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Resumen
Esta tesis doctoral está centrada en el estudio de las propiedades mecánicas de materiales de
construcción basados en geopolímeros compuestos por cenizas volantes y escoria a los que se
le incorporan materiales de cambios de fase microencapsulados (MPCM por sus siglas en
inglés). Las investigaciones realizadas se enmarcan en un proyecto financiado por el Consejo
de Investigación de Noruega.
Se ha evaluado el efecto de estas microcápsulas tanto en estado sólido como líquido en las
propiedades mecánicas y la microestructura de estos hormigones basados en geopolímeros
(GPC, por sus siglas en inglés) y cemento Portland (PCC, por sus siglas en inglés). Se
prepararon muestras de GPC y PCC con diferentes cantidades de MPCM, realizando curados a
20 y 40 ºC. Se registró un descenso de la resistencia a la compresión en ambos materiales, pero
manteniendo valores suficientemente elevados para su uso como materiales de construcción.
Las propiedades mecánicas de GPC no se vieron afectadas por la adición de MPCM ni en estado
sólido (20 ºC), ni líquido (40 ºC); aunque en el caso del cemento Portland se pudo observar que
las microcápsulas fundidas sí que provocaban un gran descenso en la resistencia mecánica. Se
empleó la técnica de tomografía de rayos X para determinar el efecto de la porosidad de las
microcápsulas tanto en las muestras de GPC como PCC. Mediante microscopía electrónica de
barrido se pudo observar la formación de oquedades de aire entre las microcápsulas y la matriz
de hormigón.
Por otro lado, se ha desarrollado un método de diseño para las mezclas de GPC con el objetivo
de maximizar la resistencia a la compresión tras la adición de MPCM. Se han utilizado dos
tipos diferentes de microcápsulas para una mejor evaluación de su efecto en las propiedades de
GPC. Se ha podido observar que el tiempo de fraguado de las pastas basadas en geopolímero
depende tanto de la cantidad de agua adsorbida en la superficie de las microcápsulas, como de
xv

la viscosidad de las muestras, y posiblemente también de su calor latente. Al aumentar la
concentración de MPCM se pudo observar que el tiempo inicial de fraguado aumentaba
mientras que el tiempo final disminuía. Además, la adición de MPCM resultó disminuir tanto
la trabajabilidadcomo la resistencia a la compresión de GPC. Estos efectos eran más
pronunciados para el caso de MPCM con estructuras aglomeradas y que presentan en su
superficiegrupos polares que en el caso de microcápsulas con menor cantidad de aglomeración,
una estructura más esférica y una superficie completamente hidrofóbica. Aunque la adición de
MPCM reduce la resistencia a la compresión de GPC, después de 28 días de curado, el
desempeño mecánico fue mayor que en el caso del cemento Portland. Los estudios de SEM y
tomografía de rayos X sugieren que la aglomeración de microcápsulas, los espacios vacíos
generados con la matriz de hormigón, el incremento de aire ocluido y la rotura de microcápsulas
al aplicar esfuerzos provocan la disminución de la resistencia a la compresión de GPC.
También se ha realizado un estudio del efecto de las condiciones de congelación en las
propiedades mecánicas de GPC y PCC con diferentes contenidos de MPCM. Cuando las
microcápsulas se añaden al hormigón, el porcentaje de pérdida de masa tras los ciclos de
congelación y descongelación se ve incrementado. La adición de MPCM proporciona una
excelente durabilidad a la acción de estos ciclos con una mínima repercusión en la resistencia
a la compresión. Se han realizado una serie de estudios microestructurales que han revelado
que estos ciclos térmicos provocan un deterioro que se puede atribuir a la aparición de
microgrietas en las zonas de interfase entre la pasta/agregados y la pasta/MPCM, y también a
la formación de cristales de etringita. El efecto de la temperatura en el tiempo de fraguado de
estas pastas también ha sido evaluado. A 0 ºC, el tiempo inicial de fraguado de las pastas
basadas en cemento Portland se ven retrasados debido a la acción de la baja temperatura y la
elevada viscosidad de MPCM. Sin embargo, las pastas de geopolímero muestran un tiempo
inicial más corto debido a la separación de fases de la solución alcalina a bajas temperaturas.
xvi

El tiempo final disminuye con la concentración de MPCM tanto para las pastas de GPC como
para las de cemento Portland.
Se ha evaluado también el efecto de dos tipos diferentes de MPCM en estado líquido (40 ºC)
en las propiedades mecánicas y la microestructura de GPC y PCC. A esta temperatura, tanto el
tiempo final como inicial de fraguado disminuyen hasta valores muy bajos debido a la
aceleración de la reacción de geopolimerización. A 40 ºC, la resistencia a la compresión de
ambos materiales es lo suficientemente elevada como para mantener sus aplicaciones hormigón
estructural con la adición de las microcápsulas. El estudio de la microestructura reveló un
aumento de los huecos de aire presentes en GPC y PCC cuando la temperatura de curado
aumenta de 20 a 40 ºC debido a la aceleración de la reacción.
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Summary
This PhD Thesis focuses on the details of development of the mechanical properties of fly
ash/slag geopolymer concrete incorporated with microcapsules for construction applications in
the framework of a wide research program funded by the Research Council of Norway.
The effect of MPCM in solid and liquid states on the mechanical properties and microstructure
of geopolymer concrete (GPC) and Portland cement concrete (PCC) was investigated. GPC and
PCC containing different amounts of MPCM were prepared and cured at both 20 °C and 40 °C.
While the compressive strength of both GPC and PCC was found to decrease with the addition
of MPCM, it is still sufficiently high for construction purposes. Whether the PCM is in solid
(20 °C) or liquid (40 °C) state did not significantly affect the mechanical properties of GPC,
while melting the PCM were found to reduce the strength of PCC. X-ray tomography imaging
was utilized to examine the effect of MPCM on the porosity of the samples. SEM imaging
revealed that air gaps were formed between the microcapsules and the surrounding concrete
matrix.
A mix design procedure for GPC was developed in order to maintain a high compressive
strength after adding MPCM. Two types of MPCM were used for a better understanding the
effect of different MPCMs on the properties of the GPC. The setting time of geopolymer pastes
was found to depend on both the amount of water adsorbed by the microcapsules, the viscosities
of the samples, and possibly the latent heat. Accordingly, the initial setting time increased and
the final setting time decreased with MPCM concentration. The addition of MPCM was found
to reduce both the slump and the compressive strength of GPC. These effects were more
pronounced for the MPCM that form agglomerated structures and has a surface containing some
polar groups, than for the more spherically shaped and less agglomerated MPCM with a
hydrophobic surface. Although the addition of MPCM reduced the compressive strength of
xix

GPC, the mechanical performance was higher than that of PCC after 28 days of curing. A
combination of SEM imaging and X-ray-tomography suggested that MPCM agglomeration,
gaps between MPCM and the concrete matrix, an increased amount of entrapped air, and
microcapsules that break under stress might contribute to the reduced compressive strength of
GPC.
The effect of frost conditions on the physical and mechanical properties of GPC and PCC
containing different MPCM was examined. When MPCM was added to concrete, the
percentage of mass loss after the freeze-thaw cycles increased. The addition of MPCM provided
an excellent resistance against freeze-thaw cycles with a minor reduction of the compressive
strength. Microstructural studies revealed that the freeze-thaw induced concrete deterioration
could be contributed to microcracks appearing in the poor interfacial transition zones between
paste/aggregate and paste/MPCM, and to the formation of ettringite crystals. The effect of
temperature on the setting times of the corresponding pastes was also evaluated. At 0 °C, the
initial setting time of Portland cement pastes had a delay due to the low temperature and the
high viscosity of MPCM. However, for geopolymer pastes, the initial setting time became
shorter due to phase separation of the alkaline solution at low temperatures. The final setting
time decreased with MPCM concentration for both geopolymer and Portland cement pastes.
The effect of two different MPCMs in the liquid state (at 40 °C) on the mechanical properties
and microstructure of GPC and PCC was studied. At 40 °C, the initial and final setting times
were very fast due to the acceleration of the geopolymerization reaction. At 40 °C, the
compressive strength of both GPC and PCC with MPCM addition is sufficiently high for
building applications. Microstructural studies showed that a higher number of air voids were
present in GPC and PCC samples cured at 40 °C than at 20 °C. This is due to acceleration of
the reaction rates.
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Thesis structure
The thesis is divided into 10 chapters. Chapter I provides an introduction to the research field
including a review of the recent developments of supplementary cementitious materials and
geopolymerization development. Special attention is given to the application of microencapsulated phase change materials for passive buildings systems. This chapter explains the
fresh properties, mechanical properties and stability of concrete incorporated with microencapsulated phase change materials.
Chapter II gives a general overview of the work performed in the project, highlighting the
motivation and main objectives.
Chapter III provides details regarding description of materials, mixing methods, testing
methods, and experimental designs used in the project.
Chapter IV is devoted to the characterization of the raw materials utilized in this project.
The results have been divided in 5 chapters. Chapter V is focused on the experimental results
of one type of micro-encapsulated phase change material in solid and liquid states on the
mechanical properties and microstructure of GPC and PCC.
Due to the lack of a proper GPC mix design for samples containing MPCM, a rational mix
design procedure for fly ash/slag GPC is developed in Chapter VI in order to maintain a high
compressive strength after adding MPCM.
In Chapter VII, the experimental results of different MPCMs on the fresh and mechanical
properties of the proposed GPC are discussed. The properties of microcapsule shells including
water affinity and retaining properties, resistance against alkaline solution and mixing process
are shown in this chapter.

xxi

Chapter VIII covers the experimental results of freeze-thaw cycles on the properties of the
geopolymer and Portland cement composites containing different types of MPCMs.
Chapter IX describes the effect of different types of micro-encapsulated phase change materials
in liquid state on the mechanical properties of geopolymer composites.
The thesis finishes in Chapter X, which concludes the research work by describing the most
important outcomes and provides recommendations for future work.
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Chapter I.

Introduction

Chapter I

I.1. Cement industry and environment
With the rapid population growth in recent years, the demand for construction materials has
increased considerably. Concrete is the most widely used building material and will be in
demand for construction purposes far into the future [1]. Its versatility and durability give rise
for applications such as for highways, streets, bridges, dams, and buildings. Ordinary Portland
cement is considered as a vital ingredient for producing concrete. The estimated yearly
production of cement exceeded 4 billion ton in 2017 [2], and as global population rises and
urbanization grows this figure is expected to rise to more than 5 billion ton by 2030 [3]. Figure
I.1 presents the trend of global cement production since 1990. The main production increase
belongs to China, who are responsible for 58% of global cement production [2, 3].

Figure I.1. Cement production in industrialized and developing countries [3].
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It is generally accepted that global warming is threating our planet. The emission of greenhouse
gasses from human activities is believed to be the main contribution to global warming [4]. The
tropospheric concentration and lifetime of the most common greenhouse gasses are shown in
Table I.1 [5]. Among the greenhouse gases, carbon dioxide (CO2) has the highest contribution
to the global warming.

Table I.1. The highest tropospheric concentrations and lifetime of greenhouse gases (adapted
from CDIAC, 2016) [5].
Pre-1750

Recent
Atmospheric lifetime

Gas

tropospheric

tropospheric
(years)

concentration

concentration

Concentrations in parts per million (ppm)
Carbon dioxide (CO2)

~280

399.5

100-300

Concentrations in parts per billion (ppb)
Methane (CH4)

722

1834

12.4

Nitrous oxide (N2O)

270

328

121

Tropospheric ozone (O3)

237

337

hours-days

Portland cement production has a significant impact on the environment as a major contributor
to CO2 emissions by two main sources: the conversion of CaCO3 to CaO and CO2 in the cement
clinker production (about 55%) and emissions from combustion of huge amounts of fossil fuels
to provide the required thermal energy for this reaction (around 45%) [4]. The cement industry
is the third largest source of carbon dioxide emission with about 8% of total emissions from
4
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fossil fuels [6]. Figure I.2 depicts the cement emission forecast versus mitigation path. The
mitigation involves human interventions to reduce the emissions of greenhouse gases or
enhance their removal from the atmosphere. According to Figure I.2, emissions related to the
cement industry are expected to increase by 260% from 1990 to 2050, despite the noticeable
improvements in efficiency [3].

Figure I.2. Cement emission forecast vs. mitigation path [3].

One of the main problems discussed over the last decades is a high and quickly growing energy
demand. This can result in supply difficulties, depletion of resources and destructive
environmental impact such as climate change, global warming, and ozone depletion. It is
predicted that the world energy consumption will rise with 28% between 2015 and 2040 [7].
Energy-intensive industries is expected to account for about 65% of total industrial energy
consumption throughout the projection period of 2017 to 2050 [8]. The cement industry is
facing the challenges relating to energy resources. Figure I.3 illustrates that the cement and lime
industry is the most energy-intensive industry both in the present and the future. The cost of
energy is unavoidably rising due to depletion of universal fuel sources. The fuel consumption
5
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for producing cement is around 25-30% of the total cement production cost [3]. Consequently,
the cost of both the final products and its market is increasing. If the emissions are not limited,
green taxes should be taken into account as an additional cost. This might lead to a double
cement price by 2030 [9].

cement & lime
iron & steel
refining
paper
bulk chemical feedstock
bulk chemicals heat and power
glass
aluminum
food

2017
2050

0

6

12

18

24

30

Figure I.3. Energy-intensive industries (trillion British thermal units per billion 2009$ of
shipments) [8].

In order to curb CO2 emissions and decrease the thermal energy consumption in cement plants,
three main strategies have been studied in recent years [4, 9]:
1. Alternative fuels and energy efficiency.
2. Carbon capture and storage.
3. Utilizing alternative cementitious materials.
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I.2. Utilizing cement substitution
Concrete is usually considered as a mixture of paste (around 25 to 40% of the total volume of
concrete), fine aggregates (from 63 microns to 10 mm), and coarse aggregates (usually from 5
mm to 20 mm). The paste components are basically cementitious materials like Portland
cement, water and entrapped air [10]. The binding quality of concrete is due to the chemical
reaction (hydration) between the cement and water. A low dosage of a chemical admixture can
be used to reduce the amount of water, adjust setting or hardening time, increase the workability
of fresh concrete, and intentionally entrain air [10].
To reduce the environmental impact of the concrete industry, short term and long-term
approaches have been discussed [11]. In the long term, sustainable development will occur only
if we are able to make dramatic improvements to our resource efficiency. Unfortunately, the
rate of concrete consumption is unlikely to be reduced the next 50 years. In the short-term, it is
possible to recycle the waste products of one industry by utilizing them as raw materials of
another industry, thereby reducing the environmental impact. By reducing the use of Portland
cement and utilizing waste resources, an environmentally friendly concrete industry might be
achieved [12].
Utilizing industrial by-products, which are low or negative in CO2 emission, is considered as
the most promising solution for the cement industry. By using waste materials, the
accumulation of industrial waste and landfills can be reduced. In addition, the waste materials
can be a substitute for cement and improve the properties of the final products. A very wide
range of industrial by-product waste materials and natural materials which are rich in
aluminosilicates such as fly ash [13, 14], blast furnace slag [15, 16], metakaolin [17, 18], red
mud [19, 20], and silica fume [21, 22] can be utilized as cement substitute. The most common
supplementary cementitious materials are reviewed below.
7
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I.2.1.

Fly ash

Fly ash (FA) is obtained by electrostatic or mechanical precipitation of dust-like particles from
the flue gases of furnaces fired with pulverized coal [23]. The chemical composition is mainly
composed of the oxides of silicon (SiO2), aluminium (Al2O3), iron (Fe2O3), and calcium (CaO),
whereas magnesium, potassium, sodium, titanium, and sulphur are also present in lesser
amounts. In accordance with ASTM C618, FA is classified as Class C and class F fly ash. Class
C fly ash originates from burning of low-rank coals (lignites or sub-bituminous coals) and have
cementitious properties due to a high calcium content (self-hardening when reacted with water)
[24]. The low-calcium Class F fly ash is obtained from burning of higher-rank coals
(bituminous coals or anthracites) that are pozzolanic in nature and high in silica (SiO2) and
alumina (Al2O3) (hardening when reacted with Ca(OH)2 and water) [24].

I.2.2.

Blast furnace slag

Blast furnace slag is formed in the processes of iron and steel manufacturing from iron ore, the
residue of coke combustion, and the limestone or serpentine and other materials. [25, 26]. If the
molten slag, at a temperature in the range between 1400 and 1600 ºC, is rapidly cooled by
immersing in water, a fine grain glass is formed with a highly cementitious nature [10]. Slag
compositions vary depending on the type of smelted ore. Normally ground slag in the presence
of water or an activator like NaOH can set in a similar way to Portland cement, and the
differences in reactivity between them are usually due to factors such as the amount of glassy
content, fineness, and grain size distribution [27].
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I.2.3.

Metakaolin

Utilizing calcined clays as a pozzolanic additive for cement or cement substitute has been
known since the time of the Romans. Metakaolin is obtained from high-purity kaolin clay by
calcination at temperatures between 650–800 °C. The calcination is an endothermic process
where kaolinite is subjected to a large amount of heat in order to remove the hydroxyl ions and
strain the bonding network [28]. The main uses of metakaolin today is as a component in
Portland cement and concrete and due to high contents of silica and alumina in an active form,
which interacts with Ca(OH)2 in the presence of water and improve the concrete properties
[29].

I.2.4.

Silica fume

Silica fume is a by-product which is utilized as pozzolan. It is a result of the reduction of high
purity quartz with coal in an electric arc furnace during the manufacture of silicon or
ferrosilicon [10]. Silica fume consists of ultrafine particles with a surface area of about 20,000
m²/kg, with particles approximately one hundredth the size of the average cement. Because of
its extreme fineness and high silica content, silica fume is a very reactive pozzolanic material.
Silica fume is added to Portland cement and reacts with Ca(OH)2 in the presence of water to
achieve improved properties of cement composites [21].

I.2.5.

Red mud

Red mud is a waste material from the aluminium industry. It generally has a high alkalinity, so
its disposal can cause serious environmental problems [30]. Its characteristics depend on the
nature of bauxite ore used in the extraction of aluminium, which differ from place to place. The
main constituents are oxides of different metals of which iron oxide, is the most prevalent [31].
9
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Presence of alumina and iron oxide in red mud compensates the deficiency of the same
components in limestone, which is the primary raw material for cement production [32]. In
addition to iron, other dominant particles include silica, residual aluminium, and titanium oxide.

I.3. Geopolymers

I.3.1.

Geopolymerization development

One of the efforts to produce a more environmentally friendly concrete is to develop an
inorganic alumino-silicate polymer, called geopolymer. The history of the development of
alkali-activated cement and composites compiled by Roy [33] is shown in Appendix A.2. Victor
Glukhovsky emphasized the difference between the composition of traditional Portland
cements and the basic rock-forming minerals of the earth’s crust [34]. He developed new
binders from low calcium or calcium-free aluminosilicate (clay) and alkaline metal solutions.
The concretes made by that formulation were called “soil silicates”. Soil silicates were assumed
to be a product of a synthesis of alkaline minerals rich in alumino-silicate like volcanic rocks
into zeolites. The soil silicates exhibit excellent durability at low temperature and pressure. In
the early 1980s, geopolymers which consist of tri-dimensional alumino-silicate networks, were
introduced by Joseph Davidovits to replace ordinary Portland cement [27]. The difference
between zeolites and geopolymers is that the geopolymers reveal an amorphous to semicrystalline microstructure due to the short hardening time whereas zeolites exhibit a well
crystallized structure [35].
Geopolymerizaion is an exothermic reaction that involves dissolution of silico-aluminates in a
MOH solution (M: alkali metal) and provides an amorphous to semi-crystalline three
dimensional structure [27]. Any pozzolanic compound or silica and alumina sources that can
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be quickly dissolved in the alkaline solution, acts as a source of geopolymer binder and leads
to geopolymerization [36].
Poly silicon-oxo-aluminate (polysialate) is the term used for the chemical designation of
geopolymer based on silico-aluminate [27]. During the geopolymer reaction, aluminum and
silica tetrahedra are interlinked alternately by sharing oxygen atoms. A polymeric structure of
Al-O-Si bonds is formed, and constitutes the main building blocks of the geopolymeric structure
[37]. Due to thermodynamic considerations, Al-O-Al bonds do not preferentially form while it
is expected that some Si-O-Si bonding occur. The empirical formula is:
Mn [(˗SiO2) z ˗ AlO2]n ∙ wH2O
where “z” is 1,2 or 3 or higher up to 32; M is a monovalent cation such as sodium or potassium,
and n is the degree of polycondensation [27]. The types of polysialates are shown in Figure I.4.

Figure I.4. Chemical structures of polysialates [38].
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The proposed reaction scheme of geopolymers by polycondensation are described in Figure I.5
[35, 39]. Accordingly, materials containing silicon (Si) and aluminium (Al) can be processed
to make the geopolymer composites.

Figure I.5. Schematic formation of geopolymer materials [35].

As can be seen from last term in the second equation, water is released during the chemical
reaction when the geopolymers formation occurs. This water, expelled from the geopolymer
matrix during curing and further drying periods, leave behind discontinuous nano-pores in the
matrix, which provides benefits to the performance of the geopolymers. Therefore, the water in
a geopolymer mixture has no role in the chemical reaction (apart from dissolving the reactants),
but increases the workability of the mixture during handling. This is in contrast to the chemical
reaction of water in a Portland cement concrete during the hydration process [40].

I.3.2.

