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A B S T R A C T

Space agencies worldwide are currently developing initiatives
aimed at building human habitats on the Moon. Prioritizing
environmental and economic sustainability is crucial for the
successful establishment of Lunar settlements while meeting
the unique requirements of the Moon. One method to achieve
sustainable construction is by optimizing the utilization of raw
materials obtained from the Moon for 3D printing.

The in-situ resource utilization (ISRU) concept envisages the
use of raw materials available on the Moon (or other planetary
bodies) for the local manufacture of processed materials or in-
frastructure. Based on the ISRU approach, Lunar regolith can
be used as a locally sourced raw material to produce alkali-
activated binders, which are suitable for the manufacture of
building components. To facilitate the development of Lunar
infrastructure and habitats, the alkali-activated regolith-based
material must withstand the harsh Lunar environment, includ-
ing significant temperature fluctuations, freeze-thaw cycles, high
radiation levels, and frequent micrometeorite impacts. Further-
more, the material’s rheological properties in the fresh state and
the kinetics of setting and hardening are critical factors that
must be compatible with its efficient extrusion during the initial
phase of the 3D printing process.

The first part of this study involves using X-ray powder diffrac-
tion (XRPD) analysis and energy dispersive spectroscopy scan-
ning electron microscopy (EDS-SEM) to identify the present
mineral phases and elemental composition of the LMS-1D Lunar
regolith simulant, as well as its reactivity in the alkali activation
process. The next step is to use the design of experiments (DOE)
approach to optimize the formulation of an alkali-activated re-
golith simulant-based material. This involves understanding
the impact of critical factors, including the type and quantity
of alkaline activator, the addition of reactive powders, and the
curing temperature, on the system’s rheological and mechanical
properties.

The results of the DoE model are then validated by formu-
lating a set of control samples and analyzing their mechanical
strength, rheological properties, mineralogical composition, and
micro structural features. Finally, an optimal formulation is se-
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lected as a reference material for the realization of 3D printed
building units to be used in the construction of Lunar habitable
facilities.

R I A S S U N T O

Le agenzie spaziali di tutto il mondo stanno attualmente svi-
luppando iniziative volte a costruire habitat umani sulla Luna.
Dare priorità alla sostenibilità ambientale ed economica è fonda-
mentale per il successo della creazione di insediamenti lunari,
soddisfacendo al tempo stesso i requisiti unici della luna. Un
approccio sostenibile alla costruzione in ambiente lunare im-
plica un approvvigionamento in loco delle materie prime da
utilizzare per la produzione di leganti.

Il concetto di utilizzo delle risorse in situ (ISRU – In Situ
Resource Utilization) prevede l’utilizzo di materie prime dis-
ponibili sulla Luna (o su altri corpi planetari) per la produ-
zione locale di materiali lavorati o infrastrutture. Sulla base
dell’approccio ISRU, la regolite lunare può essere utilizzata co-
me materia prima di provenienza locale per produrre leganti
ad attivazione alcalina, adatti alla produzione di materiali da
costruzione. Per facilitare lo sviluppo di infrastrutture e habitat
lunari, il materiale a base di regolite ad attivazione alcalina deve
essere compatibile alle condizioni ambientali presenti sulla luna,
comprese le significative fluttuazioni di temperatura, i cicli di
gelo-disgelo, gli alti livelli di radiazioni e i frequenti impatti
di micrometeoriti. Inoltre, le proprietà reologiche del materiale
allo stato fresco e la cinetica di presa e indurimento sono fat-
tori critici che devono essere compatibili con una sua efficiente
estrusione durante la fase iniziale del processo di stampa 3D da
utilizzare per la messa in posto delle unità strutturali.

La prima parte di questo studio prevede l’utilizzo della dif-
frazione dei raggi X su polveri (XRPD) e della spettroscopia a
dispersione di energia al microscopio elettronico a scansione
(EDS-SEM) per identificare le fasi minerali presenti e la compo-
sizione elementare del simulante della regolite lunare LMS-1D,
nonché la sua reattività durante processo di attivazione alcalina.
Il passo successivo consiste nell’utilizzare l’approccio di Design
of Experiments (DOE) per ottimizzare la formulazione di regoli-
te ad attivazione alcalina. Ciò implica l’analisi dell’impatto di
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fattori critici, tra cui il tipo e la quantità di attivatore alcalino,
l’aggiunta di polveri reattive e la temperatura di maturazione,
sulle proprietà reologiche e meccaniche del sistema.

I risultati del modello DoE vengono quindi convalidati for-
mulando una serie di campioni di controllo e analizzandone la
resistenza meccanica, le proprietà reologiche, la composizione
mineralogica e le caratteristiche microstrutturali. Infine, viene
selezionata una formulazione ottimale come materiale di riferi-
mento per la realizzazione di unità strutturali mediante stampa
3D, da utilizzare nella costruzione di habitat lunari.
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1
I N T R O D U C T I O N

