover, the properties of concrete incorporating aggregates need to be examined. This study
has primarily focused on improving the radio wave transparency of cementitious phases, which
predominantly govern the radio wave shielding characteristics of concrete. However, for practical
application in structural components, factors such as aggregate content, type, and shape may
significantly influence radio wave transparency and should be thoroughly investigated. Changes in
these aggregate-related parameters also affect the mechanical properties of the concrete, meaning that
balancing mechanical performance and radio wave transparency will remain a crucial consideration.

As mentioned in Section 1.2, when concrete is used as a construction material, reinforcement is
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incorporated to compensate for its low tensile strength. However, reinforcement itself also contributes
to radio wave shielding. Thus, in order to realize reinforced concrete components with high radio wave
transparency, it is necessary to evaluate the radio wave transmission characteristics of both the
concrete and the reinforcement. As seismic design standards become more stringent, reinforcement
ratios tend to increase, leading to enhanced mechanical performance while potentially reducing radio
wave transparency. On the other hand, strategically placing reinforcement according to the properties
ofradio waves could enable flexible control over the radio wave transparency of structural components.
Investigating this aspect may lead to the development of construction materials capable of actively
controlling both mechanical and radio wave transmission properties.

Such a new construction material would not only be useful for newly constructed buildings but
also be applicable to existing structures through renovation methods such as partial wall replacement.
This could further lead to the development of innovative repair and retrofit techniques. Consequently,
future research should focus on developing reinforced concrete that allows for controllable radio wave
transparency by optimizing both the material and placement of reinforcement, with low W/P GP
serving as the base material. Specifically, adjusting the material, diameter, and spacing of
reinforcement according to radio wave characteristics could significantly reduce transmission losses
or selectively allow the passage of radio waves within specific frequency bands. By evaluating the
changes in radio wave transparency due to variations in reinforcement material, diameter, spacing, and
frequency, it will be possible to propose optimal reinforcement configurations for different frequency
ranges.

In addition to evaluating radio wave transparency, it is also necessary to consider the mechanical
performance of reinforced concrete, including reinforcement strength and prestressing effects. This
will contribute to the development of reinforced concrete components that achieve a high-level balance
between mechanical performance and radio wave transparency, ultimately leading to an advanced

design methodology for construction materials with tunable electromagnetic properties.
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APPENDIX 1. RADIO WAVE TRANSPARENCY UNDER VARIOUS
CONDITIONS

Here, the results of radio wave transmission tests conducted under various conditions are

presented, specifically those that were not included in CHAPTER 2.

A1.1. Effect of moisture absorption

To examine changes in radio wave transparency after moisture absorption following drying
treatment, measurements were performed under RH0% conditions for all four specimens shown in
CHAPTER 2 (W/P55% cement paste specimen, W/P55% cement mortar specimen, W/P15% cement
paste specimen, and W/P15% GP specimen). Subsequently, the specimens were placed in a constant
temperature and humidity chamber set at 20°C and RH40% for more than two weeks until weight
stabilization, after which radio wave transmission tests were conducted again. For three specimens,
excluding the W/P15% GP specimen, transmission loss was measured at 6 GHz, 10 GHz, and 33 GHz,
whereas for the W/P15% GP specimen, only the transmission loss at 33 GHz was measured.

Figure Al-1 shows the transmission loss of each specimen measured in the radio wave
transmission tests, alongside the results obtained under RH40% (before drying) and RH0% conditions.
From Figure A1-1, it can be observed that even when the dried specimens were placed back in an
environment with the same RH as before drying, their radio wave transparency did not return to the
original state. Additionally, for the W/P55% cement paste and W/P55% cement mortar specimens, an
increase in RH after drying led to an increase in transmission loss, indicating a decrease in radio wave
transparency. However, for the W/P15% cement paste and W/P15% geopolymer specimens, an
increase in RH after drying did not result in an increase in transmission loss. This suggests that due to
the extremely low pore volume at low W/P, moisture absorption was suppressed, maintaining the
internal dry state.

Thus, adopting a low W/P ratio can help stabilize radio wave transparency against humidity
fluctuations, implying that in practical applications, after drying treatment, maintaining a certain level

of radio wave transparency may be feasible even without additional waterproofing treatments.
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Figure A1-1 Transmission loss after moisture absorption

A1.2. Effect of aggregate size

To investigate the effect of aggregate size on radio wave transparency, a cement mortar specimen
was prepared using the same mix as the W/P55% cement mortar in CHAPTER 2 but with sand
particles larger than 2.5 mm as the only aggregate. The same radio wave transmission test procedure
was applied. Transmission loss was measured at 6 GHz, 10 GHz, and 33 GHz, and, similar to Section
A1.1, measurements were taken under RH40% and RHO0% conditions, followed by another
measurement under RH40% conditions.