Constituents of geopolymers

The main materials of the geopolymer binder are the aluminosilicate source materials and the
alkaline solution. The source material should be amorphous and the degree of polymerization
mainly depends on the degree of amorphosity and fineness of the alumin-osilicate materials.
The aluminosilicate sources can be natural minerals, such as kaolinite, metakaolin and clays
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[18, 41] or industrial by-products such as fly ash, slag, red mud, and silica fume [13, 15, 42].
The alkaline components used as an alkaline solution is a compound from the elements of the
first group in the periodic table. Unlike Portland cement, geopolymers do not form calcium
silicate-hydrates (CSHs) for matrix formation and strength, but utilize the polycondensation of
aluminosilicates and a high alkaline content to achieve the structural strength, see Figure I.5.
The common activators are sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium
silicate (Na2SiO3) and potassium silicate (K2SiO3). For the preparation of the alkali solution a
single alkali type or a mixture of different alkalis can be used [43, 44]. A sodium hydroxide
alkaline solution will dissolve a higher amount of Al3+ and Si4+ ions than a potassium hydroxide
solution [45]. Using a combination of sodium hydroxide and sodium silicate results in a better
performance than when only sodium hydroxide is used [46] due to a higher formation of
calcium silicate hydrate (CSH) in the presence of sodium silicate [46, 47].
Geopolymer composites exhibit an excellent performance in comparison with conventional
building materials such as:


Quick controllable setting and hardening [48, 49]



High compressive strength [50, 51]



Freeze-thaw resistance [52, 53]



Excellent durability in sulfate environment and superior resistance to acid and salt
attacks [54, 55]



High fire resistance and low thermal conductivity [56, 57]



Small shrinkage [58]

Geopolymers can be classified based on the Si:Al ratio [59]. A low ratio of Si:Al of 1, 2, or 3
initiates a 3D-network that is very rigid, whereas a Si:Al ratio higher than 15 provides a
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polymeric character to the geopolymeric materials. Table I.2 illustrates applications from low
to high Si:Al ratios.

Table I.2. Application of geopolymeric materials [59].
Si:Al

Applications
Bricks

1

Ceramics
Fire protection
Low CO2 cements and concretes

2
Radioactive and toxic waste encapsulation
Fire protection fibre glass composite
Foundry equipments
3
Heat resistant composites, 200 ºC to 1000 ºC
Tooling for aeronautics titanium process
Sealants for industry, 200 ºC to 600 ºC
>3
Tooling for aeronautics SPF aluminium
20 - 35

Fire resistant and heat resistant fiber composites
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I.3.3.

Geopolymer concrete

A geopolymer binder with different types of aggregates or additives incorporated can be used
as geopolymer mortar and concrete [60]. Various mix proportions of geopolymer concrete with
typical properties is shown in Table I.3. When developing geopolymer concrete (GPC)
formulations, the type, amount and ratio of the source materials, alkaline solution, curing time
and temperature must be taken into account [61-63].

Table I.3. Various proposed mix design for geopolymer concrete.
Hardjito et al.[64]

Rangan [40]

Jaunaid [65]

Pavithra [66]

Source materials

FA

FA

FA

FA

Molarity (M)

8-14

8

16

16

Slump (mm)

60-215

100

Medium-high

33-110

17-70

30-60

44-49

33-53

7 days after 24

7 days after 24, 48,

h

and 72 h

Compressive
strength (MPa)

Curing time

7 day after 24h

Curing

28 days

steam precuring
precuring at 60 °C

temperature

according to
precuring at 60 °C

at 60 °C

ACI standard

I.4. Micro-encapsulated phase change materials
Phase change materials (PCM) are able to absorb, store and release energy during the phase
change within a specific temperature range. When the temperature of the environment rises
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above the temperature of the phase change of the material, the PCM absorbs the heat in and
changes from solid to liquid. When the temperature drops below the melting point, the PCM
releases its heat of fusion to the environment and return to solid state. During the phase changes
the temperature of the PCM remains practically constant. This can be utilized to reduce the use
of air conditioning systems or heating when the system is applied in buildings. PCMs are
classified as organic compounds, inorganic compounds and eutectics. Organic phase change
materials are usually divided into paraffin and non-paraffin systems. Paraffins are obtained
from crude oil distillation and constituted of a mixture of different hydrocarbons. They are
mainly in liquid or waxy solid state. They are safe, odorless, tasteless, non-toxic and noncorrosive products, chemically stable, with a high heat of fusion (around 200 kJ/kg), low vapor
pressure, good compatibility with other materials, and high availability over a large range of
melting points (from -10 to 90 °C). On the other hand, they are flammable (with flash point
between 150 and 200 °C), have a relatively large volume change during the phase transition,
and have a low thermal conductivity (around 0.2 W m-1 K-1) [67-70]. Most studies focus on
paraffin-derived compounds such as N-octadecane [71-74], N-hexadecane [75, 76], tetradecane
[77], Rubitherm RT27 [77], Rubitherm RT20 [77], and paraffin wax [78, 79].
Microencapsulation is a process where a thin shell is created around a microscopic droplet of a
substance to produce capsules with useful properties. Microencapsulation is interesting for
numerous applications such as pharmaceuticals [80-82], food industry [83-85], textiles [86, 87],
electrochromic devices and nanoelectronic components [88, 89], sensing and catalysis
nanocomponents [90], electrophoretic displays [91], and in the building industry [68, 69, 92].
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The main reasons for encapsulation of materials applied in the building industry are [93]:


Avoiding interaction between the core material and the outside environment



Avoiding the loss of the core material due to volatilization



Reducing the health risks that non-encapsulated materials may present e.g. toxicity,
flammability



Avoiding unpleasant odors



Providing a high heat transfer area per unit volume



Controlling volume changes during the phase change



Preventing the leakage of the core material during the phase change



Facilitating the handling of materials for later applications



The possibility of modifying the physical properties of the microcapsules by shell
functionalization

PCMs are therefore often used in encapsulated form in building applications. During the
selection of shell material, it is necessary to take into account the compatibility of the shell not
only with the PCMs but also with the material where the microcapsules will find the final
application [94]. Products containing encapsulated PCMs are classified according to the type
of encapsulation, their shape and size, and whether they are embedded in or affixed to the
structure [95]. Table I.4 illustrates encapsulation in the form of micro- and macroencapsulation.
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Table I.4. Types of encapsulation for PCMs used in the building sector [95].
Encapsulation

Micro-encapsulated

Macro-encapsulated

Shape

Spherical or cylindrical

Depending on the container

Size

Ø˂1mm

Ø>1 cm

PCM substances

Paraffin

Organics and inorganics

Construction Shape

Embedded

Wall and ceiling linings

- Granulated, Rubitherm

- Flat container, Kissmann

- Micronal DS 5008 X

- EPS Ltd Module beam

- MPCM-28 wet cake

- Bags (Climator, Dörken)

Size processes
Examples

- Celblock
- Aluminum container

I.4.1.

Micro-encapsulated phase change materials for passive buildings
systems

PCMs are able to decrease the energy demand of cooling and heating systems, stabilizing the
indoor temperature fluctuations. Concerning the thermal comfort for humans, the melting point
of the PCM should be in the range of 10 to 30 °C. The precise temperature should be chosen
based on average day and night temperatures changes and other climatic limitations [96]. The
PCM should have a high latent heat per volume unit, i.e., a small volume of PCM can absorb
18

Chapter I
or release higher amounts of energy, consequently leading to a lighter building envelope [97].
A large specific heat capacity and high thermal conductivity are required to achieve a fast
thermal response [98]. In addition, chemical aspects, chemical stability, and low volume change
and little supercooling during the solidification process should be taken into account. It is
desired that the PCMs are non-toxic, non-corrosive, non-flammable and non-explosive [96]. In
order to achieve a long-term stability, the PCM should be resistant to a number of repeated
melting/freezing cycles.
Passive systems are charged and discharged without any mechanical contribution, hence solar
radiation, natural convection or temperature difference are used. In this technology, PCMs are
integrated into the building envelopes to increase the thermal mass.
In cold climates, buildings require large amounts of insulation to reduce heating loads in the
winter. This causes large temperature fluctuations in the summer due to excessive over-heating
due to a lack of thermal mass. PCMs which melt during the day and solidify at night prevent
rooms from overheating during the day during the warm months, and may also reduce the need
for heating during night in the winter [68, 69, 99, 100]. Figure I.6 shows the process of melting
and solidifying of PCM as a heating and cooling system for a building [101].

Figure I.6. Heating and cooling function of a concrete wall incorporated with PCM to maintain
pleasant human comfort temperature in a room [101].
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There are two methods to add micro-encapsulated phase change materials (MPCM) to concrete
materials, which are called the MPCM replacement method and the MPCM additive method
[102]. In the replacement method, MPCM replace a certain percentage of fine aggregate (sand)
in the concrete mixture. In the additive method, MPCM is used as an additive in the concrete
mixture. In the replacement method, the loss of compressive strength due to the addition of
MPCM is not as high as for the additive method [102].

I.4.2.

Fresh properties of MPCM-concrete

The ease of placing, consolidating, and finishing fresh concrete and the resistance of freshly
mixed concrete against segregation is called workability [10]. Factors that can influence the
workability of concrete are: (1) the method and duration of transportation; (2) quantity and
characteristics of source materials; (3) concrete consistency (slump); (4) grading, shape, and
surface texture of fine and coarse aggregates; (5) entrained air; (6) water content; (7) concrete
and ambient air temperatures; (8) admixtures.
The workability of building material binders is determined by using empirical methods such as
slump, V-funnel and J-ring tests. Slump is used as a measure of the consistency or wetness of
concrete. A low-slump concrete has a high stiffness. If the consistency of concrete is too dry,
the concrete will be difficult to work with and larger aggregates may separate from the mix.
However, a more fluid mix is not necessarily more workable. If the mix is too wet, segregation
and honeycombing can occur [10].
Hunger et al. [103] measured the effect of MPCM on the workability of self-compacting
concrete by testing slump flow, V-funnel time and J-ring. The mixtures with 3% and 5% of
MPCM exhibited slightly higher viscosity which was contributed to the higher water demand.
This hypothesis is in agreement with previous findings [104, 105] claiming that a less rough
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surface, higher particle sizes, and the water absorption on the polymeric wall of the
microcapsules affect the workability of mortar and concrete.

I.4.3.

Thermal properties of MPCM-concrete

The main impact of applying of MPCM into the concrete is that it significantly improves the
heat storage capacity [106, 107]. It is possible to achieve complete melting and solidifying of
MPCM in concrete through each cycle [107]. Incorporating MPCM in concrete walls can
provide improved thermal inertia as well as lower inner temperatures [107]. Increasing the
amount of MPCM cause a lower thermal conductivity and an increased heat capacity, and
therefore significantly improve the thermal performance of concrete [103]. Increase of the air
content and a lower thermal conductivity can contribute to these effects.

I.4.4.

Mechanical properties of MPCM-concrete

The incorporation of MPCM in concrete can improve the thermal energy storage capacity of
building structures, but the presence of MPCM decreases the mechanical properties of concrete
[103, 108-110]. In spite of reduced concrete compressive strength after adding MPCM, it is still
often high enough to be suitable for constructional purposes (acceptable range of compressive
strength is between 25 and 40 MPa).
The microcapsules can be destroyed during the mixing process, and release its paraffin wax
filling into the surrounding matrix, which causes a significant loss of concrete strength [103].
Thus, the fragile nature of the paraffin microcapsules should be considered in order to limit
capsules breakage [109].
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I.4.5.

Stability of MPCM in concrete

PCMs hold promise in enhancing the performance of concrete technology in several
applications. The alkalinity level of concrete is one of the parameters that should be considered
when the PCM is added into concrete. Some PCMs are not suitable for use in high-alkali level
concrete because the alkali can degrade them. Utilizing pozzolans at an appropriate level has
been suggested to reduce the alkalinity of concrete [111]. Additionally, porous lightweight
aggregates can be utilized as the carrier for the PCM when they are added directly or in a
microencapsulated form to the concrete to increase the stability of PCMs [112]. Furthermore,
the immersion PCM-concrete samples has better resistance to freeze-thaw cycles than
specimens without PCM due to water absorbency and lower permeability [112, 113].

I.5. Motivation and background
Ordinary Portland cement is normally considered as the main material for construction
purposes. However, the Portland cement production has a severe impact on the environment
due to the huge amount of greenhouse gases emitted to the atmosphere and a costly production
process. The geopolymer binder synthesized by mixing materials rich in silica and amorphous
alumina with a strong alkaline activator are a very interesting concrete alternative, as it
improves the performance of construction materials, while utilizing a high proportion of
industrial by-products such as fly ash (FA), coal ash and blast furnace slag (GGBFS). Compared
with PCC, GPC exhibit excellent properties such as high initial strength and short setting time,
excellent durability in sulfate environment and superior resistance to acid attack, high fire
resistance and low thermal conductivity, and small shrinkage.
The incorporation of micro-encapsulated phase change materials (MPCM) in building
materials, such as mortar and concrete can improve the thermal energy storage capacity of
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building structures, thereby decreasing the energy demand in buildings. However, the MPCM
has a negative effect on the mechanical properties of construction materials and the presence of
MPCM decreases the workability and mechanical strength of concrete.
So far, only microcapsules containing PCM with a hydrophilic shell were incorporated into the
only Portland cement concrete. After incorporation of microencapsulated PCM into the
conventional concrete, the mechanical properties such as compressive strength decreases.
When the microcapsules are added the compressive strength often become too low to meet the
standard requirements of constructive materials. This can be due to a weak microcapsule shell,
or the hydrophilic character of the microcapsules which greatly increases the water
consumption needed for hydration.
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Chapter II
a

II.1. Objective
Studies of the mechanical strength of geopolymer concrete with incorporated MPCM have not
been reported previously. The main purpose of this study is to examine how incorporation of
MPCM influences the mechanical properties of both GPC and PCC at different conditions and
to develop an accurate and convenient mix design for fly ash/slag geopolymer concrete with
incorporated MPCM.
In order to achieve the aim, the research work was structured into the following specific
objectives:


Examining how incorporation of MPCM influences the mechanical properties of both
GPC and PCC at different curing times.



Designing a GPC mixture with improved mechanical properties and better workability,
to compensate for the negative effect of incorporated MPCM on these properties.



Durability of GPC and PCC with incorporated MPCM against frost conditions.



Assessment of the behavior of GPC and PCC including MPCMs at higher temperatures.
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Research Methodology

Chapter III

III.1.

Description of materials

III.1.1. Fly ash
The fly ash (FA) used in this study was purchased in bulk quantity from Norcem, Germany
(reference number/Lot number: not given). When the first batch from 2015 was used up, another
batch of FA was supplied in 2016. The fineness index of the FA was determined by air
permeability to be 2954 ± 50 cm2/g. The fineness determination was conducted by AirPermeability apparatus in accordance with EN 196-6, in Mapei S.p.A., Italy. The specific
gravity of the FA was 2.26 ± 0.02 g/cm3, determined in accordance with ASTM standard C188
by means of a Le Chatelier flask.

III.1.2. Ground granulated blast furnace slag
The ground granulated blast furnace slag (GGBFS) was purchased from Cemex, Germany
(reference number/Lot number: not given). Two different batches of GGBFS were used; the
first batch was obtained in 2015, the second batch arrived in 2016. The blain fineness
determined by the air permeability method was 3312 ± 50 cm2/g. The fineness determination
was done by Air-Permeability apparatus in accordance with EN 196-6, in Mapei S.p.A., Italy.
The specific gravity of GGBFS was determined as 2.85 ± 0.02 g/cm3 according to ASTM C188
using a Le Chatelier flask.
The chemical composition of the two batches of FA and GGBFS obtained by X-Ray
Fluorescence (XRF) analysis was carried out by Alberto Alcolea at Technical University of
Cartagena, Spain. X-ray fluorescence spectrometer (S4 PIONEER) was utilized for XRF
analysis and the pressed pellet (8 g of sample + 2 g of a cellulose wax) method was used for
sample preparation.
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To identify the phase of FA and GGBFS, X-ray diffraction (XRD) was carried out by a X-Ray
Diffractometer (BRUKER D8 ADVANCE) at the Technical University of Cartagena, Spain.
The particle size distribution of FA and GGBFS was performed by a laser diffraction particle
size analyzer (Beckman-Coulter, LS 13 320 Series) at the Technical University of Cartagena,
Spain.

III.1.3. Portland cement
In order to obtain data for comparison, experiments have also been conducted on ordinary
Portland cement composites in the same way as for geopolymer composites.
Portland cement II mixed with FA (Blain fineness = 4500 cm2/g, specific gravity= 2.99 g/cm3),
was purchased from Norcem, Norway. The XRF and XRD were carried out by X-ray
fluorescence spectrometer (S4 PIONEER) and X-Ray Diffractometer (BRUKER D8
ADVANCE) at Technical University of Cartagena, Spain, respectively.

III.1.4. Alkaline solution
A combination of sodium hydroxide (NaOH) solution and sodium silicate (Na2SiO3) solution
was used as alkaline solution.
The solid sodium hydroxide was used in two different forms either as mini-pearls or as pellets.
Batch I of sodium hydroxide, in mini pearl form (density = 1.52 g/cm3), was provided by
PERMAKEM AS (reference number: 100001). Afterwards, another batch of sodium hydroxide
in pellet form (density = 2.13 g/cm3) was purchased from VWR, Norway (reference number:
28245.460).
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Sodium silicate solution (density = 1.93 g/cm3, 35 wt. % solid) was purchased from VWR,
Norway (reference number: 28079.460). The ratio of sodium silicate to sodium hydroxide is an
important factor which will be discuss in further chapters.

III.1.5. Water
Normal Norwegian tap water, was used for preparation of Portland cement concrete, NaOH
solution and as extra water in the geopolymer concrete. De-ionized water was used in all pastes,
which were made in Cartagena, to avoid any impurities present in the tap water.

III.1.6. Aggregates
Two different batches of natural sand were used as the prime source of fine aggregate for all
concrete specimens. Two batches of natural gravel were used for both GPC and PCC. Both sand
(density of 2.7 g/cm3) and gravel (density of 2.6 g/cm3) were provided by Gunnar Holth and
Skolt Pukkverk AS, originating from Mysen and Råde, Norway. The particle size distribution
(PSD) analysis of batch I and II of sand and gravel carried out by mechanical sieving according
to EN 933-1. 500 g and 1300 g of sand and gravel were weighed for PSD determination,
respectively. A mechanical sieve (mesh size from 63mm to 63µm) was used for shaking
aggregates. The time for vibrating sand and gravel was 10 min and 2 min, respectively.
Afterward, the residual on each sieve was weighed and the percentage of cumulative passing
was calculated.
For preparation all pastes in this study, CEN-Standard sand EN 196-1 provided by Normensand
GmbH, Germany (reference number: 1990408) was utilized.
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III.1.7. Chemical admixture
FLUBE OS 39 (density of 1.20 g/cm3), a poly-naphthalene sulfonate polymer from Bozzetto
Group, Italy (reference number: I1-0000178741), was used as a superplasticizing admixture to
improve the workability of GPC and decrease the amount of extra water. This superplasticizer
was chosen due to the good effect of naphthalene based superplasticizers on the workability
geopolymer concrete containing fly ash class F [27]. Dynamon SR-N (density of 1.1 g/cm3)
from MAPEI, Norway (reference number: 73060-171116), was used as a superplasticizing
admixture to improve the workability of PCC and decrease the amount of water.

III.1.8. Micro-encapsulated phase change materials
In order to reduce the effect of the water affinity of the MPCM shell, two MPCMs with
hydrophobic shells were utilized. Both MPCMs are provided by University of Castilla, Spain.
The core material for both MPCMs is a paraffin wax (Rubitherm®RT27). The shell for the first
MPCM is a copolymer consisting of low density polyethylene (PE) and ethylvinylacetate
(EVA) and the second MPCM has a copolymer shell of styrene (St) and divinylbenzene (DVB)
[114, 115]. In this study, these microcapsules are named PE-EVA-PCM and St-DVB-PCM,
respectively. Figure III.1 illustrates the appearance of both MPCMs.
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Figure III.1. Illustrative pictures of the appearance of (a) PE-EVA-PCM, (b) St-DVB-PCM.

The general properties of PE-EVA-PCM and St-DVB-PCM are presented in Table III.1. The
melting point of MPCM should be approximately three degrees higher than the room
temperature [116], and near the average temperature of the hottest summer month [117].
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Table III.1. Properties of PE-EVA-PCM and St-DVB-PCM [114, 115].
General properties

PE-EVA-PCM

St-DVB-PCM

Appearance

White powder

White powder

Form

Non-spherical

Spherical

Synthesizing

Suspension-like
Spray drying

technique

polymerization

Low density polyethylene (50 wt %)

Styrene (50 wt %)

ethylvinylacetate (50 wt %)

Divinylbenzene (50 wt %)

Paraffin

Paraffin

(Rubitherm®RT27)

(Rubitherm®RT27)

Melting point

28.4 ± 0.9 °C

24.2 ± 0.9 °C

Specific gravity

0.9 g/cm3

0.9 g/cm3

Latent heat

98.1 J/g

96.1 J/g

Shell composition

Core material

The particle size distribution of MPCMs determined by Low Angle Laser Light Scattering laser
diffraction (Malvern Masterizer 2000) at the University of Castilla - La Mancha, Ciudad Real,
Spain.
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III.2.