1.1 motivation and background

The Moon, being the closest celestial body to Earth, serves as
a stepping stone for future space exploration endeavors. The
Lunar exploration mission enhances scientific understanding of
Earth and the formation of the solar system by studying Lunar
geology and chemistry. Moreover, it is the optimal location to
conduct trials of space technology for forthcoming expeditions
into our solar system. The opposite side of the Moon serves
as an advantageous location for doing radio astronomy. An
extended duration of human stay on the Moon will serve as
a stepping stone for the initial human mission to Mars, which
will be the most remarkable accomplishment in engineering
and exploration ever witnessed by humanity. The Moon explo-
ration plan is comprised of three distinct phases: an unmanned
Lunar probe, a manned Lunar landing, and the establishment
of a Lunar outpost. Thus far, the initial two stages have been
accomplished. Presently, the primary objective of extraterrestrial
exploration is to create a Lunar base and exploit its resources to
support future exploration endeavors [116]. Both federal bod-
ies (NASA, ESA, ISRO, etc.) and private firms (SpaceX (Figure
1.1a), Blue Origin (Figure 1.1b), Virgin Galactic, etc.) show a
great interest in expanding towards the design and construction
of Lunar structures, habitats, and outposts [61]. ESA-NASA’s
Artemis programs (Figure 1.1d) aim to improve our understand-
ing of the Moon and establish a long-term human presence on
and around it. To achieve these aims, space agencies are focusing
on landing sites near the South Pole (Figure 1.1c), constructing
the Gateway Lunar orbiting platform, and expanding surface
expedition lengths [54]. The Chinese Lunar exploration project
shares the same objective and aims to establish a Lunar base by
2030 [71].

1.1.1 Applications and need for Lunar in-Situ construction

Utilizing in-situ construction is crucial for achieving sustainable
Lunar development as it enables the utilization of local resources
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2 introduction

(a) SpaceX Starship human lander
design concept.

(b) Blue Origin human lander de-
sign concept.

(c) Landing site of interest [54]. (d) NASA Artemis project land-
scape for Mars explorations.

Figure 1.1: The Lunar exploration programs’ outlook [54],[56].

and minimizes the dependency on supplies from Earth. In-situ
resource utilization (ISRU) minimizes the necessity of bring-
ing construction materials from Earth, hence decreasing the
energy consumption and pollution linked to long-distance trans-
portation. This method allows the creation of self-sustaining
settlements on the Moon by employing Lunar resources like
regolith (Moon soil) and autonomous construction technologies
such as 3D printing to build structures. Until now, the cost of
transporting material from the Earth has been extremely high.
The cost of launching 27,500 kg to the Low Earth Orbit (LEO)
with NASA’s space shuttle was around 1.5 billion dollars, result-
ing in a cost of 54,500 dollars per kilogram. In 2018, SpaceX’s
Falcon 9 offered a launch cost of 62 million dollars for send-
ing 22,800 kg into low Earth orbit. This translates to a cost of
2,720 dollars per kilogram [60]. Therefore, the commercial de-
ployment of large quantities of terrestrial matter remains costly.
Through the utilization of in-situ construction techniques, we
may effectively decrease the expenses and logistical obstacles
associated with constructing on the Moon. Additionally, this
approach can provide the groundwork for the establishment of
sustainable space colonization and exploration. Although in-situ
construction on the Moon offers certain benefits, it also presents
notable hurdles and potential downsides. When considering
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construction materials, the Lunar environment poses numerous
substantial challenges. These problems include extreme tem-
peratures, vacuum conditions, radiation exposure, microgravity,
Lunar dust, and the lack of water and atmosphere. To tackle
these intricate issues, NASA has initiated a synchronized en-
deavor to investigate the production of oxygen, the extraction of
metals from the Lunar soil, and ultimately fabricate bricks and
cement using the Lunar soil [75].

1.1.2 Possible construction methods

The design of an extraterrestrial structure is still in its early
stages. Many researchers have proposed several structural sys-
tems, but there are many uncertainties regarding natural haz-
ards, construction methods, and systems. Based on the habitat
architectural criteria, the 1997 NASA Habitats and Surface Con-
struction Roadmap defined three classes of Lunar and planetary
architectures, ranging from the ones that were built completely
on Earth to those that were completely built on the extrater-
restrial surface. First idea entails the complete landing of pre-
integrated structures on the Lunar surface. The second type
consists of pre-fabricated structures that may be assembled, de-
ployed, or inflated on the surface, and the third general category
is in-situ resource construction [82].

Inflatable constructions take up little room during transporta-
tion from the Earth and can successfully endure high tensile
forces when inflated, hence they appear to be the most fre-
quently proposed structural method. Figure 1.2 depicts the
inside view of the international space station Transhub [63].
Figure 1.3 depicts the Surface Endoskeletal Inflatable Module
(SEIM), a hybrid inflatable module that shares similarities with
the Transhub design [2].

Deployable structures have the advantage of being easily
packed during transportation and taking up little space. Figure
1.4 depicts a deployable 7m diameter space reflector [76].

Due to the high cost and complexity of transporting large
amounts of materials to space, the in-situ resource utilization
(ISRU) framework suggests using regolith and robotics to con-
struct the Lunar structures [61]. Figure 1.5 shows a dome struc-
ture made using the contour crafting method [65].
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Figure 1.2: A schematic illustration of the Transhub internal view [63].

Figure 1.3: Surface Endoskeletal Inflatable Module [2].

Figure 1.4: Space reflector tested aboard the “Mir” orbital station [76].
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Figure 1.5: Dome structures built by contour crafting method [65].