Figure A1-2 presents the transmission loss results obtained from the radio wave transmission tests.
It is evident that when only larger sand particles were used, the transmission loss was significantly
lower than that of the mortar with a standard particle size distribution. However, this result is likely
due to material segregation caused by low viscosity, leading to a highly porous internal structure rather
than the effect of particle size itself. Indeed, large voids were visually observed on the specimen’s
surface immediately after demolding (Figure A1-3), and the compressive strength was exceptionally
low at less than 10 N/mm?. This indicates that the physical properties of the cementitious matrix
differed significantly between the specimen with standard particle size distribution and the one with
only large sand particles. Consequently, the effect of aggregate size on radio wave transparency was

not clearly identified in this study, necessitating further investigation with improved testing conditions.
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Figure A1-2 Transmission loss of W/P55% cement mortar specimen with large particle size sand

Figure A1-3 W/P55% cement mortar specimen with large particle size sand

A1.3. Effect of aggregate in geopolymer

To examine the radio wave transparency of GP with added aggregates and the influence of
aggregate type on radio wave transparency, mortar specimens were prepared using GP as the binder,
incorporating either ordinary aggregate (crushed sand) or Coal Gasification Slag (CGS) in the same
volume. The materials used in the specimens are listed in Table A1-1 and Table A1-2, while the mix
proportions are presented in Table A1-3. Unlike the low W/P mixtures in CHAPTER 2, the mix used
here was based on the standardized mix conditions defined by the "361 Committee for Promoting the
Practical Use of Geopolymer Technology in Civil Engineering" of the Japan Society of Civil

Engineers", with a slight reduction in unit water content. To ensure workability, crushed sand with
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particle sizes greater than 2.5 mm was used, as in Section A1.2. Transmission loss was measured at
6 GHz, 10 GHz, and 33 GHz, following the same testing sequence as in Section A1.1, with
measurements first taken under RH0% conditions, followed by RH40%. However, the environmental
conditions during the first test differed; the CGS-based specimen was tested under RH40% conditions,
whereas the crushed sand specimen was tested immediately after demolding, meaning that the interior
of the specimen was assumed to be water-saturated (=~ RH100%).

CGS is a vitreous slag byproduct of Integrated Gasification Combined Cycle (IGCC) coal-fired
power plants. Common characteristics of CGS include its glassy, smooth-surfaced particles, minimal
internal porosity, low water absorption compared to ordinary aggregates, high elasticity modulus, and
brittle nature (it can be crushed with a hammer). The key properties of CGS relevant to this study are
its glassy composition and extremely low water absorption. Since glass generally exhibits excellent
radio wave transparency, CGS, being glassy, was expected to provide similar benefits. Furthermore,
its low water absorption suggests that it could help reduce internal moisture content compared to
ordinary aggregates, potentially improving radio wave transparency.

The transmission loss results obtained from the radio wave transmission tests are shown in Figure
A1-4. It can be observed that adding aggregates to GP improved radio wave transparency compared
to low W/P GP without aggregates. Although a direct comparison is difficult due to differences in mix
proportions, this suggests that, similar to cementitious materials, adding aggregates to GP could further
enhance radio wave transparency. However, when comparing the specimens using CGS and crushed
sand as aggregates, the transmission loss for radio waves at 33 GHz was lower in the crushed sand-
based specimen, indicating higher radio wave transparency. A comparison of the chemical
compositions of CGS and crushed sand (hard sandstone) (Table A1-4) reveals a significant difference
in SiO:2 content, with crushed sand containing approximately twice as much SiO: as CGS. This
suggests that using crushed sand may yield superior radio wave transparency. Additionally, since CGS
is glassy and has a smooth surface, it likely exhibits weaker adhesion to GP than crushed sand,
potentially leading to discontinuities at the GP-CGS interface, which may hinder radio wave
propagation. As higher frequency waves have shorter wavelengths and are more susceptible to small-
scale discontinuities, it is likely that while 6 GHz and 10 GHz waves were not significantly affected
by the aggregate interface, 33 GHz waves were more strongly impacted. Furthermore, since CGS
contains a certain amount of calcium components, it may react with the alkali in the geopolymer,
leading to the formation of hydration products around the aggregate. The non-evaporable water
contained in these hydration products is likely contributing to radio wave shielding.