Mixing methods

To prepare NaOH solutions of different molarities, the desired amount of sodium hydroxide
pellets was measured in a glass beaker and added gradually into a plastic container of water.
For example, for preparation of a 14M NaOH solution, which is commonly used in this study,
14 mol/L × 40 g/mol = 560 g of sodium hydroxide pellets were dissolved in water until the
volume reached to 1 liter where the 40 g/mol is molecular weight of NaOH. The mixing of
water and NaOH is an exothermic process. To keep the generated heat down, the plastic
container was kept in a bucket surrounded by ice. During storage, the NaOH solution was
hermetically closed to avoid carbonation. For final mixing, desired quantities of sodium silicate
solution and NaOH solution were mixed together. For all geopolymer mixtures, the alkaline
solution was prepared 1 day in advance to ensure complete dissolution of the NaOH pellets and
to lose the exothermic reaction heat.
There are two methods for addition of MPCMs to concrete which are called the MPCM
replacement method and the MPCM additive method. Pania et al. [102] observed that the
strength reduction of concrete was less when the MPCM replaced a certain percentage of sand
(MPCM replacement method) than when the MPCM was added to the concrete mixture as an
extra additive (MPCM additive method). Based on the MPCM replacement method, different
MPCM percentages (in volume) are replaced with the same percentages of sand. However, due
to the absence of sand in geopolymer paste, the MPCM was added to the mixture as an extra
additive (additive method). It is noteworthy that for both GPC and PCC, the MPCM was added
as the last component in order to limit the potential damages to the MPCM during the mixing
process [102]. Figure III.2 exhibits comparable pictures of sand and MPCM.
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Figure III.2. Illustrative picture of sand and MPCM for replacement method.

III.2.1. Paste
For all geopolymer paste specimens, an alkaline solution to geopolymer binder (Fly ash +
GGBFS) ratio of 0.4 was selected to reach the standard consistency described in EN 196-3. The
geopolymer binder and alkaline solution were mixed together for 90 s with a kitchen mixer in
a wet plastic bowl; after which the MPCM was introduced to the mixture and mixed for an
additional 90 s into a homogenous paste. For Portland cement paste, cement and water with a
water to cement ratio of 0.35 was mixed for 90 s to achieve the same consistency as the
geopolymer paste. After adding MPCM, the mixing was continued for an additional 90 s.
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III.2.2. Concrete

III.2.2.1. Geopolymer concrete
Fly ash, GGBFS and the alkaline solution were mixed together into a homogenous geopolymer
paste. The paste was then introduced into the dried sand and mixed for 30 s. Subsequently,
gravel was added to the mixture and mixed for 2 minutes. During this 2 minutes mixing,
superplasticizer and extra water were added to the mixture separately. Afterwards, the MPCM
was added to the mixture and mixing was continued for 2 more minutes. Figure III.3 shows all
the ingredients for preparing geopolymer concrete.

Figure III.3. Ingredients of the geopolymer concrete mixture.
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III.2.2.2. Portland cement concrete
Cement, sand and gravel were mixed together for 2 minutes. Subsequently, water containing
admixture were gradually added and mixed for 1 minute. Finally, the MPCM was added to the
concrete mixture and mixing was continued for 2 more minutes. Figure III.4 shows all
ingredients for preparing Portland cement concrete.

Figure III.4. Ingredients of Portland cement concrete mixture.

III.2.2.3. Concrete mixing procedure
In order to prepare large quantities of geopolymer paste for making GPC, a manual mixer were
used for mixing the binder and alkaline solution (Figure III.5a). The same concrete mixer was
used for the final mixing process of both GPC and PCC (Figure III.5b). The mixer was always
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carefully cleaned to remove any material left from the last batch. The inner surface of the mixer
was slightly moistened to minimize water absorption by the wall.

Figure III.5. Mixer used for (a) geopolymer paste in big quantity, (b) final mixing with
aggregates.

III.2.3. Casting and curing of samples
After mixing, GPC and PCC were cast into molds at a size of 10 × 10 × 10 cm 3. Disposable
styrofoam molds and metal molds were used for casting GPC and PCC, respectively (Figure
III.6). Due to the short setting time of GPC, a vibration machine was utilized to remove air
trapped inside the specimens. The molds were first filled halfway up by fresh GPC and vibrated
for 25 s. After this, the molds were filled completely and vibrated for further 25 s. For the PCC,
half-filled molds were compacted by means of a steel pestle (25 times) and the same procedure
was repeated after the molds were filled all the way up. After casting, both GPC and PCC were
pre-cured at ambient temperature with a relatively humidity of 90% for 24h, followed by
demolding of the samples.
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Figure III.6. Casting of (a) GPC and (b) PCC.

III.2.3.1. Curing at 20 °C
In order to examine how incorporation of MPCM influences the mechanical properties of both
GPC and PCC at different curing times, after demolding, the specimens were cured in a tank of
water at 20 °C for desired curing ages (Figure III.7).

Figure III.7. Curing samples in water at 20 °C.
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III.2.3.2. Curing at 40 °C
Since the solid or liquid states of the PCM might influence the compressive strength, the
systems have been studied both below and above the melting point of the PCM. As mentioned
in III.1.8, the MPCMs utilized in this study have melting temperatures of about 28 °C and 25
°C. Thus, GPC and PCC specimens were cured in a tank of water at 40 °C, which is above the
melting point of MPCM. An immersion thermostat was set at the centre of the tank and whole
tank was covered by a thick plastic to prevent heat loss and keep the temperature of water
constant at 40 °C (Figure III.8). The water temperature was controlled regularly by means of a
thermometer.

Figure III.8. Curing samples in water at 40 °C.

III.2.3.3. Curing for freeze-thaw cycles
To prepare samples for freeze-thaw cycles, after 28 days curing in a tank of water at 20 °C, the
samples were left in the room for 1h (to remove free water from the surfaces), weighed and
subjected to freeze-thaw cycles. For each freeze-thaw cycle, a large bucket of tap water was
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placed in a cooling room at Østfold University College with a temperature of 3 ± 1 °C. A freezer
was placed in a room next to the cooling room to facilitate fast transfer of the samples. The
samples were first immersed in tap water at a temperature of 3 ± 1 °C for 6 h (Figure III.9a).
Afterwards, the samples were left in a freezer at a temperature of ˗ 20 ± 1 °C for 18 h (Figure
III.9b). The transition time between the thawing and freezing phases was less than 10 min. The
samples were subjected to 0, 7, 14, and 28 freeze-thaw cycles.

Figure III.9. Specimens in (a) a thawing water, (b) a freezer.

III.3.

Testing methods

III.3.1. Setting times at ambient temperature, 0 °C and 40 °C
The initial and final setting times of geopolymer paste and Portland cement paste containing
different percentages of PE-EVA-PCM or St-DVB-PCM were performed with a computer
controlled Vicat needle apparatus (ToniSET One, Model 7301) in accordance with EN 196-3.
The conical metal mold used in the Vicat needle apparatus has a height of 40 mm, and inside
diameters at the top and bottom of 70 mm and 80 mm, respectively (in accordance with EN
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196). A total amount of 400 g of prepared paste was poured into the mold and placed in the
apparatus basin. The setting time measurement was conducted automatically.
The test was carried out in a climate-controlled room to ensure a consistent temperature of 2022 °C, which is a critical parameter for setting time. The initial setting time was calculated from
when the mixing of raw materials was initiated, and continued up to the final setting time with
an interval of 2 min and 10 min for geopolymer paste and Portland cement paste, respectively.
The initial setting time is the time when the needle penetration is less than 39.5 mm whereas
the final setting time is the moment when the needle penetrates the sample to a depth of 0.5
mm, which is logged and displayed on the screen of the apparatus.
In order to measurement of initial and final setting times of geopolymer and Portland cement
pastes including PE-EVA-PCM or St-DVB-PCM at the temperature of 0 ºC, the basin was filled
with an ice/water mixture and the conical mold was surrounded by ice/water (Figure III.10).

Figure III.10. Setting time measurement at 0 ºC.
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In order to measurement of initial and final setting times of geopolymer paste including PEEVA-PCM or St-DVB-PCM at the temperature of 40 ºC, the basin was filled with water and
the conical mold was kept inside the basin at the temperature of 40 ºC by water circulation
through a thermal bath. The water temperature was controlled by means of a digital
thermometer (Figure III.11).

Figure III.11. Setting time measurement at 40 ºC.

III.3.2. Slump flow test
The workability of fresh GPC and PCC mixtures incorporated with different percentages of
MPCM, was measured immediately after mixing by a slump test according to EN 12350-2. An
Abrams cone was used as the mold. The cone dimensions were 300 mm in height, and 100 mm
and 200 mm in diameters at the top and base, respectively. The slump mold, base plate and
temping rod were initially moistened. The mold was firmly held by standing it on the two foot
pieces on the sides of the mold. Then, the fresh concrete mixture was poured in three equal
layers in the mold. Each layer was uniformly compacted with 25 blows of a temping rod.
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After filling the top layer, the extra mixture was removed from the top surface and the mold
was then lifted vertically without any displacement. The slump is determined by the vertical
distance between the top of the mold and the displaced original center of the top surface of the
slumped concrete (h) which is demonstrated in EN 12350-2 (Figure III.12) [118]. Figure III.13a
presents the slump test of a fresh PCC mixture, and Figure III.13b depicts the slump test of a
too stiff GPC mixture after adding MPCM.

Figure III.12. Determination of slump according to [118].

Figure III.13. Slump test of (a) PCC mixture, (b) a failed GPC mixture.
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III.3.3. Compressive strength
The compressive strength is given by the equation:

fc 

F
Ac

Where fc is the compressive strength in MPa (N/mm2); F is the maximum load at failure in N;
Ac is the cross-sectional area of the specimen on which the compressive force acts, calculated
from the designated size of the specimen in mm2. The compressive strength is expressed to the
nearest 0.1 MPa (N/mm2).
Additionally, in this study, the percentage strength reduction of GPC and PCC is calculated as:

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

(σ0 − σ𝑀𝑃𝐶𝑀 )
× 100
σ0

where 𝜎0 and 𝜎MPCM are the strength reduction without and with MPCM, respectively.
The percentage mass loss is calculated to examine the effect of freeze-thaw cycles on the
concrete degradation:

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 =

𝜃0 − 𝜃𝑐𝑦𝑐𝑙𝑒
× 100
𝜃0

where θ0 and θcycle are the mass of the sample before and after the cycle, respectively.

III.3.3.1. Compressive strength at 20 °C
The compressive strength tests were performed in accordance with EN 12390-3 on cubic
samples (10 × 10 × 10 cm3). The compressive strength was determined using a digital
compressive strength test machine (Form+ Test Machine) with compression capacity of 3000
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kN (Figure III.14). Each test cube was exposed to a force at a loading rate of 0.8 kN/s until it
failed. The compressive strength tests were carried out at 20 °C on GPC and PCC specimens
containing different percentages of PE-EVA-PCM and St-DVB-PCM at selected curing times.
For each compression test at 20 °C, three cubes were left in the room for 1h (to remove free
water from the surfaces), before they were weighed and tested. The reported values are the
average of the three cubes. The standard deviations are plotted as error bars.

Figure III.14. Compressive strength test machine used in this study.

III.3.3.2. Compressive strength at 40 °C
In order to determine the compressive strength at 40 °C, the compressive strength machine was
isolated thermally, and connected to a heating chamber by means of an isolated tube to keep
the environmental temperature of the machine constant at 40 °C (Figure III.15). Before the
compressive strength test, three cubes cured at 40 °C were kept in a heating chamber at 40 °C
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for 1 h (to remove free water from the surfaces while keeping the temperature of the cubes
constant at 40 °C). Immediately afterward, the cubes were weighed and tested. The reported
values are the average of the three cubes.

Figure III.15. Installation of compressive strength test machine at 40 °C.

III.3.3.3. Compressive strength after freeze-thaw cycles
The compressive strength tests were performed at 20 °C on GPC and PCC specimens where
0% and 20% of the sand were replaced by PE-EVA-PCM or St-DVB-PCM after 0, 7, 14, and
28 freeze-thaw cycles. For each compression test, after the freeze-thaw cycles, three cubes were
left in air at ambient temperature for 1h (to remove free water and ice from the surfaces), before
they were weighed and tested. The reported values are the average of the three cubes. Figure
III.16 shows a failed GPC cube after test.
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Figure III.16. A failed GPC sample after compressive strength test.

III.3.3.4. Compressive strength after exposing to real weather conditions
In addition to the standard freeze-thaw cycles, GPC and PCC containing 0% and 20% PE-EVAPCM or St-DVB-PCM, were stored outdoors with exposure to the natural weather variations
for three months (November 2017 to January 2018, Fredrikstad, Norway) to examine the effect
of exposure to real weather conditions. A weather station was installed next to the samples to
record the weather fluctuations (Figure III.17) and the data was exported by EasyWeather
software. After outdoor exposure, the compressive strength was measured. The reported values
are the average of the three cubes.
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Figure III.17. A weather station installed on the roof of Østfold University College.

III.3.4. X-ray micro-tomography analysis
To study internal microstructure of GPC and PCC, X-ray tomography images were performed
from cross-section of specimens in cylindrical form (1 cm diameter and 1 cm height) containing
various percentages of PE-EVA-PCM and St-DVB-PCM after different curing conditions,
using a Skyscan 1172 CT scanner (Bruker) with 85 kV incident radiation, 400 ms exposure
time per frame and 0.5° rotation step (Figure III.18). The final sets of vertically stacked slices
were reconstructed using the Feldkam algorithm [119] and have a voxel size of 10 m. Sample
preparation was done by means of a core drill at Østfold University College (Figure III.19). The
data analysis was performed by Luca Valentini from the University of Padua, Italy.
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Figure III.18. Skyscan 1172 CT scanner.

Image thresholding based on a minimum cross entropy algorithm [120] was performed in order
to convert the slices into binary images. Such images were then used to calculate the equivalent
radii (e.g. the radius of a sphere having the same volume as the considered object) of the MPCM
present in the samples and their standard deviations of the center-to-surface distance (SD), by
using the ImageJ software [121]. The latter parameter is a measure of the deformation of an
object (i.e. the extent to which its shape departs from that of a sphere, for which SD = 0).
Additionally, the micro-CT slices were loaded into ImageJ software (v 1.5i) to obtain additional
information about shape descriptors of pores, such as perimeter, circularity and aspect ratio.
This study was carried out by Marcos Lanzón at the Technical University of Cartagena.
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Figure III.19. Sample preparation for X-ray tomography imaging.

III.3.5. Scanning electron microscopy (SEM) imaging
SEM images were prepared from fractured surfaces of GPC and PCC specimens containing
different percentages of PE-EVA-PCM and St-DVB-PCM after different curing conditions
using Quanta FEG-250 Scanning Electron Microscope device at an accelerating voltage of 30
kV. The methods of LFD (Large Field Detector) detector and vCD (Low voltage High Contrast)
detector were applied for imaging. This section of analysis was carried out in MAPEI, Italy.
Additionally, some images were captured in BSE (back scattered electrons) mode to obtain
adequate contrast between lightweight materials (MPCM) and the matrix of GPC and PCC at
different curing conditions. The microstructure of the fractured surfaces of the samples was
analyzed using Hitachi S3500N Scanning Electron Microscope (SEM) at an accelerating
voltage of 15 Kv (Figure III.20). These measurements were performed at the Technical
University of Cartagena.
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Figure III.20. Scanning Electron Microscope (SEM) located at the Technical University of
Cartagena.

In this study, the fractured surfaces for SEM images were not polished or coated in order to
prevent artifacts from the effect of coating on the surface.

III.4.

Experimental designs

III.4.1. Experimental design for Chapter V
The utilized mix design for GPC and PCC was provided by the concrete laboratory at Østfold
University college and MAPEI (Norway), respectively. For GPC, batch I of FA and GGBFS
were used as the aluminosilicate materials. For the GPC mixtures, an alkaline solution (14 M)
was prepared with a sodium silicate solution to sodium hydroxide solution weight ratio of 2.5.
The batch I of sand and gravel was used for both GPC and PCC. Dynamon SR-N was applied
as the superplasticizing admixture for PCC. However, no chemical admixture was added to the
GPC mixture. PE-EVA-PCM with a melting point of 28.4 ± 0.9 °C was used as the MPCM in
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this chapter. In order to have comparable data, the combined amount of sand and gravel for the
samples without MPCM is approximately the same for GPC and PCC. However, in order to
obtain samples with sufficiently high compressive strength while keeping a usable workability
of the samples and avoid segregation of the gravel, the ratio between sand and gravel is different
for GPC and PCC.
Sixteen concrete mixtures were used to study the effect of various parameters. The details of
GPC and PCC mixtures design are given in Table III.2 and Table III.3. In both Tables, the mass
of each component of a mixture is given in terms of g per 1 liter of concrete. All components
were weighted utilizing a digital balance (BERGMAN) with an accuracy of 0.1 g.

Table III.2. Mixture design of GPC, amounts represent 1 L of mixture. The MPCM percentages
indicate the amount of sand replaced by MPCM.
MPCM MPCM
(vol %) (wt.%)

Alkaline
solution

Water

FA

GGBFS

Sand

Aggregate

MPCM

(g)

(g)

(g)

(g)

(g)

(g)

(g)
0

0

161.6

56.4

242.6

161.4

893.1

868.6

0

5

0.6

161.6

56.4

242.6

161.4

848.6

868.6

15

10

1.3

161.6

56.4

242.6

161.4

803.8

868.6

30

20

2.6

161.6

56.4

242.6

161.4

714.5

868.6
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Table III.3. Mixture design of PCC, amounts represent 1 L of mixture. The MPCM percentages
indicate the amount of sand replaced by MPCM.
MPCM

MPCM Cement

Water

Admixture Sand

Aggregate

MPCM

(vol %)

(wt.%)

(g)

(g)

(g)

(g)

(g)

(g)

0

0

434

191.8

5.6

1057

705

0

5

0.7

434

192

5.6

1004.2

705

18

10

1.5

434

192.2

5.6

951.3

705

36

20

3.1

434

192.5

5.6

845.6

705
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III.4.2. Experimental design for Chapter VI
Class F fly ash and slag, sodium hydroxide and sodium silicate were chosen as binder and
alkaline solution, respectively. For GPC, batch II of FA and GGBFS were used as the
aluminosilicate sources The alkaline solution was prepared one day in advance by adding
sodium hydroxide powder to water to prepare a solution at the desired molarities, before mixing
with sodium silicate solution (35 wt. %)
Batch II of sand and gravel was used for GPC. FLUBE OS 39 was applied as a superplasticizing
admixture to improve the workability of GPC and decrease the amount of extra water. St-DVBPCM with a melting point of 24.2 ± 0.9 °C was utilized as the MPCM in this chapter.
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III.4.3. Experimental design for Chapter VII
For GPC preparation, the GPC mix design from Chapter VI is followed. For GPC, batch II of
FA and GGBFS were used as the aluminosilicate materials. For all geopolymer mixtures, an
alkaline solution with a sodium silicate solution to sodium hydroxide solution (14 M) ratio of
1.5 and total SiO2 to Na2O ratio of 0.7 was selected.
Batch II of sand and gravel was used for GPC. FLUBE OS 39 was applied as a superplasticizing
admixture to improve the workability of GPC. In this chapter, the utilized MPCMs were PEEVA-PCM and St-DVB-PCM with melting points of 28.4 ± 0.9 °C and 24.2 ± 0.9 °C,
respectively.
The summary of mixture designs of geopolymer paste and concrete are given in Table III.4 and
Table III.5, respectively.
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Table III.4. Mix design of geopolymer paste. For paste, the MPCM was added as an additional
percentage of powder materials.
Paste (g)
Materials
MPCM 0 %

MPCM 10 %

MPCM 20 %

Alkaline solution

188.5

188.5

188.5

Fly ash

280.2

280.2

280.2

GGBFS

191

191

191

Sand

-

-

-

Gravel

-

-

-

Extra water

-

-

-

Superplasticiser

-

-

-

MPCMs

0

17.5

35

59

Chapter III
Table III.5. Mix design of geopolymer concrete. The concrete recipe gives 1 L of mixture. For
concrete, the MPCM percentages indicate the amount of sand replaced by MPCM.
Concrete (g)
Materials
MPCM 0 %

MPCM 10 %

MPCM 20 %

Alkaline solution

189.8

189.8

189.8

Fly ash

280.2

280.2

280.2

GGBFS

191

191

191

Sand

828.1

745.31

662.5

Gravel

809.6

809.6

809.6

Extra water

47

47

47

Superplasticiser

4.8

4.8

4.8

0

28

55.8

MPCMs

III.4.4. Experimental design for Chapter VIII and Chapter IX
The mix design from Chapter VI is followed for GPC. The mix design of PCC is assigned by
considering some parameters. To have comparable data for GPC and PCC, the total amount of
liquid (alkaline solution + extra water) to the geopolymer binder and the water to cement ratio
for the Portland cement were kept constant at 0.5. In addition, the combined amount of sand
and gravel for the samples without MPCM was approximately the same for GPC and PCC.
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For GPC, batch II of FA and GGBFS was used as the aluminosilicate materials. For all
geopolymer mixtures, an alkaline solution with a sodium silicate solution to sodium hydroxide
solution (14 M) ratio of 1.5 and total SiO2 to Na2O ratio of 0.7 was selected.
Batch II of sand and gravel was used for both GPC and PCC. FLUBE OS 39 and Dynamon SRN were applied as the superplasticizing admixtures to improve the workability of GPC and
PCC, respectively. In this chapter the utilized MPCMs were PE-EVA-PCM and St-DVB-PCM
with melting points of 28.4 ± 0.9 °C and 24.2 ± 0.9 °C, respectively.
The summary of mixture designs of geopolymer and Portland cement compositions are given
in Table III.6 and Table III.7, respectively.
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Table III.6. Mix design of geopolymer paste and concrete. The amounts of concrete represent
1 L of mixture. For paste, the MPCM was added as an additional 20 vol.% of powder materials.
For concrete, the MPCM percentages indicate the amount of sand replaced by MPCM.
Paste (g)
Materials

Concrete (g)

MPCM 0 %

MPCM 20 %

MPCM 0 %

MPCM 20 %

Alkaline solution

188.5

188.5

189.8

189.8

Fly ash

280.2

280.2

280.2

280.2

GGBFS

191

191

191

191

Sand

-

-

828.1

662.5

Gravel

-

-

809.6

809.6

Extra water

-

-

47

47

superplasticiser

-

-

4.8

4.8

MPCMs

0

35

0

55.8
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Table III.7. Mixture design of Portland paste and concrete. The amounts of concrete represent
1 L of mixture. For paste, the MPCM was added as an additional 20 vol.% of powder materials.
For concrete, the MPCM percentages indicate the amount of sand replaced by MPCM.
Paste (g)

Concrete (g)

Materials
MPCM 0 %

MPCM 20 %

MPCM 0 %

MPCM 20 %

471.2

471.2

471.2

471.2

water

212

212

235.6

235.6

Sand

-

-

957

765.6

Gravel

-

-

705

705

superplasticiser

-

-

4.8

4.8

MPCMs

0

28.3

0

64.3

Cement
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Chapter IV.