1.2 the significance of the lunar regolith

The Lunar surface is divided into two major regions: the Lu-
nar Mare, which refers to the dark, flat plains, and the Lunar
Highlands. Figure 1.6 shows a detailed photograph of the Moon,
with labeled areas of its surface.

Figure 1.6: A close-up image of the Lunar Mare, south pole, and High-
lands [72].

The Lunar Highlands are primarily composed of anorthositic
rocks, and the dominant mineralogy is anorthite, with a small
amount of iron and magnesium-bearing minerals such as py-
roxene and olivine. Chemically, the Lunar Highlands are rich in
calcium, aluminum, silicon, and oxygen but low in magnesium
and iron (Figure 1.7). On the other hand, the Lunar Mare region
consists of basaltic lava flows. Plagioclase, anorthite, orthopyrox-
ene, clinopyroxene, olivine, and ilmenite primarily make up its
mineralogy. Thus, these basalts are richer in magnesium, iron,
and titanium and poorer in calcium and aluminum [27].

Up until now, researchers have collected all the physical and
chemical properties of Lunar material from the Lunar regolith.
The regolith is expected to serve as the primary material for
constructing Lunar bases [18, 21, 81, 88, 89, 112] and extraction of
oxygen and metals [103] [50]. Furthermore, the hydrogen signals
on the Lunar south pole (Figure 1.8) suggest the presence of
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Figure 1.7: (a) Rock type distribution on the Moon’s near side (left) and
far side (right) Blue: anorthositic Highlands; yellow: low-Ti
basalts; red: high-Ti basalts. (b) Chemical compositions
of Lunar Highland minerals (Apollo 16), low-Ti basalts
(Apollo 12), and high-Ti basalts (Apollo 11) [103].
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water in either the form of liquid water or minerals that contain
water molecules [40]. The Lunar regolith also contains valuable
information about the composition of the Moon’s solid surface,
as well as the energy dynamics within the solar system.

Figure 1.8: Neutron emissions detected at the Lunar poles [40].

1.3 alkali-activated cementitious materials (aacms)

Geopolymers and alkali-activated materials (AAMs) in gen-
eral are promising materials for use as an alternative binder
to ordinary Portland cement (OPC) in the construction indus-
try. Producing a geopolymer, an alkaline solution dissolves an
aluminum silicate source, leading to the formation of insoluble
phases which conveys cohesive properties [115]. Alkali acti-
vated material has various advantages, including lower carbon
footprint in comparison with ordinary Portland cement, high
durability, quick strength development [124], and raw mate-
rial flexibility, making it an appealing solution for sustainable
and high-performance construction applications. One of the
significant benefits of alkali activation is its smaller environ-
mental impact compared to OPC [37], [114]. Alkali activation
typically utilizes industrial by-products, reducing the need for
energy-intensive clinker production. While OPC relies primar-
ily on limestone as a precursor, alkali-activated materials can
be synthesized using a wide range of industrial by-products,
including fly ash, slag, metakaolin, and rice husk ash [52]. As
a result, alkali-activated materials produce fewer carbon diox-
ide emissions, helping to mitigate climate change and promote
sustainability in construction practices.
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1.3.0.1 Advantages and suitability for Lunar applications

Considerable amounts of sodium, potassium, silicon, and alu-
minum are present in the Lunar regolith that can be used for
alkali activation [42]. Therefore, alkali activation attracts exten-
sive research interest in the domain of extraterrestrial in-situ
fabrication [44]. Alkali-activated materials can be tailored to
exhibit superior durability properties [98], freeze-thaw and acid
attack resistance [110] , radiation shielding [79], and low ther-
mal conductivity [43] making them ideal for applications in
aggressive Lunar environments. Several activation systems, in-
cluding sodium hydroxide [89] and sodium silicate [44], have
been feasible to prepare alkali-activated Lunar regolith simu-
lants. Thus, the utilization of Lunar regolith and alkali metals
as components of geopolymer composites can facilitate Lunar
construction. Compared to conventional binders, this method
can significantly reduce the amount of transported material.
However, a 100% ISRU approach would require sourcing liquid
water and alkali solutions, which is not straightforward but
potentially achievable.

1.4 research objectives and scope

This study aims to utilize the design of experiments (DoE) tech-
nique to optimize the formulation of an alkali-activated regolith
simulant and comprehend the impact of critical factors on the
system’s rheological and mechanical properties. The factors
under investigation include the type and quantity of alkaline
activator, the addition of reactive powders, and the curing tem-
perature.

• Characterization of Lunar regolith simulant (LMS-1D):

We employed X-ray powder diffraction (XRPD) analysis
and energy dispersive spectroscopy scanning electron mi-
croscopy (EDS-SEM) to identify the present mineral phases
and elemental composition of the LMS-1D Lunar regolith
simulant.

• Experimental design and modeling:

A total of 26 experiments were conducted to build empiri-
cal models that correlate the formulation parameters with
the rheological properties and compressive strength of the
alkali-activated regolith simulant. The DoE approach al-
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lows for efficient exploration of the parameter space and
identification of optimal formulations.

• Verification and validation:

Three additional experiments were performed using the
optimized formulations to verify the accuracy of the empir-
ical models in predicting the yield stress and compressive
strength of the solidified product. This validation step
ensures the reliability and applicability of the developed
models.