Contrary to expectations, the results indicate that CGS does not significantly improve radio wave

transparency and may even reduce it at higher frequencies.
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Table A1-1 Materials of geopolymer mortar specimen

Type Name Mark Ingredients / Physical properties
Active JIS Type 11
Filler Fly ash FA Specific surface area: 3690 cm?/g
P) Specific gravity: 2.29 g/cm?
Alkaline | Sodium silicate solution SS Listed in Table A1-2
solution Sodium hydroxide SH Granular, Purity: 98.0% or higher
(L) Water LW Deionized water
From Nakoso IGCC power plant, Fukushima
CGS Surface dry density: 2.79 g/cm’
Fine Water absorption rate: 0.25-0.29%
aggregate 3 Hard sandstone from Hachioji, Tokyo
Crushed sand Surface dry density: 2.65 g/cm’
Water absorption rate: 1.30%
Chemical
admixture Superplasticizer SP Polycarboxylic acid ether-based

Table A1-2 Ingredients and physical properties of sodium silicate solution manufactured by
FUJIFILM Wako Pure Chemical Corporation

Test case Specified value
Iron (Fe) ~0.03%
Sodium oxide (Na,O) 17.0~19.0%
Silicon dioxide (SiOz) 35.0~38.0%
Molar concentration (Si02/Na>O) 2.06~2.31
Concentration 52.0~57.0%

Table A1-3 Mix proportions of geopolymer mortar specimens (TW: Total water volume)

Type of Unit weight (kg/m?)
fine P L A/W Si/A
S SP ™
aggregate FA SS SH Lw
CGS 586 165 19 102 1462 0 86.3 0.297 | 0.707
Crushed Px
566 165 19 102 1412 86.3 0.297 | 0.707
sand 1.0%
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Figure A1-4 Transmission loss of geopolymer mortar specimens
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Table A1-4 Chemical composition of fine aggregates

Content (%)
Ingredient CGS Crushed sand
(Average of Honshu-directed oblique sandstone)®
SiO, 31.2-33.5 72.27
AlO3 19.0-19.9 11.91
CaO 16.6-17.6 2.43
Fe 03 5.0-5.1 0.71
K20 0.62-0.70 2.04
TiO, 1.5 0.39
MgO 3.2-3.7 1.18
SO3 0.79-0.86 -
SrO 1.1 -
MnO 0.06-0.07 0.06
ZnO <0.01 -
P>0s 0.30-0.31 0.08
Na,O 10.5-11.1 -
FeO - 2.14
Na;O - 3.22
H,O+ - 1.72
H>O- - 0.23
CO, - 231
C - 0.11

A1.4. Effect of coating

As shown in Section A1.1, even if drying treatment initially enhances radio wave transparency,
subsequent moisture absorption may deteriorate it again. For practical applications as construction
materials, it is necessary to maintain high radio wave transparency under typical humidity conditions
while preventing fluctuations due to humidity changes. The simplest and most effective approach to
achieving this goal is surface coating, which was applied in this study. A surface coating material that
prevents moisture ingress while allowing radio waves to pass through was selected and applied to the
specimens used in the Section A1.3 investigation. The specific surface coatings used are listed in
Table A1-5.

The experimental procedure was as follows. First, the specimens tested under RH40% (after
drying) conditions in Section A1.3 were dried again in a RH0% chamber for more than two weeks.

Next, the surface coating material was applied to the dried specimens, and after the coating hardened,

142



the specimens were placed in a constant temperature and humidity chamber set at 20°C and RH40%
for approximately two weeks before conducting radio wave transmission tests. Before and after
chamber placement, specimen weight was measured to confirm that no moisture absorption had
occurred. Finally, after being submerged in water for over two weeks, the specimens underwent
another round of radio wave transmission tests.

Figure A1-5 presents the transmission loss results obtained from these tests. Comparing Figure
Al-4 and Figure A1-5, the glass-coated specimen (Geopolymer mortar with CGS) showed no
significant difference in transmission loss between RH0% and RH40% (after drying), indicating no
clear moisture suppression effect from the glass coating. In contrast, the epoxy resin-coated specimen
(Geopolymer mortar with crushed sand) exhibited less increase in transmission loss following
humidity exposure compared to the uncoated specimen, demonstrating that epoxy resin coating
effectively suppressed moisture absorption and maintained radio wave transparency. However, after
prolonged water immersion, transmission loss increased significantly regardless of the surface coating
material, suggesting that the tested coatings lost their moisture-blocking effect in continuously wet
conditions. Nevertheless, the epoxy resin-coated specimens exhibited lower transmission loss than the
glass-coated ones after water immersion, indicating that the epoxy resin coating provided some degree

of moisture resistance.