Characterization of raw materials

Chapter IV

IV.1.

Fly ash and ground granulated blast furnace

slag
Table IV.1 shows the chemical compositions of FA and GGBFS. The properties of FA and
GGBFS vary based on the composition and types of source. It can also differ in different
batches, which is evident in the given XRF data (Table IV.1). For FA, the CaO content was
very low (less than 10%) in both batches of FA. Accordingly, the utilized fly ash is classified
as FA class F.
Figure IV.1 and Figure IV.2 show microscopic images (SEM) of the supplied FA and GGBFS
of batch II. The particle shape of the fly ash (Figure IV.1) was generally spherical, with a wide
particle size distribution. The GGBFS (Figure IV.2) particles are angular in shape, which is a
result of an intensive milling process. GGBFS also exhibits a wide particle size distribution.
The XRD analysis (Figure IV.3 and Figure IV.4) demonstrated that the percentages of
crystalline phase of FA are 30 and 37 for batch I and batch II, respectively. For GGBFS (Figure
IV.5 and Figure IV.6), batch I was completely amorphous whereas 2.7 % crystalline phase was
observed for batch II.
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Table IV.1. Chemical composition of fly ash (FA) and ground granulated blast furnace slag
(GGBFS).
FA (wt. %)

GGBFS (wt. %)

Chemical
Batch I

Batch II

Batch I

Batch II

Al2O3

25.71

23.15

10.65

10.30

SiO2

52.65

50.83

34.3

34.51

CaO

6.24

6.87

43.97

42.84

Fe2O3

5.31

6.82

0.36

0.60

MgO

1.40

1.70

5.03

7.41

K2O

1.98

2.14

0.57

0.52

TiO2

1.2

1.01

1.19

0.67

Na2O

1.1

1.29

0.28

0.4

P2O5

1.01

1.14

-

0.02

SO3

0.94

1.24

3.01

1.95

SrO

0.19

0.19

-

0.05

CO2

1.74

3.07

0.13

0.30
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Figure IV.1. SEM image of fly ash of batch II

Figure IV.2. SEM image of ground granulated blast furnace slag of batch II.
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Figure IV.3. X- ray diffraction pattern of fly ash, batch I.

Figure IV.4. X- ray diffraction pattern of fly ash, batch II.
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Figure IV.5. X- ray diffraction pattern of ground granulated blast furnace slag, batch I.

Figure IV.6. X- ray diffraction pattern of ground granulated blast furnace slag, batch II.

As can be seen in Figure IV.7, there is little batch to batch variation in the size distribution of
GGBFS. However, Batch II of fly ash contains significantly larger particles than Batch I. For
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both batches, the FA particles are larger than the GGBFS. It should be noted that the nonspherical nature of the GGBFS particles (Figure IV.2) might affect the accuracy of the size
determination (which is based on spherical particles).

Cumulative passing (vol%)

100

FA I
FA II
GGBFS I
GGBFS II

80

60

40

20

0
10-2

10-1

100

101

102

103

Particle size (µm)

Figure IV.7. Particle size distribution for batch I and batch II of fly ash and slag.

IV.2.

Portland cement

The results of the XRF and XRD of the Portland cement are presented in Table IV.2 and Figure
IV.8. Based on XRD, 80% of Portland cement was in a crystalline phase. Figure IV.9 shows an
electron microscope image (SEM) of the supplied Portland cement. The Portland cement
particles are similar to GGBFS in shape, which is also a result of an intensive milling process.
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Table IV.2. Chemical composition of Portland cement.
Chemical

Portland cement (wt. %)

Al2O3

6.68

SiO2

21.88

CaO

53.87

Fe2O3

5.15

MgO

1.49

K2O

1.23

TiO2

0.43

Na2O

0.59

P2O5

0.16

SO3

4,24

SrO

0.1

CO2

2.57
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Figure IV.8. X- ray diffraction pattern of Portland cement.

Figure IV.9. SEM image of Portland cement.
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IV.3.

Aggregates

The particle size distribution (PSD) analysis of batch I and II of sand and gravel, is shown in
Figure IV.10. The results illustrate that there is little batch-to-batch variation in the size
distributions of the sand and gravel. As expected, the sand is much smaller than the gravel, but
with a wider size distribution. The combination of sand and gravel was determined by judging
the individual grading of aggregates and then combining them in different proportions.
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Figure IV.10. Particle size distribution for batch I and batch II of sand and gravel.

IV.4.

Micro-encapsulated phase change materials

SEM images of PE-EVA-PCM and St-DVB-PCM are displayed in Figure IV.11 and Figure
IV.12, respectively. The SEM is conducted at Technical University of Cartagena, Spain to
illustrate the differences in shape and size. As can be seen from Figure IV.11, the individual
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particles of PE-EVA-PCM have an uneven shape and are agglomerated into clusters with an
irregular structure, while St-DVB-PCM (Figure IV.12) is present as single, un-agglomerated
spherical particles. In addition, St-DVB-PCM seems to have a narrower size distribution than
PE-EVA-PCM.

Figure IV.11. SEM images of (a) PE-EVA-PCM at a magnification of 500x (the arrow show
the single PE-EVA-PC), (b) PE-EVA-PCM at a magnification of 90x (the arrows show the
agglomerated structures of PE-EVA-PC).

Figure IV.12. SEM images of (a) St-DVB-PCM in magnification of 500x, (b) St-DVB-PCM in
magnification of 90x.

The particle size distributions of the MPCMs are displayed in Figure IV.13. Both types of
microcapsules are smaller than the replaced sand (according to Figure IV.10). As can be seen
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in Figure IV.11, PE-EVA-PCM has a strong tendency to form large agglomerated structures
(D60 = 240 µm) [110, 122], which is probably the main reason for the presence of larger
particles in this sample. It should be noted that the uneven shapes of PE-EVA-PCM and its
agglomerates might affect the apparent sizes displayed in Figure IV.13, as the calculations are
based on spherical particles.
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Figure IV.13. Particle size distributions of PE-EVA-PCM and St-DVB-PCM.
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Tables summarizing the results of this chapter are presented in Appendix A.3.

V.1. Slump flow test
A slump flow test was performed to determine the effect of MPCM addition on the workability
of fresh GPC and PCC. The slump test was carried out immediately after finishing the mixing
process of GPC and PCC with different amounts of MPCM at ambient temperature (20 °C).
Figure V.1 shows the slump of mixtures versus the percentages of MPCM.
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Figure V.1. Slump of GPC and PCC containing various amounts of MPCM.

In all cases, the fresh mixture of GPC tends to flow less and appears relatively more viscous
than PCC. Generally, the alkaline solution of sodium hydroxide and sodium silicate produces a
sticky mixture due to the high viscosity of sodium silicate. The contribution of the alkaline
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solution leads to a highly viscos and cohesive mixture compared to PCC (especially in the
absence of substantial amount of superplasticizer) [15, 123]. Additionally, the presence of
GGBFS in the GPC mixture decreases the slump and flow values significantly and the slump
and flow values decrease when the slag content in the mixture is raised, especially at high
concentrations of slag [15]. The reduction in the slump is due to the increased resistance of the
angular shaped slag compared to the round fly ash particles [124], see Figure IV.1 and Figure
IV.2. This increases the viscosity, stiffness and yield stress of GPC mixtures more than for
PCC.
The slump of GPC varied between 10 and 200 mm depending on the concentration of MPCM
(0 to 20%), whereas corresponding PCC samples showed a slump in the range of 30-240 mm.
Figure V.1 illustrates that increasing the percentage of MPCM from 0 to 20 reduces the
workability of both GPC and PCC with 20 and 8 times, respectively. Accordingly, there is a
markedly lower slump in the presence of MPCM compared to the sample without MPCM. The
decrease of the slump flow with the addition of MPCM might be due to differences in the
particle size of MPCM compared with the sand it replaces. This hypothesis is in agreement with
previous findings [104, 105], where it was reported that a less rough surface, higher particle
size, and adsorption and retention of water by the polymeric shell of the microcapsules decrease
the flowability of fresh mortar and concrete mixtures. However, extra water or superplasticiser
can be added to improve the workability; but this is likely to influence the mechanical properties
of the hardened concrete.
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V.2. Compressive strength

V.2.1.

Effect of MPCM addition

Figure V.2 show the variation of compressive strength of both GPC and PCC at an early age of
7 days and after curing for 28 days versus the percentage of MPCM in the mixture when cured
at 20 and 40 °C. Four different percentages of MPCM were applied (0%, 5%, 10%, and 20%).
Generally, the compressive strength of both GPC and PCC decrease with increasing amounts
of MPCM at all curing times and temperatures.
There are several hypothesizes for the reduction of the concrete compressive strength in the
presence of MPCM. This decrease might be caused by the lower stiffness and strength of
MPCM compared to sand, causing MPCM to be deformed or broken during the compression
test [102, 125]. PCM might also induce strength reducing voids and air bubbles in concrete
[109]. Furthermore, it is also possible that gaps and cavities between the MPCM shell and the
concrete matrix reduces the compressive strength [126]. These hypotheses will be further
discussed in connection with the X-ray tomography and SEM analysis below.
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Figure V.2. Effect of MPCM addition on the compressive strength of GPC and PCC cured at
20 °C and 40 °C after (a) curing for 7 days, (b) curing for 28 days.
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V.2.2.

Effect of curing temperature

Figure V.3 shows the effect of curing temperature on the compressive strength of GPC and
PCC when the mixtures contain 0 and 20% of MPCM. Curing at higher temperatures
accelerates the reaction rates of GPC and PCC by geopolymerization and hydration,
respectively. This causes a faster increase of the compressive strength, which is in agreement
with previous findings [36, 50, 51, 127, 128].
Additionally, longer curing times improve the geopolymerization and hydration processes
resulting in higher compressive strength. The compressive strength approaches its final value
at long curing times, and there the difference between the samples cured at 20 and 40 °C
diminishes.
The percentage strength reduction of GPC and PCC versus curing time at 20°C and 40 °C
shown in Figure V.4. After 28 days, the strength reduction is more pronounced for GPC than
for PCC, especially at 20 °C. Low adhesion and weak bonds between the MPCM shell and the
concrete matrix may contribute to the strength reduction [126, 129]. This will be discussed in
more detail below.
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Figure V.3. Compressive strength of GPC and PCC cured at 20 °C and 40 °C (a) versus curing
time in the absence of MPCM, and (b) versus curing time when 20 vol.% of the sand is replaced
by MPCM.
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Figure V.4. The compressive strength reduction (percentage compared to samples without
MPCM at the same curing time) for GPC and PCC versus curing time at (a) 20 °C and (b) 40
°C.

For GPC cured at 20 °C, the percentage strength reduction increases at short curing times before
it stabilizes at a nearly constant value after approximately 1 week. Interestingly, the strength
reduction of PCC shows an opposite trend at short curing times. For PCC the strength reduction
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at 20 °C decreases with curing time, before stabilizing after about 1-2 weeks. The opposite
trends at short curing times suggest that the addition of MPCM affects the curing process of
GPC and PCC in different ways.
For both GPC and PCC, the effect of curing time on the percentage strength reduction is less
obvious at 40 °C than at 20 °C. This is due to the faster curing times at elevated temperatures,
which is in agreement with Figure V.3.

V.2.3.

Effect of solid or liquid PCM

Since the compressive strength stabilizes at the longest curing times (Figure V.3), the
percentage strength reduction at 28 days provides a good estimate of whether the compressive
strength of the GPC and PCC samples is affected by a solid or liquid state of the PCM.
Comparing 20 and 40 °C, there are only small differences in the levels of strength reduction
after 28 days for GPC (Figure V.5). Accordingly, whether the PCM is in solid or liquid state
does not significantly affect the mechanical properties of GPC. However, the strength reduction
of PCC after 28 days is more pronounced at 40 °C than at 20 °C (Figure V.5). Thus, melting
the PCM seems to affect PCC much more than GPC. Melting the PCM can make the
microcapsules softer by having a liquid paraffin core or an increase in internal stress of the
microcapsules at elevated temperatures (due to thermal expansion). GPC has a higher
compressive strength than PCC, and the stronger matrix might be less affected by the
introduction of soft particles or thermal expansion of MPCM. In addition, any PCM that is not
properly encapsulated, either from broken capsules or from PCM that are not encapsulated
during fabrication, will be in liquid state inside the concrete matrix. If the MPCM is poorly
distributed within the concrete sample, microcapsule agglomerates containing unencapsulated
PCM will become much weaker when the PCM is melted. A better distribution with less
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agglomerated microcapsules in the GPC matrix than in the PCC matrix, could explain why PCC
is more affected by melting PCM. The distribution of microcapsules in the concrete samples

Strength reduction (%)

will be discussed in connection with the X-ray micro-tomography below.
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Figure V.5. The compressive strength reduction (percentage compared to samples without
MPCM at the same curing time) for GPC and PCC as a function of MPCM concentration after
28 days.

V.3. Microstructural studies
In this section, microscopical structure chracterization of GPC and PCC containing 0% and
20% of PE-EVA-PCM at 20 °C and 40 °C are performed by X-ray micro-tomography and
scanning electron microscopy (SEM) imaging.

89

Chapter V

V.3.1.

X-ray micro-tomography

Typical 2D X-ray micro-tomography cross-sectional slices obtained from cylindrical samples
of PCC and GPC, both without and with 20% MPCM, are displayed in Figure V.6. More than
600 2D slices were taken for each sample in order to obtain good statistical data.
Figure V.7 displays 3D renderings of the measured samples. The images in Figure V.7 were
processed such that only air voids and MPCM are shown. The samples are in cylindrical shape
with the approximately 1 cm field of view.
Given the low level of X-ray attenuation of the organic materials constituting the MPCM, it is
not possible to discriminate them from air voids based on grey scale values. However, the
discrimination is possible based on shape, which tends to be approximately spherical for air
voids, due to interfacial tension effects. The MPCM may have a more irregular shape, as
illustrated in Figure V.8.
An attempt of separating air voids and MPCM was done based on shape, and that parameter
was used as a shape estimator. In spherical coordinates, each point on the surface of specimen
can be described by a radial distance (r) and two angles. For a sphere, the value of r is constant
and equal to the average value of r. Therefore, the standard deviation will be zero. A larger
deformation of the specimens will cause the value of r to depart from the average. This results
in higher standard deviation values. From a quantitative point of view, the results of the image
analysis provides a mean value of SD (standard deviation of the distance from the centre of
mass to the surface) of 1.36 for PCC in the presence of 20% MPCM compared to a mean value
of 0.83 for the plain sample. The mean value of SD increases from 0.56 to 1.24 when 20%
MPCM is added to the GPC sample. These values testify to the less spherical nature of the
incorporated MPCM compared to the air bubbles.
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Figure V.6. X-ray-tomography images of samples (a) PCC without MPCM, (b) PCC with 20%
MPCM, (c) GPC without MPCM and (d) GPC with 20% MPCM. In these images, dark colors
correspond to low or no absorption of X-rays (e.g. air bubbles or microcapsules) and bright
colors represent high absorption of X-rays (sand and gravel). The field of view is approximately
1 cm.

A visual inspection of Figure V.7 suggests that a larger number of air voids, having smaller
sizes, are present in GPC compared to PCC. This is confirmed by the results of the image
analysis, which give a total volume of air voids of approximately 4% for PCC and 6% for GPC.
The mean equivalent radius of the air voids drops from 50 m for PCC to 35 m for GPC. Such
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differences might be due to the higher viscosity of the alkaline solution or shorter setting time
of fresh GPC mixture, which hinder the coalescence and release of air bubbles. The high
viscosity is in agreement with the slump test illustrated in Figure V.1

Figure V.7. 3D rendering of air bubbles and MPCM present in cylindrical samples (1 cm
diameter) of: (a) PCC without MPCM; (b) PCC with 20% MPCM; (c) GPC without MPCM;
(d) GPC with 20% MPCM.
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Figure V.8. (a) Grey scale 2D cross sectional slice relative to PCC with 20% MPCM; (b) the
same image after conversion to binary. The field of view is approximately 0.9 cm.
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Considering that the unagglomerated single PE-EVA-PCM has a size of about 50 m (based
on SEM images of PE-EVA-PCM, Figure IV.11), single microcapsules will be difficult to see
in the X-ray tomography pictures. Accordingly, the large irregular shapes observed are due to
agglomerated microcapsules. From Figure V.6, it can be seen that PCC has agglomerated
MPCM distributed throughout the sample, while GPC has some areas with agglomerates and
some more homogeneous parts where agglomerates are not observed. In addition, the
agglomerates appear to be larger in the PCC sample. However, it should be noted that the field
of view of study is approximately 1 cm, and it may not be representative of the whole concrete
sample. As discussed in section V.2 above, the presence of a high amount of large agglomerates
might reduce the compressive strength of PCC when the PCM is melted. The presence of
agglomerated structures suggests a poor affinity between the MPCM and the concrete matrix.
It is possible that the high viscosity (low workability) of the pre-set GPC and the short setting
times of GPC help prevent the formation of MPCM agglomerates.

V.3.2.

SEM analysis

Figure V.9 shows the SEM images of the failure surface of the concrete after the compressive
strength test for GPC and PCC without MPCM cured for 28 days at 20 and 40 °C. The images
in Figure V.9 are taken by LFD (Morphological detector) to illustrate how the GPC and PCC
surfaces look at two different curing temperatures.
The rounded particles that can be seen in Figure V.9 at 20 °C are unreacted fly ash. At 40 °C,
almost all of the fly ash has reacted, which is expected to provide increased strength to the
concrete cured at higher temperatures. This is in agreement with the compressive strengths
shown in Figure V.3a. According to the SEM images in Figure V.9, the matrix of PCC and
GPC is more uniform and compact when the curing temperature increases from 20 °C to 40 °C.
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This explains at micro scale why the compressive strength of the GPC and PCC increase when
the curing temperature increase (Figure V.3).

Figure V.9. SEM images of fracture surface of (a) PCC at 20 °C, (A) PCC at 40 °C, (b) GPC at
20 °C, and (B) GPC at 40 °C. All samples are without MPCM addition.

The PCC and GPC with 20 % MPCM after 28 days curing at 20 and 40 °C were chosen for
further SEM analysis. Images in Figure V.10a, b, c and d are taken by vCD (Z compositional
detector) to illustrate the organic (MPCM) and inorganic (concrete matrix) components. In
these images, the organic MPCM will appear as darker areas in contrast to the brighter concrete
matrix. Images of the same areas (Figure V.10A, B, C, D), taken with LFD (Morphological
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detector) show the topography of the sample (bright areas are extending higher up than dark
areas). Accordingly, areas that are dark in vCD and light in LFD are microcapsules. Comparing
vCD and LFD, it is obvious that there are gaps between the MPCM particles and the concrete
matrix. Similar observations have been reported previously [122, 130].
The gaps between the microcapsules and the concrete indicate that the connection between the
MPCM and the surrounding matrix is weak, and that MPCM may induce air voids in the
samples. There are several mechanisms that might cause these gaps. The tendency of MPCM
to agglomerate into larger structures reduces the ability of the MPCM to fill the cavities in the
concrete structure [131-134]. However, this is counteracted by the cavity filling effect [135,
136]. The cavity between aggregates and sand can be filled up by small particles (≤125 µm)
[135] causing an increase of the packing density, thereby reducing the porosity of the concrete.
The single microcapsules have a small size in the range of 1–100 µm, but due to agglomeration,
the effective size too large to fill the cavities in the concrete structure. Accordingly, they may
induce air voids. In addition, a poor compatibility between the microcapsule shell and the
concrete matrix can cause voids to be formed between them. A poor compatibility indicates that
the shell of the microcapsules does not bind nor associate with the concrete matrix. Previous
studies showed that other kinds of microcapsules did not exhibit this problem [137]. This
illustrates the importance of a good compatibility between the shell of the microcapsules and
the concrete matrix. Accordingly, the shell used in the current MPCM is probably not optimal
for inclusion in concrete structures.
The air voids are probably an important contributing factor to the compressive strength
reduction in the presence of MPCM. The SEM results can thereby help explain the reduced
compressive strength induced by the addition of MPCM to PCC and GPC (Figure V.5).
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Figure V.10. SEM images of fracture surface of 20% MPCM incorporated in (a) PCC at 20 °C,
(b) PCC at 40 °C, (c) GPC at 20 °C, and (d) GPC at 40 °C (by vCD detector), (A) PCC at 20
°C, (B) PCC at 40 °C, (C) GPC at 20 °C, and (D) GPC at 40 °C (by LFD detector). MPCM
will show up as dark areas in vCD and bright areas in LDF, while voids will be dark in both
types of images.
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VI.1.