• Characterization of final products:

The final products resulting from the optimized formu-
lations were subjected to XRPD analysis and EDS-SEM
for phase identification, elemental analysis, and mapping,
respectively. This comprehensive characterization provides
insights into the microstructural changes and chemical
composition of the alkali-activated Lunar regolith simu-
lants.

• Conclusion and implications:

By achieving optimization of the formulation parameters
and understanding their impact on the properties of alkali-
activated regolith simulants, this research contributes to
advancing the feasibility and sustainability of in-situ re-
source utilization for future space exploration missions.





2
L U N A R G E O L O G Y

2.1 the lunar environment’s challenges

The Lunar environment poses significant challenges and haz-
ards to astronauts’ well-being, survival, and security, as well as
construction materials. Therefore, establishing a Lunar base is a
complex task [12].

• Severe temperature fluctuations

The temperature on the Lunar surface experiences substan-
tial changes (Figure 2.1). The Lunar day has a duration of
29.53 Earth days, leading to alternating periods of intense
sunlight and cold nights. The temperature on the Moon’s
surface exhibits a wide variation, varying from scorching
hot to freezing cold [61]. Extreme temperatures can cause
construction materials to expand and compress, as well as
become brittle, leading to structural instability [59].

Figure 2.1: Lunar surface temperature variation at different latitudes.
Diurnal temperature variations at 89 degrees latitude are
shown at summer and winter solstices. Local time is ex-
pressed in Lunar hours, which correspond to 1/24 of a
Lunar month [83].

The polar regions are a good choice for establishing settle-
ments and infrastructure because they receive less insola-

11
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tion than equatorial and lower latitude regions, resulting
in milder diurnal thermal cycling [64].

• Lack of water and atmosphere

The Moon’s lack of water and atmosphere restricts the
availability of resources for construction materials. Al-
though the Air Force’s Clementine and, consequently, the
NASA-Ames Lunar Prospector missions detected water
ice at the north pole, the concentration and availability are
challenging. The lack of an atmosphere results in a vacuum
that can affect the behavior and durability of construction
materials[24].

• Radiation exposure

The Sun and cosmic rays expose the Moon’s surface to
high levels of radiation. Galactic cosmic rays (GCR) or
solar energetic particles (SEO) cause hazardous radiation
that poses a great threat to the subsystems of any Lunar
structure and electronics[85]. This radiation exposure may
reach seven times the Earth’s allowable amount and can
degrade and damage construction materials over time,
compromising their structural integrity. Some data show
that the Lunar regolith cover for the habitats should be at
least 1 meter to properly shield the radiation[24].

• Microgravity

The Moon has a significantly lower acceleration of grav-
ity. Compared to Earth, the gravity experienced on the
Moon is about 1/6 of that on Earth [51]. This microgravity
environment poses challenges for construction materials,
as their behavior and structural strength may be different
without the gravitational forces experienced on Earth.

• Lunar dust

Micrometeorites constantly hit the Lunar surface; thus, the
Moon’s surface is covered in a layer of fine dust that is
continually charged by the solar wind. This Lunar dust
can diminish visibility and pose challenges for construc-
tion materials. Moreover, Lunar dust is abrasive and can
infiltrate equipment and structures, potentially causing
wear and damage[59].

• Meteoroid impacts
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Lacking an atmosphere, the meteorites impact the Moon’s
surface without slowing down or burning. Impactors have
velocities that vary from 2.4 to 72 km/s[61], which is a
threat to any type of construction.

• Seismicity

The tides generated on the Moon due to the relative mo-
tions of the Sun and the Earth produce deep moonquakes,
which are the most commonly classified natural sources
of ground motion, ranging from 0.5 to 1.3 on the Richter
scale[68]. Shallow moonquakes are the rarest and most
seismically energetic phenomena observed on the Moon
[61]. The shallow moonquakes’ focal depths range from
0–200 km with the largest magnitudes of 4 to 5 on the
Richter scale[68]. The Apollo passive seismic network has
also recognized thermal moonquakes as small local events
caused by temperature variations on the Lunar surface.
The generation procedure for such seismic events is the
fracturing or movement of the regolith in response to diur-
nal changes in thermal stresses [33].

2.2 lunar missions and regolith samples

By the end of 1972, the Apollo missions had brought a total
amount of 382 kg of Lunar regolith back to Earth(Figure2.2a,
2.2b). The Luna missions between 1970 to 1976 also brought 321

grams of Lunar regolith to Earth [61].
On December 1, 2020, China’s ChangE-5 sample return mis-

sion successfully touched down in the northwest corner of the
Moon[119]. The lander acquired 1.7 kg of specimens via a me-
chanical scoop and a drill capable of penetrating 2 meters be-
neath the surface[126].

The chemical compositions of Lunar regolith samples indi-
cate their various origins. However, collected regolith samples
often exhibit constituents that are not typically expected at the
sampling location[50]. Table2.1 shows the major element con-
centration of Apollo, Luna, and ChangE missions in Wt.%.