Table A1-5 Surface coating materials

Specimen Coating type Ingredients / Physical properties

Two-component hybrid coating agent,
Geopolymer mortar

) Glass coating Completely inorganic
with CGS .
(/A1 231 77—, AQ SHIELD)
Geopolymer mortar ) Two-component epoxy resin primer
] Epoxy coating )
with crushed sand (R Primer, SHO-BOND)
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APPENDIX 2. PROPOSAL OF VOLUME CHANGE MEASUREMENT METHOD

This section describes an analytical method discovered during the investigation in CHAPTER 4,
which has the potential to serve as a novel technique for measuring volume changes in cementitious
materials. As stated in Sub-section 4.3.1, when conducting in situ observations of cementitious
materials using confocal Raman microscopy (CRM), it is necessary to optically adjust the focus in
response to the volumetric changes of the sample to maintain a consistent focal plane across all scans.
This requirement suggests that measuring the temporal changes in the focal position could enable the
quantification of the sample’s volumetric changes.

In cementitious materials, volumetric changes are primarily governed by post-solidification
deformations. Numerous instruments, such as strain gauges and dilatometers, are available for
measuring volumetric and length changes in solidified materials. However, these instruments cannot
track deformations in fluidic substances, making them unsuitable for use with uncured materials.
Existing methods for measuring volumetric changes from the fresh to the hardened state typically
involve monitoring the displacement of the upper or side surfaces of specimens placed in sealed
containers or molds. This approach is standardized in ASTM C1608-17 as a method for measuring the
chemical shrinkage of cement paste. While such methods allow for overall volumetric change
measurements, they are not capable of capturing localized volumetric changes at the microscale or
identifying their underlying causes. CRM, on the other hand, enables nanometer-scale positioning in
the height direction, allowing for the measurement of volumetric changes in specific microstructures
or different compositional regions. Furthermore, CRM can simultaneously track phase transitions and
microstructural changes occurring within the sample due to ongoing reactions. Therefore, CRM has
significant potential as a powerful tool for analyzing volumetric change behavior in greater detail
while simultaneously elucidating its underlying mechanisms.

To explore the applicability of CRM as a volumetric change measurement technique for
geopolymers (GP), additional experiments were conducted under various conditions, including those
used in CHAPTER 3, beyond those examined in CHAPTER 4. The sample conditions are listed in
Table A2-1, and the mix proportions are provided in Table A2-2. The materials used were the same as
those described in CHAPTER 4. Although valid Raman images were not obtained for some conditions,
the corresponding data have been omitted from this thesis. Figure A2-1 presents the temporal changes
in the optical focal position (focus shift), referenced to the initial scan where the focus was aligned.
Here, focus shift represents changes in the height of the sample’s upper surface, where a positive focus
shift indicates expansion, and a negative shift suggests shrinkage or settlement of the sample.

Figure A2-1 demonstrates that the focus shift behavior varies significantly depending on the mix
proportions and curing conditions, indicating that this method effectively captures differences in

volumetric change behavior due to these parameters in uncured materials. Notably, positive values
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were observed only in the heated samples (“Normal,” “Si Rich,” and “SH Only”), confirming that this
method successfully detects thermal expansion in response to heating.

Thus, measuring the temporal changes in the optical focal position using CRM suggests a high
potential for continuously tracking the volumetric changes of materials from the fresh to the hardened
state. In this study, the optical focal position was used as the reference; however, CRM also offers a
“Raman focus,” where the Raman spectral peak intensity is maximized. For materials with crystalline
phases, using the Raman focus as a reference could enable even more precise measurements.
Furthermore, by integrating this approach with CRM’s primary function of chemical analysis, it
becomes possible to simultaneously measure phase transitions and microstructural changes occurring
during reactions. Consequently, CRM-based analysis is expected to provide comprehensive insights
into the volumetric change behavior of cementitious materials at the microscale, along with its

underlying mechanisms.

Table A2-1 Conditions of samples for volume change measurement using CRM

Alkali/Water Silica/Alkali Liquid/Powder Curing Temp.
Normal 60°C
Normal 0.125 0.700
Room(=20°C)
(Room Temp) 0.90
Si Rich 0.108 1.046
60°C
SH Only 0.162 0
Cement - - 0.90 Room(=20°C)

Table A2-2 Mix proportions of geopolymer samples for volume change measurement using CRM

Unit volume(kg/m?)
P L A/W Si/A L/P
FA SS SH LW ™
Normal 1237 412 65 148 405 0.125 0.700 0.90
Si Rich 1237 535 36 74 407 0.108 1.046 0.90
SH Only 1237 0 146 405 405 0.162 0 0.90
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Figure A2-1 Time variation of focus shift for each sample
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