Contribution of constituents

In order to formulate a good GPC mix-design, it is important to know how different factors will
affect the properties of fly ash/slag based GPC. The description of all these factors is explained
below.

VI.1.1. Aluminasilicate
Fly ash (FA) is considered to be one of the main sources of silica (SiO2) and alumina (Al2O3)
in GPC. In accordance with ASTM C618, FA is classified based on its chemical composition,
and the main difference between them is the calcium amount. FA class C has a higher content
of calcium than FA class F. A higher content of CaO in FA results in a higher compressive
strength of GPC due to the formation of hydrated products such as calcium silicate hydrate
(CSH) [13, 18]. However, at these conditions the setting time of GPC decreases noticeably (less
than 3 min) [13]. Fly ash class F has therefore been selected as a good source material for GPC
due to the lower reactivity rate, which leads to a slower setting time, convenient accessibility,
and lower water demand [15]. In order to improve the mechanical properties of class F fly ash
GPC, small amounts of other additives which are rich in CaO (e.g., blast furnace slag, silica
fume, or natural pozzolan) can be added [15, 42, 138-140]. Ground granulated blast furnace
slag (GGBFS) is one of the most common additives, due to the improved mechanical and
microstructural properties [123, 141, 142]. However, adding GGBFS results in poor workability
and mobility due to a higher stiffness [138]. The reduction of the slump is caused by the
increased resistance of the angular shaped slag compared to the round fly ash particles [124].
This increases the viscosity and yield stress of the mixture.
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VI.1.2. Alkaline solution
The alkaline solution dissolves Al3+ and Si4+ ions from the aluminasilicate sources, which
subsequently improves compressive strength by forming sodium alumino silicate hydrate
(NASH), calcium alumino silicate (CASH), and/or CSH gels [46, 143]. The most common
alkaline solutions are sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium silicate
(Na2SiO3) and potassium silicate (K2SiO3). The dissolution of fly ash and slag is dependent on
the type and concentration of the alkaline solution [43, 44]. According to a leaching test, a
sodium hydroxide alkaline solution dissolve a higher amount of Al3+ and Si4+ ions than a
potassium hydroxide solution and geopolymerization seems to be accelerated by Na rather than
K [45]. The concentration of the alkaline solution influences the workability and compressive
strength of GPC, and an optimum value of 16 M NaOH has been reported for some systems
[144]. Using a combination of sodium hydroxide and sodium silicate results in a higher
compressive strength than when only sodium hydroxide is used [46]. When the ratio of sodium
silicate to sodium hydroxide increases, the amount of soluble silica increases in the mixture,
subsequently, the polymerization processes is accelerated to some extent and higher amount of
calcium silicate hydrate (CSH) in the presence of sodium silicate is formed [46, 47]. However,
the high viscosity of sodium silicate in the alkaline solution reduces the slump of GPC in
comparison with Portland cement concrete [110, 123, 144].

VI.1.3. Micro-encapsulated phase change materials
The workability of concrete decreases in the presence of MPCM. This might be due to
differences in the particle size of MPCM compared with the sand it replaces, or a reduction of
available water in the sample due to the water affinity of the MPCM shell [104, 105, 129]. It
seems that the more polar functional groups on the polymer shell also helps to disperse the
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microcapsules into the concrete matrix better than a hydrophobic shell [145]. The addition of
MPCM to mortar or concrete reduce the compressive strength [102, 109, 110, 122, 125].
However, the compressive strength is still sufficiently high for satisfying the mechanical
European regulation (EN 206-1, compressive strength class C20/25) for concrete for structural
applications (acceptable range of compressive strength is 25-40 MPa).

VI.1.4. Extra water and chemical admixture
Fresh GPC possesses a poor workability in comparison with fresh Portland cement concrete
due to the higher viscosity of the alkaline solution. The workability and compressive strength
of GPC are negatively influenced by the incorporation of MPCM. A better workability can be
obtained by adding extra water to the mixture. However, this will reduce the compressive
strength of GPC [144]. A better solution is therefore to utilize a chemical admixture. A
naphthalene based superplasticizer is effective when fly ash class F is used in the mixture [146,
147]. For fly ash class C, a polycarboxylate-based superplasticizer is the best option due to the
strong bonds between the positively charged calcium and the negatively charged
polycarboxylate [146].

VI.2.

Mix design methodology

After the description of the main parameters which affect the properties of MPCM-GPC, we
propose a mix design taking into account all these factors. The proposed geopolymer concrete
consists of sand, gravel, fly ash (FA), ground granulated blast furnace slag (GGBFS),
NaOH(aq), and Na2SiO3(aq). Unlike previous mix design procedures [148], the specific gravity
and volume of each ingredient and air content are considered. Accordingly, the GPC contains
these components:
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GPC = sand + gravel + FA + GGBFS + NaOH (aq) + Na2SiO3 (aq) + entrapped air
The procedure and calculations are explained in more detail below based on 1 liter of GPC.

VI.2.1. Preparation of alkaline solution
For most applications, the cost of the GPC should be taken into account. The alkaline solution
is the most expensive GPC components (not considering MPCMs). From the literature, NaOH
and Na2SiO3 were found to be the most commonly used alkaline solution [148]. Therefore, in
the present study, the combination of NaOH and Na2SiO3 is chosen as the alkaline solution.
The individual amount of NaOH and Na2SiO3 can be determined by:
mAS = mNaOH + mNa2SiO3
where mAS is the mass of the alkaline solution, mNaOH is the mass of the NaOH solution, and
mNa2SiO3 is the mass of the Na2SiO3 solution.
The ratio (RAS) between the Na2SiO3(aq) and NaOH (aq) is:
RAS = mNa2SiO3/mNaOH

VI.2.2. Liquids to geopolymer binder (L/GB)
It has been proposed that the ratio of the total mass of water (free water and water in the alkaline
solution) to the total mass of geopolymer solids (FA, GGBFS, NaOH pellets and sodium silicate
solid) is similar to the water to cement ratio (w/c) in Portland cement concrete [65, 149].
However in this work, the total mass of liquids (mL) includes the water and the entire alkaline
solution, and the total amount geopolymer binder (GB) consists of FA and GGBFS [66].
Accordingly:
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mL=mAS + mwater
where mwater is the mass of free water added to the mixture
mGB = mFA + mGGBFS
where mGB is the total mass of the geopolymer binder, mFA is the mass of FA, and mGGBFS is
the mass of GGBFS.
In order to reach an adequate compressive strength for structural applications an appropriate
initial L/GB ratio should be chosen. However, in the proposed design, extra water can be added
to improve the workability in further steps. After determination of extra water content during
the mixing process, this amount will be added to the initial L of the mix design.

VI.2.3. Determination of geopolymer binder (GB)
For selecting the percentage of FA and GGBFS in the geopolymer binder (GB), both
workability and compressive strength should be considered. With an initial L/GB ratio and L,
we have for 1 L of sample:
mFA = RFA × mGB
where RFA is the ratio of FA in GB.
mGGBFS = RGGBFS × mGB
where RGGBFS is the ratio of GGBFS in GB, and RFA + RGGBFS = 1.

VI.2.4. Determination of required sand and gravel
The volume of FA, GGBFS, NaOH(aq), and Na2SiO3 (aq) are determined as:
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VFA = mFA / FA
VGGBFS = mGGBFS / GGBFS

VNaOH(aq)=mNaOH(aq)/NaOH(aq)
VNa2SiO3 (aq) = m Na2SiO3 (aq) / Na2SiO3 (aq)
VGPC = VSand+Gravel + VFA + VGGBFS + VNaOH (aq) + VNa2SiO3 (aq) + VEntrapped air = 1 L
where FA, GGBFS, Water, and Na2SiO3 are the densities of FA, GGBFS, water, and Na2SiO3,
respectively.
The percentage of entrapped air in GPC has previously been found to be approximately 2% of
the total volume [150]. Sand and gravel should be added until the volume of the sample reaches
the desired volume (1 L GPC).
According to the particle size distributions, the volume percentages of sand and gravel are each
considered to be 50% of the total volume of the sand and gravel mixture.
VSand= VGravel= 0.5 × VSand+Gravel
msand = VSand ×  Sand
mgravel = VGravel × Gravel
where msand is the mass of sand, mgravel is the mass of gravel, and Sand and Gravel are the
densities of sand and gravel, respectively.
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VI.2.5. Calculation of water and superplasticizing admixture
The total amount of water (mTW) is equal to the total water in alkaline solution (mASwater) and
extra water (mwater), which can be calculated as:
mTW = mASwater + mwater
Therefore,
mASwater = (NaOH(aq) × (1 – mNaOH(s))) + (Na2SiO3(aq) × (1 ˗ mNa2SiO3(s))).
The amounts of extra water and superplasticizer needed are obtained by experimental
observation when mixing GPC without MPCMs. This step should be repeated several times to
gain the optimal amounts of extra water and superplasticizer, while keeping the workability and
strength at acceptable levels. According to Nematollahi et al. [151], a superplasticizer amount
corresponding to 1% of the GB mass was chosen for the first step.
The amount of extra water can be varied depending on the properties of the raw materials.

VI.2.6. Calculation of MPCM replacement
There are two methods to add MPCMs to GPC which are called the MPCM replacement method
and the MPCM additive method. Pania et al. [102] observed that the strength reduction of
concrete was less when the MPCM replaced a certain percentage of sand (MPCM replacement
method) than when the MPCM was added to the concrete mixture as an extra additive (MPCM
additive method). Based on the MPCM replacement method, different MPCM percentages (in
volume) are replacing the same percentages of sand:
Vsand+MPCM = VSand + VMPCM
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Where Vsand+MPCM is the combined volume of sand and MPCM (Vsand+MPCM is kept constant and
corresponds to VSand for the sample without MPCM). VMPCM is the volume of MPCM. The
percentage of MPCM in the mixture (%MPCM) is:
%MPCM =100 × VMPCM/Vsand+MPCM
The mass of MPCM (mMPCM) is:
mMPCM = VMPCM × MPCM
The mass of sand after replacement is:
mSand = (Vsand+MPCM - VMPCM) × Sand

VI.2.7. Validation of compressive strength with proposed mix design
To evaluate whether the proposed GPC mix design (without MPCM addition) can satisfy the
acceptable range of compressive strength, the 7 and 28-day compressive strength obtained from
different mix designs are measured. The results obtained from the compression test is compared
with the maximum compressive strength of Portland cement concrete after 28 days curing at
ambient temperature in accordance with ACI standard [10]. For better comparison, the water to
cement ratio of this Portland cement concrete is equal to the L/GB ratio in the current proposed
mix design.
If it satisfies the strength requirement, final development of GPC can be carried out or else the
mix should be re-designed by changing the parameters.
Utilizing the steps above, we have optimized the mix design of the GPC containing MPCM.
Figure VI.1 depicts the overall process of the mix design, in which the desirable workability
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and mechanical properties are reached by the selection and correct addition of the constituents
of the final materials.

Figure VI.1. The overall mix design procedure.
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VI.3.

Verification of the mix design by using

experimental data
In the first step of the validation, five different mix proportions for 1 L GPC without MPCM
are designed. Different NaOH solutions with the molarity of 9, 12, and 14 were prepared.
Mixture 1 and Mixture 2 have the same NaOH(aq) molarity of 9, but different extra water and
superplasticizer content. The molarity of 12 is chosen for Mixture 3. For Mixture 4 and Mixture
5, the same 14 M alkaline solution is selected, however the amount of extra water and
superplasticizer are different.
From an economical point of view, a constant Na2SiO3 solution to NaOH solution ratio (R) of
1.5 was applied for all mixtures. The details of mix proportions for the GPC without MPCM
are shown in Table VI.1.
Strength is generally considered as the principal selection criterium. Therefore, the compressive
strength tests for 5 different mixtures were conducted on the mix designs proposed in Table
VI.1. Figure VI.2 shows the compressive strength of the proposed GPC mixtures without
MPCM after 7 and 28 days curing at 20 °C.
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Table VI.1. Different mix proportions for 1 litre of GPC without MPCM.
Amounts (g)
Mixture 1

Mixture 2

Mixture 3

Mixture 4

Mixture 5

9M, R=1.5

9M, R=1.5

12M, R=1.5

14M, R=1.5

14M, R=1.5

NaOH solution

72.5

73.3

74

74.6

75.9

Na2SiO3 solution

108.7

110

110

111.9

113.8

FA

271.2

271.2

271.2

277.9

280.2

GGBFS

182.4

182.4

182.4

188.1

190.9

Sand

809.4

820.1

825.4

822.7

828.1

Gravel

791.2

801.7

806.9

804.3

809.6

Extra water

87

78

74

68

47

Superplasticizer

6.7

4.6

6.6

6.9

4.8

Ingredient
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Mixture 1
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Compressive strength (MPa)
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Figure VI.2. Compressive strength of GPC (cured at 20 °C) versus curing time for 5 different
mix proportions.

According to Figure VI.2, different molarities, free water and chemical admixture can affect
the compressive strength the mixture. When the molarity of NaOH(aq) increases (Mixture 2
(9M), Mixture 3 (12 M), Mixture 4 (14M)), compressive strength becomes higher. When the
amount of extra water decreases from Mixture 1 to Mixture 2 (with the same M=9 and R=1.5)
or Mixture 4 to Mixture 5 (with the same M=14 and R=1.5), a higher compressive strength is
obtained. A decrease in superplasticizer dosage, from 1.5 wt.% (Mixture 4) to 1% wt.%
(Mixture 5), improves the strength. As can be seen from Figure VI.2, the highest compressive
strength was obtained for Mixture 5 after both 7 and 28 days curing. Additionally, the laboratory
trials of workability tests showed that 14M NaOH and a R of 1.5, was optimal in terms of the
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flowability of the mixture. Therefore, the procedure to validate the proposed mix design is
explained with the optimum data of Mixture 5.

VI.3.1. Preparation of alkaline solution
Based on previous studies [66], 200 g/l of alkaline solution (NaOH (aq) + Na2SiO3 (aq)) was
selected to develop the strength effectively.
Based on the manufacturer data sheet, the Na2SiO3 solution contains 35 wt. % Na2SiO3.
In order to determine the amount of Na2SiO3 solution and NaOH solution:
R = Na2SiO3 (aq) / NaOH (aq) = 1.5
Alkaline solution = Na2SiO3 + NaOH = 200 g/L
Accordingly, mNa2SiO3(aq) = 120 g, and mNaOH(aq) = 80 g.

VI.3.2. Liquids to geopolymer binder (L/GB)
In order to reach an adequate compressive strength for structural applications an initial L/GB
ratio of 0.4 was chosen. The reason of choosing 0.4 for the first step is that for Portland cement
concrete, the water to cement (w/c) ratio of 0.4 ensures there is enough water for complete
hydration [10]. Extra water can be determined during the mixing and added to the initial L.

VI.3.3. Determination of geopolymer binder (GB)
Considering both workability and compressive strength, as well as having similarity with the
prepared mix design in Chapter V, a geopolymer binder (GB) consisting of 60% FA and 40%
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GGBFS was utilized. According to section VI.2.2, with an initial L/GB ratio of 0.4, and L =
200 g/l, we have:
mGB = 200 / 0.4 = 500 g/L
Accordingly, for 1 L of sample:
mFA = 0.6 × GB = 0.6 × 500 = 300 g
mGGBFS = 0.4 × GB = 0.4 × 500 = 200 g

VI.3.4. Determination of required sand and gravel
The volume of FA, GGBFS, NaOH(aq), and Na2SiO3 (aq) are determined as follow:
VFA = 300 / 2260 = 0.13 L
VGGBFS = 200 / 2850 = 0.07 L
VNaOH (aq) = 0.0647 L
VNa2SiO3 (aq) = 0.0622 L
By considering the percentage of entrapped air in GPC, the total of 0.35 L for 1 L of GPC (700
g/L) is calculated. Thus, the total volume of sand and gravel in 1 L GPC is approximately 0.65
L. we have:
VSand= VGravel= 50% VSand+Gravel = 0.325 L
Based on data sheets, the specific gravities of sand and gravel are 2680 and 2620 g/L,
respectively. Accordingly, msand  871.18 g and mgravel  851.68 g.
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VI.3.5. Calculation of water and superplasticizing admixture
The first amount of water is calculated as:
mTW = mASwater = NaOH(aq)( 1 ˗ 0.36) + Na2SiO3(aq)(1 ˗ 0.35 ) = (80 × 0.64) + (120 × 0.65) =
129.3 g
Thus, the initial water content and the water to geopolymer solids are 129.3 g and 0.23,
respectively.
50 g extra water was found to be optimal for Mixture 5 to provide a good workability. A
superplasticizer amount of 5 g/L was chosen for Mixture 5.

VI.3.6. Adjustment of proposed mix design for 1 liter
After adding extra water and superplasticizer to obtain an improved mixture, the total volume
of the original 1L mix increases to 1.05 liter. To obtain a 1L mix design recipe again, the amount
of each component is simply divided by 1.05. After these adjustments, the mixture design for 1
Liter GPC containing 0% MPCM is shown in Table VI.2.
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Table VI.2. Volume of ingredients per 1 liter of Geopolymer concrete.
Ingredients

Volume (mL)

Amount (g)

NaOH solution

62

75.91

Na2SiO3 solution

59

113.87

Fly ash

124

280.24

GGBFS

67

190.95

Sand

309

828.12

Gravel

309

809.58

Extra water

47

47

superplasticiser

4

4.8

Entrapped air

19

-

Total volume

1000

VI.3.7. Calculation of MPCMs replacement
In this study, 0, 10 and 20% of sand are replaced by MPCM with densities of 900 g/L.
For instance, for GPC10, 10% of sand is replaced by the MPCM:
VMPCM = 10% VSand = 0.031 L
For MPCM with density of 900 g/L, the mass of MPCMs can be calculated as:
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Mass of MPCM (mMPCM) = 0.031 × 900 = 27.9 g
Mass of sand after 10 % replacement = 828.12 ˗ 82.81 = 745.31g
The summary of the amounts of sand replaced by MPCM is given in Table VI.3.

Table VI.3. Amount of sand replacement by MPCM.
MPCM (vol %)

Sand (g)

MPCM (g)

GPC0

0

828.12

0

GPC10

10

745.31

27.9

GPC20

20

662.49

55.8

VI.3.8. Mixing method
The mixing method is explained in Chapter III.4.2.

VI.3.9. Casting and curing method
The GPC samples where 0, 10, and 20 % of the sand was replaced with MPCM (St-DVB-PCM),
were cast according to the procedure in Chapter III.4.2 at 20 °C.

VI.3.10. Validation of Achieved Strength
Figure VI.3 shows the compressive strength of the GPC mixture with incorporated 0, 10, and
20% of St-DVB-PCM after 1, 7, 14, and 28 days curing at 20 °C. The maximum compressive
strength of Portland cement concrete after 28 days curing at ambient temperature according to
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ACI standard [10] is also shown for comparison. The water to cement ratio of this Portland

Compressive strength (MPa)

cement concrete is 0.5 which is equal to the L/GB ratio in the current proposed mix design.

0% St-DVB-PCM
10% St-DVB-PCM
20% St-DVB-PCM
Portland cement concrete after 28 days
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Figure VI.3. Compressive strength of GPC (cured at 20 °C) versus curing time when 0, 10, and
20 % sand is replaced by St-DVB-PCM. The green dashed line illustrates the maximum
compressive strength of PCC after 28 days curing at ambient temperature [10].

As expected, the compressive strength of the proposed GPC mixture increases with curing time.
In order to evaluate whether the proposed GPC mix design with incorporated MPCMs is
suitable for structural purposes, the maximum compressive strength of Portland cement
concrete after 28 days [10] is shown for comparison. It can be seen that the first day strength of
the proposed GPC without PCM is almost the same as for Portland cement concrete after 28
days (around 35 MPa). In spite of the negative effect of MPCM on the strength of GPC, the
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compressive strength of GPC with 20% MPCMs after 28days curing is significantly higher than
for Portland cement concrete.
Figure VI.3 also illustrates that the strength of GPC containing MPCM is lower than GPC
without MPCM. There are several factors that can contribute to this effect, which will be
explained comprehensively in Chapter VII.
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Physical and mechanical properties of proposed fly ash/slag
geopolymer concrete containing different types of microencapsulated phase change materials.

Chapter VII
Tables summarizing the results of this chapter are presented in Appendix A.4.

VII.1.