2.2.1 Regolith

Regolith is a terrestrial term that is also used for the Moon. Gen-
erally, regolith refers to a highly varied layer of fragmented and
unconsolidated rock material that covers the land or bedrock
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(a) (b)

Figure 2.2: (a) The Apollo 16 breccia boulder, weighed one kilogram.
The black glass on the side was created from the collision
of a meteorite, and (b) an astronaut gathering a Lunar soil
sample [73].

almost everywhere[9]. The ongoing collision of meteorites and
the bombardment of charged atomic particles on the Moon’s
surface form the Lunar regolith. The regolith layer covers the en-
tire Lunar surface, with some exception of steep crater walls and
lava channels[50]. The diameter of impact craters on the Lunar
surface varies from over 1000 kilometers to under 1 micrometer.
These impacts generate shock waves that cause an increase in
pressure and heat. This results in the melting and fusion of the
pulverized Lunar material, leading to the formation of breccias
and impact melt rocks. The formation processes of regolith can
be categorized into two primary stages: the first stage involves
the initial exposure of the bedrock to the surface and is subjected
to direct impact, while the second stage entails the bedrock be-
ing overlaid with a layer of regolith. During the later stages, the
smaller yet abundant impacts just disrupt and blend the upper
layer of the regolith. The regolith thickness typically does not
exceed 10 to 20 meters, as only a small amount of regolith is
needed to provide shielding for the underlying bedrock [50].

2.2.2 General description

Generally, the Lunar soil is a loose material that is cohesive,
ranging from dark gray to light gray. It is defined as the uncon-
solidated section of regolith with particle sizes smaller than 1

cm. It is also referred to as the Lunar regolith, which has the
same meaning in terms of its composition and characteristics [9].
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Figure 2.3: A photograph depicting the Lunar surface taken shortly
after the landing in the "Ocean of Storms" on 1 December
2020. The image is credited to CNSA / CLEP[22].

Since particles less than 1mm make up the majority of regolith
samples, most regolith analyses have concentrated on these frac-
tions, while the relatively large fragments are treated as rock
samples.

The Lunar soil primarily forms from the mechanical disinte-
gration of basaltic and anorthositic rocks, with a little meteoritic
component comprising around 2% of the total. The average
grain size of the soils varies from around 40 µm to 800 µm, with
an average range of 45 to 100 µm. The main part of Lunar soil
particles is made up of agglutinates, which are glass-bonded
aggregates, along with a variety of rock and mineral fragments.
When the impacts are large enough, bombardment of the Lu-
nar regolith surface reconsolidates sections of the regolith into
regolith breccias [50]. While Lunar soils exhibit a significant
variety in their chemical compositions, their physical qualities,
including particle size, density, packing, and compressibility, are
quite consistent[26].

Several consecutive impact events and chemical modifications
make it difficult to define the exact chemical composition of the
Lunar regolith [8]. Apart from agglutinates, which make up the
largest portion of the Lunar soil, and volcanic glass, a significant
percentage of Lunar soils, approximately 3–5%, consist of small
irregular fragments of impact glass. These glass fragments are
formed when the regolith is melted by the impacts, and the
compositions of many of these glasses consist of a mixture of
rock types. Another notable component of Lunar soil is ropy
glass, which has a diverse range of chemical compositions and
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Apollo Missions[62] Luna Missions[62] ChangE [126]

11 12 14 15 16 17 16 20 24 5

SiO2 42.2 46.3 48.1 46.9 45 43.2 41.7 45.1 43.9 41.25

TiO2 7.8 3 1.7 1.4 0.54 4.2 3.4 0.55 1.3 5.12

Al2O3 13.6 12.9 17.4 14.6 27.3 17.1 15.3 22.3 12.5 11.55

Cr2O3 0.3 0.34 0.23 0.36 0.33 0.33 0.28 0.32

FeO 15.3 15.1 10.4 14.3 5.1 12.2 16.7 7 19.8 22.7

MnO 0.2 0.22 0.14 0.19 0.3 0.17 0.23 0.13 0.25 0.28

MgO 7.8 9.3 9.4 11.5 5.7 10.4 8.8 9.8 9.4 6.52

CaO 11.9 10.7 10.7 10.8 15.7 11.8 12.5 15.1 12.3 11.64

Na2O 0.47 0.54 0.7 0.39 0.46 0.4 0.34 0.5 0.31 0.46

K2O 0.16 0.31 0.55 0.21 0.17 0.13 0.1 0.1 0.04 0.21

P2O5 0.05 0.4 0.51 0.18 0.11 0.12 0.12 0.16 0.11 0.27

S 0.12 0.06 0.07 0.09 0.21 0.08 0.14

Total 99.9 99.6 99.8 100.8 100.8 100.5 99.7 100.8 100.4 100

Table 2.1: Bulk composition of samples from Apollo, Luna, and
ChangE Missions.

contains fine, dusty soil grains as inclusions. It may also contain
skeletal crystals that formed during the glass’s cooling and
solidification. Studying the mineral and chemical composition
of regolith is made more complex by the existence of shock
minerals and chemical fractionation processes that can occur
during impact melting. For example, the process of selectively
evaporating of silicon can result in the formation of new glass
compositions that do not match any Lunar bedrock[50].

2.2.3 Petrography

Lunar soil is made of fragments of minerals, crystalline rocks,
breccia, and agglutinates. Breccias, agglutinates, and glasses
are a result of meteorite impact, and the glassy fraction of the
regolith comes from the groundmass of basaltic rocks and ag-
glutinates. The finer soil fractions tend to be predominantly
concentrated in minerals prone to easy fragmentation, such as
plagioclase and glassy phases. The concentration is particularly
evident in the portion with a size of less than 10 µm [30]. The
average size of crystalline rock fragments in regolith is below
250 µm and is made up of igneous rocks, monomictic, and
polymictic breccias. Polymineralic and lithic fragments domi-
nate the coarser size fractions. The Apollo 11, Apollo 12, Luna
16, and Luna 24 missions landed in the Mare region, which is
predominantly basalt. The mafic minerals in this region are py-
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roxene and olivine. The Apollo 16 and Luna 20 missions landed
in Highland regions in which lithic samples are predominantly
anorthositic rocks and plagioclase feldspar. Apollo 15 and 17

have an intermediate character between those from the Mare
and Highland regions. The bar graph (Figure2.4) shows the
modal abundance of principal particle types in 14 Lunar soil
samples. Soil samples are from Apollo 11 (10084), Apollo 12

(12xxx), Apollo 14 (14163), Apollo 15 (15xxx), Apollo 16 (6xxxx),
Apollo 17 (7xxxx), Luna 16 (21000 and 22001), and Luna 24

(24999), numbered with the relevant mission code [105].

Figure 2.4: Bar graphs displaying the most common (volume) abun-
dances of the main particle types found in 14 Lunar soil
samples, "dmb" stands for dark matrix breccia [105].

2.2.4 Agglutinates

Agglutinates are composed of smaller Lunar soil particles such
as mineral grains, glasses, and older agglutinates. These particles
are held together by vesicular, flow-banded glass. Agglutinate
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particles, as depicted in Figure2.5, often have a size of less
than 1 mm. They consist of small droplets of Fe metal, with a
significant portion being very fine-grained and single-domain
Fe°, as well as troilite (FeS). The creation of these formations is
most likely caused by the melting and blending that occur due
to the bombardment of the Lunar surface by micrometeorites
[50].

Figure 2.5: (a) Optical microscope photograph (NASA Photo S69-
54827) of agglutinates and (b) Scanning electron mi-
croscopy image (NASA Photo S87-38812) of a doughnut-
shaped agglutinate[50].

Agglutinates are the main constituents of Lunar soils and,
on average, make up 25 to 30% of Lunar soils, but their quan-
tity can vary from a rare 5% to 65%. Because agglutinates are
continuously created by micrometeoroid bombardment at the re-
golith’s surface, the amount of agglutinates in Lunar soil grows
with time and is proportional to its cumulative exposure age.
Agglutinates are distinguished by their fine-grained (300 Å),
single-domain Fe° metal structure. The study of the ratio of ag-
glutinitic glass composition to the bulk soil composition for the
Luna 24 soil samples, which are highly immature and relatively
pure Mare soils, shows an inclination of the chemical composi-
tion of agglutinitic glass towards the below 10 µm fraction of
the initial soil (Figure2.6) [84].

2.2.5 Grain-size characteristics

The processes involved in creating Lunar soil are complex. Mi-
crometeoroids striking Lunar rocks cause particles to fragment
into smaller components. In the mean time, small amounts of
molten material are produced that adhere to nearby particles
(Figure2.7a,and2.7b) [50].
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Figure 2.6: The plot illustrates the resemblances in chemical composi-
tion between agglutinate glass found in the Luna 24 soils
and the proportion of Luna 24 soils that is smaller than 10

micrometers[84].

(a) (b)

Figure 2.7: (a) SEM image of a plagioclase grain from Lunar soil sam-
ple 10084 with irregular glass splashes and fine-grained
bits of crystals and glass attached to them, and (b) Mi-
crometeoroid impact crater on the surface of a Lunar soil
particle [50].
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In general, the average and minimum grain sizes of collected
Lunar soil samples show differences between sampling locations.
Most of the Lunar regolith samples would consist of silty sands
with pebbles or cobbles. The Lunar soils exhibit a variety of
sorting qualities, ranging from low to very low. Furthermore,
samples with the highest grain size have the least amount of
sorting. The soil samples collected from all the Apollo sites
display a distribution that is somewhat skewed, with skewness
values ranging from 0 to 0.3 (Figure2.8). The average grain size
of Lunar soils varies from 40 to 800 µm, with the majority of
averages falling between 45 and 100 µm [50].

Figure 2.8: Cumulative distribution function of particle sizes in typical
Lunar surface soil samples. The term "Agg" is used to
describe the agglutinate content found in individual soil
samples[50].

2.2.6 Regolith density

The minimum bulk densities of Lunar soil varies from 0.87 to
1.10 g/cm3, while the maximum densities varied from 1.51 to
1.89 g/cm3. The observed variations in values can be attributed
to intragranular voids, particle morphology, surface texture,
and grain configurations. The Lunar soil located in the plains
regions of the Moon has a relatively low to medium density
at the surface, which thereafter experiences a quick increase to
a very high relative density at depths above 10 to 20 cm[19].
Figure2.9 illustrates the relationship between the in situ bulk
density of Lunar soil and the depth below the surface. Three
density-depth relations that have been calculated are: linear
(shown by a solid line), power-law (represented by a heavy
dashed line), and hyperbolic (represented by a light dashed
line). The uppermost boxes in the plot display the suggested
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bulk density values for intercrater zones in close proximity to
the surface[50].