Physical properties of MPCM shell

VII.1.1. Water affinity and adsorption
According to the particle size distributions of sand, PE-EVA-PCM, and St-DVB-PCM (Figure
IV.10 and Figure IV.13), it is evident that both types of microcapsules are smaller than the
replaced sand.
The water adsorbed and retained by PE-EVA-PCM, St-DVB-PCM and sand after immersion
in water is shown in Figure VII.1. The amount of water contained by the samples after
immersion is related to how much water the particles retain in the geopolymer mixture.
It is clear from Figure VII.1a that the MPCMs adsorb more water than sand per unit mass. This
is probably due to the smaller sizes of the microcapsules (Figure IV.10 and Figure IV.13),,
which results in a larger total surface area. Although the sizes of the microcapsules are similar,
PE-EVA-PCM adsorbs more water than St-DVB-PCM. This is in agreement with the more
hydrophobic nature of the St-DVB shell, compared to PE-EVA which contains some polar
groups. Since the MPCM replaces sand by volume in the geopolymer matrix, the water
adsorption per volume unit of dry material is displayed in Figure VII.1b. The microcapsules
also adsorb more water than sand when volumes are considered instead of weights. However,
the difference between sand and St-DVB-PCM is less evident and the difference between the
two types of microcapsules is much more obvious. Accordingly, the polarity of the
microcapsule shell is more important for how much water the samples adsorb than the
differences in sizes, although the latter also has a clear effect on the water adsorption.
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Figure VII.1. (a) Weight percentage of adsorbed water of sand, PE-EVA-PCM, and St-DVBPCM after immersion in water, and (b) adsorbed water per volume unit of sand, PE-EVA-PCM,
and St-DVB-PCM.
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VII.1.2. Resistance against alkaline solution and mixing process
Figure VII.2a and b show EDX mapping and SEM images of St-DVB-PCM after immersion in
the alkaline solution at two different magnifications. Due to the irregular shape of PE-EVAPCM, a damaged shell cannot be easily distinguished from an undamaged shell, thus this
experiment is conducted on St-DVB-PCM.

Figure VII.2. (a) EDX a cluster of St-DVB-PCM immersed in alkaline solution (b) SEM image
of a single particle of St-DVB-PCM after immersed in alkaline solution.

Figure VII.2a and b show how the microcapsules shell behaves after immersing in alkaline
solution. It is clear from Figure VII.2 that although the alkaline solution covers all the
microcapsules, the shell of the microcapsules is resistant against the highly basic nature of the
alkaline solution. There is not observed any leakage or damaged microcapsules.
Figure VII.3 shows the SEM images of St-DVB-PCM after mixing with aggregates and water
for 3 minutes to see how the mixing process can affect the shell of the microcapsules. This
experiment is run on St-DVB-PCM because the irregular shape of PE-EVA-PCM shell makes
it difficult to distinguish the damaged shell after the mixing process.
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Figure VII.3. SEM images of the St-DVB-PCM after mixing (a) in magnification of 500x (the
arrow shows a rupture of the shell), (b) in magnification of 900x, and (c) in magnification of
90x (the arrows show that a few microcapsules are broken).
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From Figure VII.3, it is evident that the mixing process can cause ruptures on the microcapsule
shell. A possible rupture and a broken MPCM can be seen easily in Figure VII.3a and b,
respectively. However, in Figure VII.3c, with a wider field of view, it can be seen that only a
few microcapsules are broken and damaged during mixing process. As mentioned in previous
chapters, lower stiffness and strength of MPCM compared to aggregates might cause
deformation and fracture of MPCM during mixing, which might be a contributing factor to the
reduced compressive strength of concrete.

VII.2.

Slump flow test

In order to verify the quality of the mix design after the addition of MPCMs, the workability
was carried out by a slump test. The results from the slump test are shown Figure VII.4. The
slump of GPC decreased from 270 to 260 mm when the St-DVB-PCM was increased from 0 to
20%, while PCC showed a slump in a wider range from 270 to 190 mm for the same percentages
of PE-EVA-PCM.
As can be seen from Figure VII.4, there is a decrease in the workability (lower slump) of fresh
GPC after adding both MPCMs. This can be explained by the higher amount of water adsorbed
by the microcapsules compared to the MPCM replaces (Figure VII.1). This causes a reduction
of the flowability of GPC, which is in agreement with our findings in Chapter V. Previous
finding [105, 110, 129] also claimed that the presence of MPCM leads to a slump reduction.
Due to the higher water adsorption (Figure VII.1b), the addition of PE-EVA-PCM causes a
much steeper decline of the slump (slope = -4) than St-DVB-PCM (slope = -0.5).
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Figure VII.4. Slump of GPC containing various amounts of PE-EVA-PCM and St-DVB-PCM.

VII.3.

Setting time

Figure VII.5a shows the effect of MPCM addition on the initial and final setting times of
geopolymer paste. Increasing the MPCM concentration slightly delays the initial setting time,
but causes a significantly faster final setting time in comparison to geopolymer paste without
MPCM. As illustrated in Figure VII.6, reducing the amount of available water decreases both
the initial and final setting times. This can explain why the final setting time becomes shorter
when MPCM is added to the samples. However, a larger difference between the two types of
MPCM should be expected, since PE-EVA-PCM adsorbs much more water than St-DVB-PCM
(Figure VII.1b).
The geopolymer reaction rates can be slowed down when the viscosity of the samples increases
[43, 152, 153]. This can help to explain the longer initial setting times in the presence of MPCM.
Since PE-EVA-PCM has a much stronger effect on the slump than St-DVB-PCM (Figure
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VII.4), the effect of viscosity on the reaction rates is expected to be larger in the presence of
PE-EVA-PCM. In addition, the latent heat of the microcapsules may slow down the setting
times by absorbing reaction heat (preventing the samples from becoming warmer, which would
speed up the reaction rate). This effect would probably be similar for the two types of MPCM,
since their latent heat are practically the same (Table III.1).
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Figure VII.5. (a) The initial and final setting times of geopolymer paste containing various
amounts of PE-EVA-PCM and St-DVB-PCM. (b) The difference between the initial and final
setting times (ST).
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Figure VII.6. The effect of added water on the setting times.

Accordingly, when microcapsules are added to the geopolymer paste, the reduced amount of
available water (Figure VII.1b) shortens the initial setting time while the increased viscosities
(lower slump, Figure VII.4) and latent heat slow down the reaction rates. The initial setting
times (Figure VII.5a) are a result of these competing mechanisms. The increase of the initial
setting times illustrates that the viscosity and/or latent heat are the dominating effects at this
stage. Since both the viscosity increase and the water adsorption are strongest for EP-EVAPCM, there is only a moderate difference in initial setting time between the two types of
MPCM.
When the initial setting time is reached, the samples have started to solidify, and the effect of
viscosity on further reactions is negligible for all samples. The release of reaction heat is
strongest at short times, and the effect of the MPCM latent heat is probably small when the
initial setting time is approached. Accordingly, at this stage the water content is the determining
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factor. Figure VII.5b shows the amount of time between the initial and final setting times (ST).
As expected, ST decreases with the concentration of MPCM due to the adsorption of water
onto the surface of the microcapsules. This effect is strongest for PE-EVA-PCM, which has a
higher water adsorption (Figure VII.1b).
The final setting times are a combination of the initial setting time and ST. Since the water
content influences the whole process while the viscosity and latent heat only affects the initial
stage, the overall effect on the final setting time is dominated by the water content. Accordingly,
the final setting time becomes shorter in the presence of MPCM. The dominating effect at each
stage has a larger impact on PE-EVA-PCM than on St-DVB-PCM. As a result, the initial setting
times are longer and the final setting times shorter for PE-EVA-PCM.

VII.4.

Compressive strength

Figure VII.7 shows the compressive strength of the GPC mixture with incorporated PE-EVAPCM and St-DVB-PCM after 1, 7, 14, and 28 days curing at 20 °C. Three different percentages
of both MPCMs were applied (0%, 10%, and 20%). The water to cement ratio of this Portland
cement concrete is 0.5 which is equal to the L/GB ratio in the current proposed mix design.
As expected, the compressive strength of the proposed GPC mixture increases with curing time.
In order to evaluate whether the proposed GPC mix design with incorporated MPCMs is
suitable for structural purposes, the maximum compressive strength of Portland cement
concrete after 28 days [10] is shown for comparison.
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Figure VII.7. Compressive strength of GPC (cured at 20 °C) versus curing time when 0, 10,
and 20 % sand is replaced by PE-EVA-PCM or St-DVB-PCM. The green dashed line illustrates
the maximum compressive strength of PCC after 28 days curing at ambient temperature [10].

The compressive strength of GPC decreases with increasing amounts of both MPCMs at all
curing times (Figure VII.7). The first day strength of the proposed GPC without PCM is 34.3
MPa, which is almost the same as for Portland cement concrete after 28 days (around 35 MPa).
In spite of the negative effect of both PE-EVA-PCM and St-DVB-PCM on the strength of GPC,
the compressive strength of GPC with 20% MPCMs after 28 days curing is significantly higher
than for Portland cement concrete. Utilizing a GGBFS in addition to fly ash contributes to this
good mechanical strength [15].
Figure VII.7 also illustrates the effect of different types of MPCM on the mechanical properties
of GPC. The strength of GPC containing MPCM is lower than GPC without MPCM, which is
in agreement with previous findings [103, 110, 125]. This reduction of the mechanical
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properties is probably a combination of several effects. The sand is replaced by MPCM, which
reduces the compressive strength due to a lower compactness and stiffness of the microcapsules
compared to sand [8]. In addition, utilizing MPCM causes more air voids to be formed in the
concrete matrix, which have a negative impact on the mechanical strength [6, 39]. A poorer
dispersion of small particles in the concrete can also have a negative effect on the compressive
strength [154, 155], and air gaps between MPCM and the concrete matrix may reduce the
compressive strength [103, 110].
The irregular shell of PE-EVA-PCM and its tendency to form agglomerates can contribute to
the larger strength reduction of GPC containing with PE-EVA-PCM compared to St-DVBPCM. In addition, the lower workability of PE-EVA-PCM (Figure VII.4) might contribute to
more air being trapped in these samples, thereby reducing the compressive strength. To further
investigate how MPCM are affecting the microstructure of GPC, SEM analysis and X-ray
micro-tomography have been conducted.

VII.5.

Microstructural analysis

VII.5.1. SEM imaging
The failure surface of GPC samples with 20% PE-EVA-PCM and St-DVB-PCM were selected
for SEM analyses. Figure VII.8 shows an individual particle of PE-EVA-PCM and St-DVBPCM in the matrix as an example of MPCM diameters and the gap observed in the shellconcrete matrix transition zone. As can be seen from Figure VII.8, there are smaller gaps
between St-DVB-PCM and the GPC matrix than for PE-EVA-PCM. This might contribute to
the lower compressive strength of GPC containing PE-EVA-PCM (Figure VII.7). However, it
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should be noted that one microcapsule and its surrounded matrix may not be representative of
the whole sample.

Figure VII.8. SEM images of the fracture surface of GPC with incorporated 20% (a) PE-EVAPCM, (b) St-DVB-PCM.

Figure VII.9a and b show how the MPCMs are distributed in the concrete matrix. For St-DVBPCM, every particle is visible while for PE-EVA-PCM, large agglomerates are observed.
Figure VII.9c and d show the single microcapsules after the compressive strength test (at the
failure surface of the GPC). The shell of the microcapsules can be broken during the
compressive strength measurements, which might be a contributing factor to the reduced
compressive strength (Figure VII.7). This is illustrated in Figure VII.9d, where the St-DVBPCM capsule is clearly broken. Unfortunately, due to the irregular shell of PE-EVA-PCM, a
broken shell cannot be easily distinguished from an undamaged shell. However, the line
indicated by the arrow in Figure VII.9c might be a rupture on the PE-EVA-PCM shell.

134

Chapter VII

Figure VII.9. SEM images of the GPC matrix including agglomeration of (a) PE-EVA-PCM,
(b) St-DVB-PCM, (c) shell of PE-EVA-PCM the arrow shows a possible rupture of the shell,
and (d) damaged shell of St-DVB-PCM.

VII.5.2. X-ray micro-tomography
Typical 2D X-ray micro-tomography cross-sectional slices obtained from GPC, without and
with 20% PE-EVA-PCM and St-DVB-PCM, are shown in Figure VII.10. Due to the low X-ray
attenuation of organic materials it is difficult to distinguish the microcapsules from air voids
based on grey scale values. PE-EVA-PCM has an irregular shape which makes it possible to
distinguish them from the spherical air voids. However, it is difficult to distinguish the nearly
spherical St-DVB-PCM from the air voids. The large and relatively homogenous areas in Figure
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VII.10 are the gravel, which is surrounded by the GPC matrix where the MPCM and air voids
are evident as black spots. Comparing the non-gravel parts of the concrete matrix, PE-EVAPCM seems to be riddled with more black areas than St-DVB-PCM, suggesting that PE-EVAPCM contains more air voids. This is probably a contributing factor to the lower compressive
strength of PE-EVA-PCM (Figure VII.7). The higher amounts of air voids might be due to the
poorer workability (Figure VII.4), which can cause air to be trapped within the concrete matrix.
3D volume rendering of GPC with PE-EVA-PCM and St-DVB-PCM are displayed in Figure
VII.11. The irregular agglomerates of PE-EVA-PCM are also evident in Figure VII.11a. As
discussed above, the presence of large agglomerates and a lower stiffness of the microcapsules
might influence the properties of GPC.
Size distributions based on image analysis of the 3D X-ray-tomography are shown in Figure
VII.12. As discussed above, it is difficult to distinguish the microcapsules and the air voids
from each other, and accordingly the size distributions in Figure VII.12 are a combination of
microcapsules and air. There are no significant differences between the two samples. The size
distributions of the pure microcapsules are added to Figure VII.12b to show the absolute
contribution of MPCM to the total porosity, which is computed by µ-CT. Interestingly, the sizes
measured inside the GPC matrix are much smaller than the pure microcapsules. This might be
due to a disruption of agglomerates into smaller entities (caused by shear forces during the
mixing process), or that the volume fractions are dominated by small air voids.
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Figure VII.10. X-ray-tomography images of (a) GPC with 20% PE-EVA-PCM, (b) GPC with
20% St-DVB-PCM and (c) GPC without MPCM. Dark colors correspond to low or no
absorption of X-rays (e.g. air bubbles or microcapsules) and bright colors represent high
absorption of X-rays (sand and gravel). The field of view is approximately 1 cm.
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Figure VII.11. False-color 3D volume rendering of GPC cylindrical drill cores including A:
PE-EVA-PCM, B: St-DVB-PCM. The MPCMs and air voids are displayed in blue.
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Figure VII.12. Differential (a) and cumulative (b) size distributions of MPCM and air voids
inside the GPC samples, obtained from image analyses of the X-ray-tomography images. The
cumulative size distributions of the pure microcapsules are shown for comparison.
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Tables summarizing the results of this chapter are presented in Appendix A.5.

VIII.1.

Structural and microstructural study

VIII.1.1. Apparent structure
To illustrate the effect of freeze-thaw cycle on the apparet structure of GPC and PCC containing
PE-EVA-PCM and St-DVB-PCM, pictures of samples after 0 and 28 cycles are taken. Freezethaw cycles may erode the concrete. Figure VIII.1 illustrates that the MPCM is more visible on
the surface of the samples after exposing to the freeze-thaw cycles. This might be due to the
soft nature of the microcapsules and their poor connection to the concrete matrix, which can
cause the MPCM to be easily eroded from the surface of concrete during severe conditions. In
addition, MPCM can weaken the concrete structure, which might render it less resistant to
freeze-thaw erosion. This might affect the concrete mass loss and the strength reduction after
repeated freeze-thaw cycles.
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Figure VIII.1. Illustrative pictures of the structure of (a) PCC 0% - 0 cycles, (A) PCC 0% - 28
cycles, (b) PCC 20% PE-EVA-PCM - 0 cycles, (B) PCC 20% PE-EVA-PCM, (c) PCC 20% StDVB-PCM - 0 cycles, and (C) PCC 20% St-DVB-PCM - 28 cycles, (D) GPC 0% - 0 cycles,
(d) GPC 0% - 28 cycles, (E) GPC 20% PE-EVA-PCM - 0 cycles, (e) GPC 20% PE-EVA-PCM,
(F) GPC 20% St-DVB-PCM - 0 cycles, and (f) GPC 20% St-DVB-PCM after 28 freeze-thaw
cycles.
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For PCC without MPCM, visible cracks appeared on the concrete surface after 28 freeze-thaw
cycles. However, for PCC containing MPCM, the surface of samples seems more uniform and
undamaged. This suggests that the MPCM can prevent and reduce concrete deterioration in
comparison with specimens without MPCM.

VIII.1.2. SEM imaging
Microscopical structure chracterization of GPC and PCC containing PE-EVA-PCM and StDVB-PCM after 0 and 28 freeze-thaw cycles were performed by SEM and X-ray tomography
imaging. Figure VIII.2 exhibits SEM images of the samples before and after 28 freeze-thaw
cycles. In Figure VIII.3 the samples containing microcapsules subjected to 28 freeze-thaw
cycles are displayed at a higher maginfication. For both GPC and PCC there are visible gaps
between the microcapsules and the concrete matrix (Figure VIII.2B, b, C, c, E, e, F, f),
illustrating that the bonds between the concrete and MPCM are poor. This might affect the
concrete mass loss and the strength reduction after repeated freeze-thaw cycles. The shellconcrete matrix transition zone depends on the microcapsule shell [110]. Accordingly, GPC
and PCC containing different types of MPCMs can exhibit different durability and strength.
From Figure VIII.2a it is evident that ettringite crystals are formed in PCC as one of the
hydration products during the freeze-thaw cycles. Figure VIII.3a and 2c shows that in the
presence of microcapsules, ettringite crystalls form in the gap between the microcapsules and
the concrete matirx. The formation of ettringite crystals is expected to reduce the compressive
strength of PCC by expansion and an increase of solid volume [156, 157].
Figure VIII.2d shows the SEM images of GPC, where microcracks are formed after the freeze
thaw cycles. In addition, it is evident that microcrackes are present after the freeze thaw cycles
in all the samples containing PCM (see Figure VIII.2b, c, e, f). This might contribute to the
concrete deterioration.
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Figure VIII.2. SEM images of the fracture surface of (A) PCC 0% - 0 cycles, (a) PCC 0% - 28
cycles (the arrows show ettringite crystals), (B) PCC 20% PE-EVA-PCM - 0 cycles, (b) PCC
20% PE-EVA-PCM - 28 cycles (the arrows show microcracks in the matrix), (C) PCC 20% StDVB-PCM - 0 cycles (c) PCC 20% St-DVB-PCM - 28 cycles (the arrows show microcracks in
the matrix), (D) GPC 0% - 0 cycles, (d) GPC 0% - 28 cycles (the arrows show microcracks in
the matrix), (E) GPC 20% PE-EVA-PCM - 0 cycles, (e) GPC 20% PE-EVA-PCM (the arrows
show microcracks in the matrix), (F) GPC 20% St-DVB-PCM - 0 cycles, and(f) GPC 20% StDVB-PCM after 28 freeze-thaw cycles (the arrows show microcracks in the matrix).
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Figure VIII.3. SEM images of (a) the PCC matrix and PE-EVA-PCM, the arrow shows ettingite
and crystalized structures located in the gap between matrix and MPCM. (b) the GPC matrix
and PE-EVA-PCM, the weak interfacial transition zone is visible (c) the PCC matrix and StDVB-PCM, the arrow shows crystalized products located in the gap between matrix and
MPCM. (d) the GPC matrix and St-DVB-PCM, the arrow shows the trace of microcapsule shell
on the gap between MPCM and the concrete matrix.

VIII.1.3. X-ray micro-tomography
Typical 2D X-ray micro-tomography cross-sectional slices obtained from PCC and GPC
without MPCMs are shown in Figure VIII.4. In these images, bright colors are associated with
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components with high X-ray attenuation such as sand and gravel, whereas components with
low or no X-ray attenuation (air voids and MPCM) are displayed in dark colors. The field of
view is approximately 1 cm. Figure VIII.4A, a, D and d show the microstructural changes of
PCC and GPC without MPCMs before and after exposure to freeze-thaw cycles, respectively.
After the freeze-thaw cycles, microcracks are evident in the PCC matrix (Figure VIII.4a) and
at the interfacial transition zone between geopolymer paste and the gravel (Figure VIII.4d, e,
f). This indicates that the generated microcracks provoked by freeze-thaw cycles are
contributing to the damage and deterioration of PCC and GPC. Interestingly, microcracks are
not observed between the PCC paste and the aggregates in the presence of the MPCM after the
freeze-thaw cycles (Figure VIII.4b, c). This illustrates that stronger bonds are formed between
the PCC paste and the aggregates than for GPC where microcracks are evident (Figure VIII.4d,
e, f).
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Figure VIII.4. 2D X-ray-tomography images of samples (A) PCC 0% - 0 cycles, (a) PCC 0% 28 cycles, (B) PCC 20% PE-EVA-PCM - 0 cycles, (b) PCC 20% PE-EVA-PCM - 28 cycles,
(C) PCC 20% St-DVB-PCM - 0 cycles (c) PCC 20% St-DVB-PCM - 28 cycles, (D) GPC 0%
- 0 cycles, (d) GPC 0% - 28 cycles, (E) GPC 20% PE-EVA-PCM - 0 cycles, (e) GPC 20% PEEVA-PCM, (F) GPC 20% St-DVB-PCM - 0 cycles, and (f) GPC 20% St-DVB-PCM after 28
freeze-thaw cycles. The arrows show the gap in interfacial transition zone and microcracks in
the concrete matrix.
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Additionally, the micro-CT images revealed the microstructure of GPC 0% samples is slightly
different from that of PC 0% (Figure VIII.5). To corroborate this, the micro-CT slices were
loaded into ImageJ software (v 1.5i) to obtain additional information about shape descriptors
of pores, such as perimeter, circularity and aspect ratio. The images were transformed into
binary images (segmented) and nine pores, three per slice, were analyzed as shown in Figure
VIII.5. The perimeter is calculated by the software as the length in pixels of the outside
boundary of the pore. Circularity, computed as 4π area / perimeter2, indicates how circular an
object is. As the value approaches to 1.0, pores are nearly circular, while elongated pores return
values close to zero. Finally, the aspect ratio of the pore measures the ratio of the major axis
and the minor axis of the best-fit ellipse.
Overall, pores in GPC are clearly smaller in size and fewer pores are observed in the micro-CT
images. Pores in PCC samples provided larger perimeters suggesting that they are more tortuous
and irregular in shape. Moreover, circularity and aspect ratio indicate the pores are indeed more
circular for GPC samples.
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Figure VIII.5. Montage for GPC 0% (a-c) and PC 0% samples (d-f). The morphology of the
pores is clearly different in the grayscale images (top). The binary images (bottom) show the
selection of pores for perimeter, circularity and aspect ratio analysis (three per slice). To test
the reliability of the study, an additional analysis was performed for clearly rounded and
elongated pores found in both samples (red arrow).
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MPCMs are made of low-density elements and therefore, they are not clearly distinguished
from air pores by segmentation [158]. However, the total amount of pores was easily calculated
in samples not containing phase change materials (PCC 0% and GPC 0%). To do this, microCT slices were transformed into grayscale 8-bit images and converted into binary images. Then
the area of pores was calculated in percentage over the entire area of the images. The area of
pores was 7.10% and 2.56% for PCC 0% and GPC 0% samples, respectively. The porosity data
are consistent with the mechanical performance of the samples since the higher fraction of
pores, the lower mechanical resistance. Table VIII.1 and Table VIII.2 present the results
obtained from microstructural analysis of GPC and PCC pores, respectively. To test the
reliability of the analysis, the process was separately conducted on visibly rounded and elliptical
pores (red arrows in Figure VIII.6). The aspect ratio was 1 (circularity 0.7) and 1.8 (circularity
0.2) for GPC 0% and PCC 0% pores, respectively.
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Table VIII.1. Microstructural analysis of GPC pores.
Pore

Perimeter*

Circularity**

AR***

1

45.4

0.7

1

2

54.2

0.4

1.1

3

59.5

0.4

1.1

4

129.9

0.5

1

5

48.9

0.7

1

6

194.9

0.5

1

7

77.7

0.7

1

8

53.6

0.7

1

9

83.1

0.3

1.1

Average

83.1

0.6

1

* Measured as the length of the outside boundary of the selected pore.
** A value of 1.0 indicates a perfect circle. As the value approaches to 0.0 it indicates elongated objects (pores).
*** The aspect ratio (AR) of the particle is fitted as an ellipse, i.e., given as major axis divided by minor axis of
the ellipse.
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Table VIII.2. Microstructural analysis of PCC pores.
Pore

Perimeter*

Circularity**

AR***

1

190.3

0.4

1.4

2

86.8

0.5

1.2

3

168.1

0.2

1.8

4

271.1

0.2

2.4

5

50.8

0.7

1.4

6

119.8

0.5

1.1

7

91.5

0.6

1

8

59.3

0.3

1.9

9

57

0.6

1.7

Average

121.6

0.4

1.5

* Measured as the length of the outside boundary of the selected pore.
** A value of 1.0 indicates a perfect circle. As the value approaches to 0.0 it indicates elongated objects (pores).
*** The aspect ratio (AR) of the particle is fitted as an ellipse, i.e., given as major axis divided by minor axis of
the ellipse.
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Figure VIII.6. The binary images of 2D cross sectional slice relative to (a) GPC with 0%
MPCM, (b) PCC with 0% MPCM to verify the analyze.

3D volumes obtained by rendering of the stacked cross-sectional slices from the X-raytomography images are displayed in Figure VIII.7. As can be seen from the images, the
inclusion of MPCM’s led to a substantial increase of porosity, thus reducing the mechanical
performance of the materials.
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Figure VIII.7. X-ray-tomography 3D rendering of (a) PCC 0%, (b) PCC 20% PE-EVA-PCM,
(c) PCC 20% St-DVB-PCM, (d) GPC 0%, (e) GPC 20% PE-EVA-PCM, (f) GPC 20% St-DVBPCM after 28 freeze-thaw cycles. The arrows show the gap in interfacial transition zone and
microcracks in the concrete matrix.

VIII.2.

Freeze-thaw test

VIII.2.1. Mass loss
Freeze-thaw cycles can erode the concrete. It is therefore interesting to examine the mass loss
for GPC and PCC with and without MPCM. Figure VIII.8 illustrates that when the percentage
of MPCM increases, the mass loss after 28 cycles becomes higher for both GPC and PCC. This
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might be due to the soft nature of the microcapsules and their poor connection to the concrete
matrix (as is evident from the gaps between the concrete and MPCM in Figure VIII.2). This
can cause the MPCM to be easily eroded from the surface. In addition, MPCM can weaken the
concrete structure, which might render it less resistant to freeze-thaw erosion.

PCC 0%
PCC 20% PE-EVA-PCM
PCC 20% St-DVB-PCM

0.4

GPC 0%
GPC 20% PE-EVA-PCM
GPC 20% St-DVB-PCM

0.3

Mass loss (%)

0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
7

14

21

28

No. of freeze-thaw cycle

Figure VIII.8. Variation of mass loss with the number of free-thaw cycles.

For PCC without MPCM, the mass loss is negative (i.e., the samples gain weight). This is
probably due to water being adsorbed within pores and microcracks [159, 160] and ettringite
formation [157]. Since the PCC without MPCM gains weight during the freeze thaw cycles, the
mass loss is not an accurate measure of the concrete degradation [53].
To evaluate the effect of real weather conditions, GPC and PCC with and without microcapsules
were left outdoors from the 16th of October 2017 until the 16th of January 2018 in Fredrikstad,
Norway. As can be seen in Figure VIII.9, the samples were submerged in snow for parts of the
period.
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Figure VIII.9. Illustrative pictures of the outdoor conditions at (a) October 2017 and (b)
January.

The mass loss of GPC are less than for the samples exposed to freeze-thaw cycles (Figure
VIII.10a). This is probably due to less severe outdoor conditions compared to the freeze-thaw
test. As can be seen from Figure VIII.10b, the temperature fluctuations during this time period
were moderate compared to the freeze thaw cyclses. Interestingly, the PCC samples gain weight
(negative weight loss). This might be due to adsorption of water in microcracks [159, 160].
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Figure VIII.10. (a) Mass loss for PCC and GPC with and without MPCM after three months at
outdoor conditions, (b) temperature fluctuations during these three months. The weather station
located next to the samples broke down during the measurements, which is why the temperature
during the last month is represented by data from yr.no at Strømtangen lighthouse about 9 km
SW of the measuring site. The 2 week overlap between the two measuring sites show that they
are in reasonably good agreement with each other.

VIII.2.2. Compressive strength
Figure VIII.11 shows the compressive strength and the compressive strength reduction of GPC
and PCC with incorporated PE-EVA-PCM and St-DVB-PCM after 0, 7, 14, and 28 freeze-thaw
cycles.
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Figure VIII.11. (a) Compressive strength of GPC and PCC versus the number of freeze-thaw
cycles when 0 and 20 % sand is replaced by PE-EVA-PCM or St-DVB-PCM, (b) the
compressive strength reduction (percentage compared to samples without MPCM at the same
curing time) for GPC and PCC versus the number of freeze-thaw cycles.

As observed previously, GPC exhibits better compressive strength than PCC and incorporation
of MPCM cause a decrease of the compressive strength [110]. The freeze-thaw induced changes
in compressive strength of GPC is less than 5 % at all conditions, showing that the strength of
GPC from this recipe is stable against freeze thaw cycles both with and without added
microcapsules. However, PCC without MPCM exhibit a pronounced strength reduction as a
result of the freeze thaw cycles. There are several theories regrading concrete deterioration
under freeze-thaw cycles. The most important effect is expansion of water in the permeable
concrete when it freezes. Freezing water generates a hydraulic pressure in the concrete
capillaries and within the interfacial transition zones between the cement and the
aggregates/MPCM. When the volume expansion of water overcomes the tensile stress of
concrete, microcracks are created and cause concrete degradation (Figure VIII.2) [161-163].
This is expected to reduce the compressive strength [52, 162-164]. In addition, ettringite can be
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seen in the PCC matrix after the freeze-thaw cycles (Figure VIII.2) [164]. The ettringite needle
structure generate microcracks, which deterioate the concrete [157]. Despite this, the
compressive strength of the samples containing MPCM are not significantly affected by the
freeze-thaw cycles. MPCM addition increases the concrete porosity inducing air voids in the
concrete matrix [165, 166]. In addition, the gaps between MPCM and the concrete matrix
(Figure VIII.2 and Figure VIII.3) provide air within the concrete structure [110, 167]. These air
voids can improve the frost resistance of concrete by acting as expansion reservoirs for the
freezing water and thereby reduce frost induced stress [168].
As for the freeze thaw cycles, there is little effect on the compressive strength of GPC after
three months exposure to outdoor conditions (Figure VIII.12a). Interestingly, for PCC the
compressive strength after three months exposure to outdoor conditions is actually higher than
before exposure to the environment. Since the outdoor conditions are less severe than the
freeze-thaw cycles (Figure VIII.10b), the degradation of the concrete strength is probably
moderate. The increased compressive strength suggest that the strength continues to grow even
after 28 days [51, 169, 170].

165

Chapter VIII

GPC 0 cycles
GPC 28 cycles
GPC 3 months outside

(a)

90

Compressive strength (MPa)

Compressive strength (MPa)

90

75

60

45

30

15

0

PCC 0 cycles
PCC 28 cycles
PCC 3 months outside

(b)

75

60

45

30

15

0
0

20% PE-EVA-PCM 20% St-DVB-PCM

0

MPCM (%)

20% PE-EVA-PCM 20% St-DVB-PCM

MPCM (%)

Figure VIII.12. The effect of MPCM on the compressive strength of 28 freeze-thaw cycles and
of exposure to outdoor conditions three months (a) for GPC and (b) for PCC.

VIII.2.3. Setting times
Figure VIII.13 shows the effect of temperature and MPCM on the initial and final setting times
of Portland cement and geopolymer pastes. It is clear from Figure VIII.13 that the geopolymer
reaction is much faster than the hydration of Portland cement (note the differences in the scaling
of the y-axis). As expected, decreasing temperature slows down the hydration of Portland
cement paste [171], resulting in longer setting times. Interestingly, the setting times for
geopolymer pastes are much faster at low temperatures.
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Figure VIII.13. The initial and final setting times of (a) Portland cement paste and (b)
geopolymer paste containing 20 vol.% of PE-EVA-PCM and St-DVB-PCM at 0 C and 20 C.

When MPCM is added to cement paste, water is adsorbed on the surface of the microcapsules,
thereby reducing the amount of available water in the paste [145, 172]. The initial setting time
becomes longer when MPCM is added to the samples because the higher viscosity can slow
down the start of the cement reaction [173]. PE-EVA-PCM exhibits a more pronounced effect
on the initial setting time since it adsorbs much more water and has lower slump (higher
viscosity) than St-DVB-PCM [172]. When the initial setting time is reached, the solidification
of the samples becomes faster due to the water shortage [172]. Accordingly, the final setting
time becomes shorter in the presence of MPCM.
For geopolymer paste at ambient temperature, a similar behavior has been observed previously
[172]. However, at 0 C, the setting times are very fast without a significant effect of MPCM
addition. The fast setting times at 0 C are probably due to the reduced solubility of the alkaline
solution at low temperatures, which causes a phase separation within the sample. The incipient

167

Chapter VIII
formation of solid particles from the alkaline solution seems to significantly speed up the
solidification process causing very short setting times.
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Chapter IX
Tables summarizing the results of this chapter are presented in Appendix A.6.

IX.1.

Setting times

Figure IX.1. shows the effect of temperature and MPCM on the initial and final setting times
of geopolymer paste. It is clear from Figure IX.1 that the geopolymer reaction is much faster
when the temperature increases from 20 °C to 40 °C. The behavior of geopolymer paste at
ambient temperature has been investigated in Chapter VI. However, at 40 C the setting times
are very fast without any significant effect of MPCM addition. As expected, the
geopolymerization reaction is accelerated at higher temperatures. When the temperature
increases, the solubility of aluminosilicate is higher which causes larger amounts of silica and
alumina to participate in the geopolymerization, speeding up the setting times of the
geopolymer paste [174]. MPCM in liquid state (40 °C) has no noticeable effect on the setting
times in comparison with solid state (20 °C) which discussed in VII.3.
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Figure IX.1. The initial and final setting times of geopolymer paste containing 20 vol.% of PEEVA-PCM and St-DVB-PCM at 20 C and 40 C.

IX.2.

Compressive strength

In order to investigate the effect of two different MPCMs in liquid state on the mechanical
properties of the proposed GPC, the compressive strength with incorporated PE-EVA-PCM and
St-DVB-PCM was tested after 1, 7, 14, and 28 days curing at 40 °C (Figure IX.2).

IX.2.1. Effect of curing time and temperature
As seen in Figure IX.2, the compressive strength of both GPC and PCC increase with curing
time and temperature. For GPC, the elevated temperature accelerates the formation of a hard
structure, especially in the early-stage of the geopolymerization reaction. Analogously, the
hydration reaction increases the strength of PCC. Despite the negative effect of both PE-EVA172
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PCM and St-DVB-PCM on the strength of concrete, the compressive strength of GPC with
20% MPCMs after 28 days curing is significantly higher than for Portland cement concrete
(Figure IX.2). At early curing times, the increase of the strength with the temperature is more
pronounced since the geopolymerization and hydration are faster at higher temperatures [127].
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Figure IX.2. Compressive strength of GPC and PCC versus curing time at 40 °C.

The percentage strength reduction of GPC versus curing time at 20°C and 40 °C shown in
Figure IX.3. For GPC cured at 20 °C, the percentage strength reduction increases noticeably at
short curing times before it stabilizes at a nearly constant value after approximately 1 week.
However, for GPC cured at 40 °C, the strength reduction is almost constant at all curing ages.
This is due to the faster curing times at elevated temperatures, which is in agreement with Figure
IX.2. At long times the strength reduction is approximately the same for the samples cured at
20 and 40 °C.
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Figure IX.3. The compressive strength reduction (percentage compared to samples without
MPCM at the same curing time) for GPC containing 20% PE-EVA-PCM and St-DVB-PCM
versus curing time at 20 °C and 40 °C.

IX.2.2. Effect of MPCM type and state
As can be seen from Figure IX.2, samples containing St-DVB-PCM have higher compressive
strength than PE-EVA-PCM. To illustrate the effect of different types of MPCM in liquid state
on the mechanical properties of GPC and PCC, the 28-day compressive strength at 20 °C and
40 °C is provided in Figure IX.4a and b, respectively. At 20 °C after 28 days Figure IX.4a), the
strength of PCC containing PE-EVA-PCM and St-DVB-PCM are almost the same. However,
the strength of GPC containing PE-EVA-PCM is lower than for St-DVB-PCM. In addition,
there is a much higher difference between the strength of PCC containing PE-EVA-PCM and
St-DVB-PCM after 28 days at 40 °C than at 20 °C (Figure IX.5b). However, for GPC the
strength of the samples containing PE-EVA-PCM and St-DVB-PCM is very similar for 40 °C
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and 20 °C (Figure IX.5). Thus, the MPCMs in liquid state affect PCC much more than GPC. A
more uniform and compact structure of GPC may contribute to the resistance against thermal

Compressive strength (MPa)

expansion or soft particles.
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Figure IX.4. Compressive strength of GPC and PCC versus percentage of sand replaced by
MPCM after curing for 28 days (a) cured at 20 °C, (b) cured at 40 °C.
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Figure IX.5. Compressive strength after 28 days versus curing temperatures (a) for GPC, (b)
for PCC.
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Figure IX.3 illustrates that the strength reduction is more pronounced for samples containing
PE-EVA-PCM than for St-DVB-PCM, especially at early ages at 20 °C. The lower mechanical
properties of concrete containing PE-EVA-PCM compared to St-DVB-PCM is probably a
combination of several effects. The irregular shell of PE-EVA-PCM and its tendency to form
agglomerates can contribute to the larger strength reduction of concrete containing with PEEVA-PCM compared to St-DVB-PCM. In addition, the lower workability of PE-EVA-PCM
(see VII.2) might contribute to more air being trapped in these samples, thereby reducing the
compressive strength in comparison with St-DVB-PCM. It should also be noted that PE-EVAPCM contains significant amounts of non-encapsulated PCM, [175] which might reduce the
strength of the concrete.

IX.3.

Microstructural analysis

IX.3.1. SEM imaging
The failure surface of GPC and PCC samples with 20% PE-EVA-PCM and St-DVB-PCM at
40 °C were selected for SEM analyses. Figure IX.6 presents an individual particle of PE-EVAPCM and St-DVB-PCM in the GPC and PCC matrixes as an example of how the MPCM shells
binds with the surrounding matrix. As can be seen from Figure IX.6, there are more uniform
and undamaged edges in the shell-concrete matrix transition zone of GPC than PCC. This
illustrates a better compatibility between the MPCMs shell with GPC than for PCC. This might
contribute to the better performance of GPC than PCC in the presence of MPCMs when the
samples are exposed to temperature fluctuations from 20 °C to 40 °C or vice versa (Figure IX.4a
and b). However, it should be noted that one microcapsule and its surrounded matrix may not
be representative of the whole sample. The reasons that how PE-EVA-PCM and St-DVB-PCM
might contribute to the reduced compressive strength was discussed previously (see VII.5.1).
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Figure IX.6. SEM images of the fracture surface of (a) GPC with incorporated 20% PE-EVAPCM, (b) PCC with incorporated 20% PE-EVA-PCM, (c) GPC with incorporated 20% StDVB-PCM, and (d) PCC with incorporated 20% St-DVB-PCM. The arrows show the edge of
shell-concrete matrix transition zone.

178

Chapter IX

IX.3.2. X-ray micro-tomography
Typical 2D X-ray micro-tomography cross-sectional slices obtained from GPC and PCC
without MPCMs cured at 20 °C and 40 °C are displayed in Figure IX.7. More than 600 2D
slices were taken for each sample in order to obtain good statistical data.
As can be seen from Figure IX.7a and b, a larger number of air voids are visible in the GPC
samples cured at 40 °C than 20 °C. Increasing the curing temperature is known to increase the
extent of dissolution of Si and Al from the amorphous phases and accelerates the formation of
a hard structure, especially in the early-stage of geopolymerization reaction. Accordingly, at
elevated temperatures the exothermic geopolymerization reaction causes the water to be lost
faster than at lower temperatures[176]. This leads to formation of micro-cavities, and therefore
an increase in the porosity of GPC matrix. For PCC higher temperatures enhance the hydration
rates, which produces denser hydration products such as C–S–H. This results in a more
heterogeneous hydration distribution, and enhanced porosity. At lower temperatures, the
hydrates are more homogeneously distributed which results not only in smaller pores, but also
more uniform distribution of the hydrates [177].
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Figure IX.7. X-ray-tomography images of samples (a) GPC without MPCM at 20 °C, (b) GPC
without MPCM at 40 °C, (c) PCC without MPCM at 20 °C, and (d) PCC without MPCM at 40
°C. In these images, dark colors correspond to low or no absorption of X-rays (e.g. air bubbles
or microcapsules) and bright colors represent high absorption of X-rays (sand and gravel). The
field of view is approximately 1 cm.
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Figure IX.8 shows how the MPCMs are distributed in the GPC and PCC matrix. As discussed
in previous chapters, it is difficult to distinguish the microcapsules and the air voids from each
other. The large irregular shapes is due to agglomerated microcapsules. From Figure IX.8, it
can be seen that both agglomerated PE-EVA-PCM and St-DVB-PCM are distributed
throughout the PCC sample. The GPC has some areas with agglomerated MPCMs and some
more homogeneous parts without any MPCMs distribution. The high viscosity (low
workability) of the fresh GPC and the short setting times of GPC especially at 40 °C can
contribute to the prevention of a homogeneous distribution of MPCM throughout the matrix.
However, it should be noted that the field of view of study is approximately 1 cm, and it may
not be representative of the whole concrete sample.
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Figure IX.8. X-ray-tomography images of (a) GPC with 20% PE-EVA-PCM, (b) GPC with
20% St-DVB-PCM, (c) PCC with 20% PE-EVA-PCM, and (d) PCC with 20% St-DVB-PCM
at 40 °C. Dark colors correspond to low or no absorption of X-rays (e.g. air bubbles or
microcapsules) and bright colors represent high absorption of X-rays (sand and gravel). The
field of view is approximately 1 cm.
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X.1. Conclusions
The effect of micro-encapsulated phase change materials (MPCM) on the structural and
mechanical properties of geopolymer concrete (GPC) has been studied. Different conditions
such as whether the samples are below or above the melting point of the phase change material
(PCM), and the effect of freeze-thaw cycles have been scrutinized. In order to have comparable
data for GPC, the same experiments were carried out on Portland cement concrete (PCC).
The investigation of the development of GPC mixture design with improved physical and
mechanical properties for construction applications reviled that:


Increasing the percentage of MPCM from 0 to 20 % reduced the workability of both
GPC and PCC. However all the final mixtures exhibited a good enough workability for
placing or casting. The slump of GPC was lower than for PCC due to the high viscosity
of the GPC alkaline solution.



The addition of MPCM induced a compressive strength reduction for both PCC and
GPC. For PCC, this reduction was affected by the state (solid or liquid) of the PCM.
Whether the PCM is in solid or liquid state does not significantly affect the mechanical
properties of GPC. This suggests that GPC is a more suitable option for concrete with
incorporated MPCM.



Despite the negative effect of the MPCMs on the compressive strength of GPC and
PCC, the compressive strength is still sufficiently high for structural applications.