Figure 2.9: Relationship between the in situ bulk density of Lunar soil
and the depth[50].

2.3 lunar regolith simulant

Obtaining Lunar soil samples is logistically challenging and
expensive. While NASA and other space agencies have collected
Lunar soil samples, the quantity of these samples is limited
and restricted for research purposes. Lunar regolith simulants
offer a cost-effective solution with consistent and reproducible
properties for scientific experiments, engineering tests, and tech-
nology development. They can be customized to mimic specific
properties of Lunar soil, such as grain size distribution, mineral
content, and chemical composition. JSC-1 has been one of the
most extensively studied Lunar simulants; however, its resources
have been depleted over time. LMS-1 is a new commercially
available Lunar regolith simulant that mimics the composition
of Lunar Mare regolith.

2.3.1 LMS

LMS-1 (Figure2.10) is a Lunar simulant developed by the Uni-
versity of Central Florida [57]. The developers’ main goal was
to produce a high-fidelity mineralogical simulant for the Moon
in correct mineralogical proportions. The ingredients for the
extra-fine Mare region dust simulant (LMS-1D) were mixed at
specific weight ratios (Table2.2) to fit the mineral distribution
of the Mare Lunar regolith. The main components used are
pyroxene, glass-rich basalt, anorthosite, olivine, and ilmenite.
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Figure 2.10: LMS-1D Simulant, photo credit Matthew Villegas[72].

Component weight %

Pyroxene 32.8

Glass-rich basalt 32.0

Anorthosite 19.8

Olivine 11.1

Ilmenite 4.3

Table 2.2: Mineralogy of the
mixed LMS-1D Lu-
nar simulant[72].

Oxides LMS-1 % LMS-1D %

SiO2 44.2 46.9

TiO2 3.5 3.6

Al2O3 11.9 12.4

FeO 11.5 8.6

MnO 0.2 0.2

MgO 17.1 16.8

CaO 8.6 7.0

Na2O 0.9 1.7

K2O 0.4 0.7

P2O5 0.9 0.2

LOI 0.9

Total 99.2 99.0

Table 2.3: LMS-1 and LMS-1D
Lunar regolith simu-
lants bulk chemistry,
LOI indicates loss on
ignition[72].

As reported by the producers, the main oxides in the LMS-1D
are SiO2 (46.9 %), MgO (16.8%) and Al2O3 (12.4%), respectively.
The relative abundance of oxides in the LMS-1 and LMS-1D
samples was measured using the fused bead sample preparation
technique (Table2.3). The mean and median particle sizes of the
LMS-1D Lunar simulant are 7 µm and 4 µm, respectively [72].
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A L K A L I A C T I VAT I O N

3.1 introduction

Concrete, which is essential for the construction of homes and
infrastructure, relies heavily on cement as a key ingredient.
Global cement production is expected to expand by 12–23%
by 2050, driven by rising population and urbanization [20].
Ordinary Portland cement (OPC) is made by heating a mixture
of finely ground limestone, clay, and other minor ingredients
at about 1450°C in a rotary kiln[91]. Worldwide production of
cement in 2023 was around 4.1 billion metric tons [77], making
it one of the highest-volume commodities produced worldwide.
Therefore, developing a low-carbon alternative binder is an
important option to reduce anthropogenic CO2 production.

Geopolymers and alkali-activated materials (AAMs) in gen-
eral are promising materials that may serve as an alternative
binder to ordinary Portland cement (OPC). In contrast with
pozzolanic cement that depends on the presence of calcium and
calcium silicate hydrates (C-S-H) for matrix formation, geopoly-
mers get their strong structure from linking together building
blocks of silicon and aluminum in a chemical process that re-
quires a very alkaline environment[115]. The desired properties
of AAMs can be tailored to resist acid attacks and silage efflu-
ent[4], higher heat transfer rate and less cracking and spalling
[99], and higher compressive strength[5]. Geopolymers can also
be utilized for industrial by-product stabilization and heavy
metal immobilization[115].

Kühl [67] in 1908 patented the reaction of an alkali source
with a solid aluminum and silicon-containing precursor to form
a Portland cement-like solid material[91]. By definition, alkali-
activated material (AAM) is generally any binder system derived
by the reaction of an alkali metal source with a solid alumino-
silicate powder[104]. Any soluble substance that can provide
alkali metal cations and accelerate the dissolution of the solid
precursor by raising the pH is an alkali source. It includes
alkali hydroxides, silicates, carbonates, sulfates, and aluminates.
The solid can be a calcium silicate (conventional clinker) or
an aluminosilicate-rich precursor such as fly ash or bottom

23
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ash, natural pozzolan, metallurgical slag, or a combination of
them. Based on the amount of calcium content of the binder
material, three categories of alkali-activated materials are high-
calcium alkali-activated materials, such as metallurgical slags;
low-calcium alkali-activated materials, such as metakaolin; and
intermediate or blended systems [91].

3.2 activation chemistry

In general, aluminosilicate binder materials are activated by
alkali hydroxides or silicates under high-pH conditions. Sodium
and potassium are the most commonly used alkali activators.
Due to their abundance and cost, lithium, rubidium, and cesium
hydroxides have limited applications. The most important prop-
erties of hydroxide solutions are high corrosivity, heat release
during alkali hydroxide dissolution, and viscosity [93]. Figure
3.1a shows the standard enthalpies of alkali metal hydroxide
dissolution to infinite dilution at 25°C as a function of cation
size.