A reliable mix design procedure for class F fly ash/slag GPC was developed to achieve
high compressive strength after the addition of MPCM. The mix design and the effect
of two different types of MPCM were verified by water absorption of the raw materials,
setting time, slump test and compressive strength determination.
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The percentage of absorbed and retained water of the MPCMs is higher than for sand.
More water is adsorbed onto PE-EVA-PCM than for St-DVB-PCM due to the polar
groups of the PE-EVA-PCM shell. The shell of the microcapsules is resistant against
the highly basic nature of the alkaline solution. A few microcapsules are broken and
damaged during the mixing process. The higher water adsorption PE-EVA-PCM caused
a lower slump of GPC containing PE-EVA-PCM than for St-DVB-PCM.



The initial setting time of geopolymer paste increased with the addition of MPCM, while
the final setting time became shorter. There are several competing factors affecting the
setting time. The adsorbed water reduces the setting time while the setting time is raised
by a slower reaction rate caused by the increased viscosity of the samples and possibly,
by the latent heat of the MPCM, which can prevent a temperature rise from the reaction
heat.



The proposed mix design could successfully overcome the strength reduction after
adding MPCM. After 28 days, the compressive strength of GPC including 20% MPCM
(replacing sand) was higher than for Portland cement concrete without MPCM. The
compressive strength is lower in the presence of PE-EVA-PCM. The agglomerated and
non-spherical structure of PE-EVA-PCM and a higher amount of air voids might
contribute to the reduced workability and lower compressive strength.



Microstructural studies reveal smaller gaps between St-DVB-PCM and the GPC matrix
than for PE-EVA-PCM. MPCM agglomeration and MPCM capsules that are broken
during the compressive strength test are probably contributing to the strength reduction
after adding MPCM to GPC.



As expected, decreasing the temperature slowed down the reaction rate for Portland
cement, causing longer setting times. Interestingly, the setting times for geopolymer

186

Chapter X
pastes are much faster at low temperatures. This might be caused by a phase separation
of the alkaline solution at low temperatures.


The mass loss after 28 freeze-thaw cycles was less than 1% for all samples. However,
the compressive strength of GPC and PCC decrease after exposure to 28 freeze-thaw
cycles. Interestingly, the samples containing MPCM exhibit better resistance against
frost conditions. Air voids and gaps between the MPCM and the concrete matrix provide
free expansion space for water when it freezes, thereby reducing the frost induced stress.



Microstructural studies illustrated that ettringite crystals are formed in the PCC after
exposure to freeze-thaw cycles. In addition, microcracks appeared in the matrix, which
will contribute to the deterioration of the concrete. For GPC microcracks also appeared
in the interface between the paste and aggregates due to the expansion of capillary water
during freeze-thaw cycles.



The setting times of geopolymer paste is accelerated at higher temperatures due to
higher solubility of aluminosilicate, consequently, faster geopolymerization. The
compressive strength of both GPC and PCC including MPCMs increase with curing
time and temperature. The MPCMs in liquid state affect PCC much more than GPC. A
more uniform and compact structure of GPC may contribute to the resistance against
thermal expansion or soft particles.



There are more uniform and undamaged edges in the shell-concrete matrix transition
zone of GPC than PCC that might contribute to the better performance of GPC than
PCC in the presence of MPCMs when the samples are exposed to temperature
fluctuations. Porosity is enhanced at higher temperatures in both GPC and PCC. High
viscosity (low workability) of the fresh GPC and the short setting times of GPC
especially at 40 °C can contribute to the prevention of a homogeneous distribution of
MPCM throughout the matrix.
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X.4. Future work
The following recommendations are interesting for future research:


Utilizing other waste materials in the production of GPC to eliminate the amount of
waste dumped in landfills.



Extending the study to optimize geopolymer composite recipe for producing other
building materials such as brick, pavement stone, and tunnel elements incorporated with
MPCM.



Improving the mixture design of GPC incorporated with MPCM by investigating
different steps or different procedures to optimize GPC with MPCM.



Completing the study of the mechanical properties of GPC such as freeze or fire
resistance by considering a large variety of melting points of MPCMs.



Performing an economical evaluation and life cycle assessment of the production of
GPC with incorporation of MPCM.
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Appendix
A.1.

Nomenclature

A.1.1. Abbreviations
ACI

American Concrete Institute

Al

Aluminum

AR

Aspect ratio

ASTM

American Society for Testing and Materials

BSE

Back scattered electrons

CASH

Calcium alumina silicate

CEN

European Committee for Standardization

CSH

Calcium silicate hydrate

CT

Computed tomography

DVB

Divinylbenzene

EDX

Energy-dispersive X-ray spectroscopy
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EN

European Standard

EVA

Ethylvinylacetate

FA

Fly ash

GB

Geopolymer binder

GGBFS

Ground granulated blast furnace slag

GPC

Geopolymer concrete

LFD

Large Field Detector

LOI

Loss on Ignition

M

Alkali metal

MAG

Magnification

MPCM

Micro-encapsulated phase change materials

NASH

Sodium alumina silicate hydrate

PCC

Portland cement concrete

PCM

Phase change material

PE

polyethylene

PSD

Particle size distribution

RT27

Rubitherm®RT27
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SD

Standard deviations

SEM

Scanning Electron Microscope

St

Styrene

vCD

Low voltage high contrast Detector

XRD

X-Ray Diffractometer

XRF

X-Ray Florescence

A.1.2. Symbols
Ac

Cross-sectional area of the specimen (mm2)

aq

Aqueous

F

Maximum load at failure

fc

Compressive strength

L

Added water and the entire alkaline solution

m

Mass

mAS

Mass of the alkaline solution
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mGB

Mass of the geopolymer binder

mL

Mass of liquids

mASwater

Total water in alkaline solution

mTW

Total amount of water

mwater

Mass of free water added

R

Ratio

s

Solid

V

volume

ST

Difference between the initial and final setting times



Density

θο

Mass of sample before cycle

θcycle

Mass of sample after cycle

σο

Strength without MPCM

σMPCM

Strength with MPCM
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A.2.

History of the development of alkali-activated cement and composites.

Table A.1. Chronologically summary of some important references outlining steps in the development of alkali-activated and alkaline cements
[33].
No

author

Year

significance

1

Feret

1939

Slags used for cement

2

Purdon

1940

Alkali-slag combinations

3

Glukhovsky

1959

Theoretical basis and development of alkaline cements

4

Glukhovsky

1965

First called “alkaline cements” because natural substances used as components

5

Davidovits

1979

“Geopolymer” term—emphasizes greater polymerization

6

Malinowski

1979

Ancient aqueducts characterized

7

Forss

1983

F-cement (slag-alkali-superplasticizer)
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8

Langton and Roy

1984

Ancient building materials Characterized (Roman, Greek, Cyprus)

9

Davidovits and Sawyer

1985

Patent leading to “Pyrament”

10

Krivenko

1986

D.Sc. Thesis, R2O-RO-R2O3-SiO2-H2O

11

Malolepsy and Petri

1986

Activation of synthetic melilite slags

12

Malek et al.

1986

Slag cement-low level radioactive waste forms

13

Davidovits

1987

Ancient and modern concretes compared

14

Deja and Malolepsy

1989

Resistance to chlorides shown

15

Kaushal et al.

1989

Adiabatic cured nuclear waste forms from alkaline mixtures including zeolite formation

16

Roy and Langton

1989

Ancient concrete analogs

17

Majumdar

1989

C12A7 - slag activation

18

Talling and Brandstetr

1989

Alkali-activated slag

19

Wu et al.

1990

Activation of slag cement
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20

Roy et al.

1991

Rapid setting alkali-activated cements

21

Roy and Silsbee

1992

Alkali-activated cements: overview

22

Palomo and Glasser

1992

CBC with metakaolin

23

Roy and Malek

1993

Slag cement

24

Glukhovsky

1994

Ancient, modern and future concretes

25

Krivenko

1994

Alkaline cements

26

Wang and Scrivener

1995

Slag and alkali-activated slag microstructure
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A.3.

Results from Chapter V

Table A.2. Properties of GPC mixtures containing different percentages of MPCM (PE-EVA-PCM) at 20 °C.
Curing age
MPCM (vol.%)

Compressive strength
Density (g/cm3)

Slump (mm)
(days)

0

5

200

80

Standard deviation

Strength reduction (%)

(MPa)

1

2437.1

39,7

1.6

-

3

2415.6

50.8

2.1

-

7

2419.3

66.9

1.4

-

14

2427.5

77.5

1.3

-

28

2439.5

93.1

0.8

-

1

2365.7

36.3

0.7

9

3

2356.3

45.4

0.4

11

7

2360.2

56.2

0.7

16

14

2341.4

66.5

0.8

14

28

2333.3

77.8

0.7

16
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10

20

40

10

1

2322.9

28.8

0.2

27

3

2346.7

37.3

0.1

27

7

2328.1

46.5

0.9

30

14

2267.9

54.4

1

30

28

2283.1

63.1

1.3

32

1

2260.5

21

0.8

47

3

2220.7

25.1

0.1

51

7

2204.9

30.6

3.8

54

14

2241.7

38.3

0.4

51

28

2243.1

44.8

0.6

52
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Table A.3. Properties of GPC mixtures containing different percentages of MPCM (PE-EVA-PCM) at 40 °C.
MPCM (vol.%)

0

5

10

Slump (mm)

-

-

-

Curing age (days)

Density
(g/cm3)

Compressive strength
(MPa)

Standard deviation

Strength reduction (%)

1

2419.7

60.5

0.3

-

3

2418.5

80.8

1.8

-

7

2406.3

95.5

1.1

-

14

2431.5

103.9

1.1

-

28

2417.4

106.8

1.7

-

1

2374.5

52.1

0.9

14

3

2368.9

67

3.1

17

7

2365.9

76.9

1.1

19

14

2355.5

86.7

0.6

17

28

2348.2

90.1

0.5

16

1

2294.5

41.6

1.5

31

3

2323.3

56.7

2.2

30

7

2333.3

67.8

0.5

30

14

2350.5

70.1

2.3

33

28

2344.8

76.4

1.2

28
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20

-

1

2252.2

28.4

0.9

53

3

2246.5

36.2

0.5

55

7

2265.6

42.8

1.4

55

14

2257.7

44.2

3.4

57

28

2240.7

50.2

1.4

53

Table A.4. Properties of PCC mixtures containing different percentages of MPCM (PE-EVA-PCM) at 20 °C.
MPCM (vol.%)

0

Slump (mm)

240

Curing age
(days)

Density (g/cm3)

Compressive strength
(MPa)

Standard deviation

Strength reduction (%)

1

2388,7

36.2

4

-

3

2406.6

46.4

2.4

-

7

2384.2

48.5

0.2

-

14

2378.5

53.3

1.2

-

28

2389.8

61.4

1.1

-

229

5

10

20

210

90

30

1

2359.3

29.5

0.2

18

3

2349

39

0.1

16

7

2353.6

45.5

1.2

7

14

2359.6

50.3

0.8

6

28

2361.2

56.5

1.5

8

1

2316.1

22.6

0.7

37

3

2309.8

32.8

0.4

30

7

2319.1

35.2

3.8

27

14

2313.1

43

0.5

19

28

2331.4

50.1

1.2

18

1

2200.7

14.4

0.7

60

3

2231.3

22.7

1.3

51

7

2225.2

26.3

0.9

45

14

2225.3

30.1

2.6

43

28

2206.9

35.3

0.2

42
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Table A.5. Properties of PCC mixtures containing different percentages of MPCM (PE-EVA-PCM) at 40 °C.
MPCM (vol.%)

0

5

10

Slump (mm)

-

-

-

Curing age
(days)

Density (g/cm3)

Compressive strength
(MPa)

Standard deviation

Strength reduction (%)

1

2387.7

40.7

0.8

-

3

2394.3

47.4

1.4

-

7

2410,1

53

4.8

-

14

2387.6

66.3

2.3

-

28

2396.5

73.1

3.7

-

1

2361

33.7

0.2

17

3

2352.1

39.7

2.1

16

7

2341.5

48.2

3.1

10

14

2374.5

56.2

0.3

15

28

2320.4

62.9

0.6

14

1

2272.7

31.1

0.2

24

3

2295.7

34.8

1.1

26

7

2292.3

42.6

1.3

20

14

2303.7

47.3

0.9

28

28

2278.1

56.3

0.5

23

231

20

-

1

2211.1

20.5

0.3

50

3

2202.9

24.4

0.2

48

7

2209

30

0.7

43

14

2220.3

35

1.1

47

28

2215.4

39

0.5

46
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A.4.

Results from Chapter VII

Table A.6. Properties of GPC mixtures containing different percentages of PE-EVA-PCM at 20 °C.
MPCM
(vol.%)

0

10

20

Slump
(mm)

270

265

260

Initial setting time
(min)

34

37.3

43.6

Final setting time
(min)

Curing age
(day)

Density
Compressive strength (MPa)

Standard deviation

(g/cm3)

1

2387

34.3

0.8

7

2391.5

59

1

14

2380.2

68.3

0.9

28

2369.3

79.4

0.5

1

2274.8

29.3

0.4

7

2273.6

45.4

0.8

14

2282.3

53.6

1.2

28

2292.3

59.4

1.9

1

2219

22.8

0.6

7

2211.4

33.8

0.9

14

2217.2

40.6

1.3

28

2207.5

47.2

0.4

84.3

63.5

53.1
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Table A.7. Properties of GPC mixtures containing different percentages of St-DVB-PCM at 20 °C.
MPCM
(vol.%)

0

10

20

Slump
(mm)

270

230

190

Initial setting time
(min)

34

44.2

47.2

Final setting time
(min)

Curing age
(day)

Density
Compressive strength (MPa)

Standard deviation

(g/cm3)

1

2387

34.3

0.8

7

2391.5

59

1

14

2380.2

68.3

0.9

28

2369.3

79.4

0.5

1

2296.3

31.3

0.8

7

2302.7

47.9

0.7

14

2316.3

55.4

2.3

28

2327

65.5

2.2

1

2251.8

24.3

0.1

7

2247.7

32.1

0.4

14

2251.8

45.4

0.9

28

2252.5

52.2

0.5

84.3

59.2

51.1
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A.5.

Results from Chapter VIII

Table A.8. Properties of geopolymer composites containing PE-EVA-PCM and St-DVB-PCM at frost condition.
Mixture included
(vol.%)

Initial setting time
at 0 °C (min)

Final setting time
at 0 °C (min)

Freeze-thaw cycle
(day)
1
7
14
28
1
7
14
28
1
7
14
28

0.15
0.14
0.12
0.09
0.11
0.24
0.15
0.2
0.21

Standard
deviation
0.02
0.01
0.05
0.03
0.02
0.03
0.02
0.02
0.05

Mass loss (%)

0

12

15

20 PE-EVA-PCM

10

14

20 St-DVB-PCM

11

14

0 Outside

-

-

90

0.13

0.02

20 PE-EVA-PCM
Outside

-

-

90

0.77

0.11

20 St-DVB-PCM
Outside

-

-

90

0.66

0.03
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Compressive strength
(MPa)
77.5
78.9
77.6
74.2
42.3
42.6
41.1
43.5
51.2
51.4
52
50

Standard
deviation
1.3
2.3
1.5
0.6
2.3
0.9
1.7
1.2
0.7
1.2
3.5
0.3

82.9

1.2

44.6

0.3

53.5

0.7

Strength reduction
(%)
-1.8
-0.1
4.2
-0.7
2.8
-2.8
-0.2
-1.6
2.3
-

-

-

Table A.9. Properties of Portland cement composites containing PE-EVA-PCM and St-DVB-PCM at frost condition.
Mixture included
(vol.%)

Initial setting time
at 0 °C (h)

Final setting time
at 0 °C (h)

Freeze-thaw cycle
(day)
1
7
14
28
1
7
14
28
1
7
14
28

-0.13
-0.16
-0.38
0.06
0.11
0.24
0.06
0.18
0.29

Standard
deviation
0.08
0.05
0.03
0.02
0.03
0.02
0.01
0.03
0.04

Mass loss (%)

0

10.2

22.9

20 PE-EVA-PCM

10.9

18.8

20 St-DVB-PCM

10.6

19.7

0 Outside

-

-

90

-1.4

0.24

20 PE-EVA-PCM
Outside

-

-

90

-1.2

0.21

20 St-DVB-PCM
Outside

-

-

90

-1.1

0.15
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Compressive strength
(MPa)
54.8
50.9
50.3
43
29.7
30.2
30.4
30
34.3
34.5
35.3
34.8
65.7

Standard
deviation
1.5
1.6
2.7
1.4
0.2
0.4
0.2
0.3
0.1
0.6
0.8
0.6

Strength reduction
(%)
7.1
8.2
21.5
-1.6
-2.3
-1
-1.5
-2.9
-1.5

1

-

35.4

0.6

40.6

0.9

-

-

A.6.

Results from Chapter IX

Table A.10. Properties of GPC mixtures containing different percentages of PE-EVA-PCM at 40 °C.
MPCM
(vol.%)

0

10

20

Initial setting
time (min)

14

-

13

Final setting time
(min)

Curing age
(day)

Density
(g/cm3)

Compressive strength
(MPa)

Standard
deviation

Strength Reduction
(%)

1

2341

52

0.3

-

7

2366.4

74.4

1.8

-

14

2357.1

80.4

0.4

-

28

2400.4

86.7

1.57

-

1

2289.4

40.9

1.1

21.3

7

2287.6

59.2

0.8

20.4

14

2292.1

64.3

0.5

20

28

2308.9

66.2

0.7

23.6

1

2218.4

30.5

0.2

41.3

7

2231.8

43.9

0.7

41

14

2230.5

48.3

0.8

40

28

2243.5

49.4

1.4

43

24

-

22

237

Table A.11. Properties of GPC mixtures containing different percentages of St-DVB-PCM at 40 °C.
MPCM
(vol.%)

0

10

20

Initial setting
time (min)

14

-

13

Final setting time
(min)

Curing age
(day)

Density
(g/cm3)

Compressive strength
(MPa)

Standard
deviation

Strength Reduction
(%)

1

2341

52

0.3

-

7

2366.4

74.4

1.8

-

14

2357.1

80.4

0.4

-

28

2400.4

86.7

1.57

-

1

2291.6

43.1

1.1

17.1

7

2326.3

63.4

0.2

14.7

14

2309.7

69.8

1.7

13.2

28

2305.3

72.6

1.7

16.3

1

2229.8

35.2

0.8

32.3

7

2209.6

52.6

1.1

29.3

14

2242.9

56.7

1

29.5

28

2245.1

59.1

0.4

31.8

24

-

22

238

Table A.12. Properties of PCC mixtures containing different percentages of PE-EVA-PCM at 20 °C.
MPCM
(vol.%)

Curing age (day)

Density (g/cm3)

Compressive strength (MPa)

Standard deviation

Strength Reduction (%)

1

2393

31.4

0.4

-

7

2390.7

46.2

2.5

-

14

2386.2

49.9

0.5

-

28

2395.7

57.4

2.6

-

1

2313.1

22.4

0.5

20.4

7

2306.1

34.4

0.4

25.5

14

2306.6

35

0.5

29.8

28

2304.2

40.4

0.6

29.6

1

2191

14.7

0.4

43

7

2199.6

24.5

0.4

46.7

14

2210.5

26.6

0.3

45.4

28

2219.3

30.1

0.5

47.3

0

10

20
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Table A.13. Properties of PCC mixtures containing different percentages of St-DVB-PCM at 20 °C.
MPCM
(vol.%)

Curing age (day)

Density (g/cm3)

Compressive strength (MPa)

Standard deviation

Strength Reduction (%)

1

2393

31.4

0.4

-

7

2390.7

46.2

2.5

-

14

2386.2

49.9

0.5

-

28

2395.7

57.4

2.6

-

1

2296.5

25

1.6

28.6

7

2303

36.8

1.7

20.3

14

2305.7

38.2

2.1

23.4

28

2304.4

45.5

0.7

20.7

1

2209.7

17.9

0.1

53.2

7

2207.7

24.6

1.5

47

14

2204.1

27.2

1.2

46.7

28

2214.3

30.2

0.8

47.6

0

10

20
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Table A.14. Properties of PCC mixtures containing different percentages of PE-EVA-PCM at 40 °C.
MPCM
(vol.%)

Curing age (day)

Density (g/cm3)

Compressive strength (MPa)

Standard deviation

Strength Reduction (%)

1

2396.1

37.9

0.8

-

7

2414.3

54

2

-

14

2421.7

64.8

0.5

-

28

2433.4

71.8

1.7

-

1

2300

26.2

0.4

28.2

7

2301

40.3

0.4

25.3

14

2299.8

46

2.3

29

28

2297.5

51.8

2.6

27.8

1

2198.2

18

0.3

52.5

7

2192.3

27.3

0.6

49.4

14

2182.4

31.4

0.5

51.5

28

2183.4

34.8

1.3

51.5

0

10

20

241

Table A. 15. Properties of PCC mixtures containing different percentages of St-DVB-PCM at 40 °C.
MPCM
(vol.%)

Curing age (day)

Density (g/cm3)

Compressive strength (MPa)

Standard deviation

Strength Reduction (%)

1

2396.1

37.9

0.8

-

7

2414.3

54

2

-

14

2421.7

64.8

0.5

-

28

2433.4

71.8

1.7

-

1

2294.4

27.2

0.7

30.8

7

2291

39.6

1

26.7

14

2307

49.2

1.2

24.1

28

2303.3

55.9

2.5

22.1

1

2238.3

20.9

0.3

44.8

7

2233.9

31.8

0.6

41.1

14

2205.8

38.1

1

41.2

28

2223.9

43.5

0.8

39.4

0

10

20
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