Sodium hydroxide(NaOH) is commonly used for hydroxide
activation of the AAM since it’s cheap and widely available. Fig-
ure3.1b shows the phase diagram for the NaOH − H2O system.
The sodium hydroxide(NaOH) solubility at 25°C is 53.3% by
mass (28.57 m), but falls below 30 wt% (10.73 m) at 0°C [90].

(a) (b)

Figure 3.1: (a) Standard enthalpy of dissolution to infinite dilution of
the alkali hydroxides[46, 47], and (b) Phase diagram for
the NaOH − H2O system [90].

Alkali silicates are mainly produced from carbonated salts
and silica via calcination, then dissolved in water at the desired
ratios[93]. As in the case of hydroxides, in alkali activation
technology, silicates of sodium and potassium are more widely
used in industry[90]. Figures 3.2a and 3.2b illustrate the sharp
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increase in viscosity with the increase in molality for alkali
hydroxide and sodium silicate solutions at room temperature
[93].

(a) (b)

Figure 3.2: (a) Viscosities of alkali hydroxide solutions as a function
of molality at 25°C, and (b) Viscosities of sodium silicate
solution with mass ratio SiO2/Na2O marked at room tem-
perature [93].

3.3 geopolymers

Davidovids led the early developments of low-calcium alkali-
activated binders, which resulted in the formation of ceramic-
like fire and acid-resistant material. The term "geopolymer" was
applied to a class of solid materials that are synthesized by the
reaction of an alkaline solution with an aluminosilicate powder
[28].

Figure 3.3 shows a simplified graphical distinction of the
concrete-forming materials. Geopolymers are generally consid-
ered a subset of the alkali-activated material with the highest
aluminum and the lowest concentration of calcium concentra-
tions. Geopolymers are mainly synthesized by combining an
alkaline solution with a reactive aluminosilicate powder, in par-
ticular metakaolin or fly ash, resulting in the production of an
alkali aluminosilicate gel phase known as the geopolymeric gel
binder phase[91]. There are similarities between the binder struc-
ture in low-calcium alkali-activated systems and the structure of
zeolites[95]. Bell et al. (2008) found similarities between the struc-
tural order of metakaolin-based KAlSi2O6.5.5H2O geopolymer
and leucite on a length scale up to 8 Å [10],[11].
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Figure 3.3: Classification of AAMs, with comparisons to OPC and cal-
cium sulfoaluminate binder chemistry. Darker shading cor-
responds to higher concentrations of sodium (Na) and/or
potassium (K)[91].

3.4 metakaolin

Metakaolin is the product of the kaolinite clay calcination pro-
cess at 500–800 °C. Kaolinite (Al4[Si4O10](OH)8 Figure3.4) is a
1:1 dioctahedral phyllosilicate and is the main component of
the kaolinite group of minerals. It can be mined directly or is
available in the form of industrial waste[108].

The temperature must be sufficiently high to remove the
bound water from the clay structure. Since pure kaolinite does
not have interlayer water, the calcination of the kaolinite is only
governed by the dehydroxylation process. It is generally ac-
cepted that metakaolin is formed by a gradual loss of structural
water while the aluminum coordination changes from six to four
folds. The metakaolin is amorphous and appears disordered to
X-ray diffraction analysis (Figure3.5)[90].

The molecular dynamics (MD) simulations show that the loss
of hydroxyl groups at the surface of the inter-layer spacing
governs the loss of crystallinity. The loss of the hydroxyl groups
causes the migration of the aluminum into the vacant inter-layer
space. Finally, this migration causes the buckling of the layers.
Figure3.6 shows the molecular dynamics (MD) simulation of
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Figure 3.4: The ideal layered structure of kaolinite unit cell, vertex shar-
ing SiO4 tetrahedra forming six-membered silicate rings
that are linked by common oxygen atoms parallel to the
c-axis to a sheet of edge-sharing AlO6 octahedra forming
four-membered aluminate rings[108].

Figure 3.5: Cu Kα diffraction pattern of commercial metakaolin. The
15-35 2θ broad peaks are related to the amorphous meta-
kaolin. Sharp peaks are related to muscovite impurity[90].

dehydroxylation process of the kaolinite (top left) along the
a axis in 20% steps. Figure3.7 shows a fully dehydroxylated
kaolinite structure in which 1:1 layering is still visible[108]. Since
metakaolin is derived by the hydroxyl group removal from the
layered kaolinite (Figure3.4), the dehydroxylation process is
partially reversible[92].

3.4.1 Metakaolin geopolymirization

Metakaolin-based geopolymers have been among the first suc-
cessfully produced geopolymers. Alkali hydroxide activation of
low calcium precursors such as metakaolin is dominated by an
alkali aluminosilicate gel. Depending on the reaction conditions,
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Figure 3.6: The molecular dynamics (MD) simulations of the kaolinite
dehydroxylation process along the a axis in 20% steps[108].

the reaction of the metakaolin with alkalis forms one or more
types of zeolites [10, 11].

Infrared spectroscopic techniques on the sodium hydroxide
(NaOH)-activated fly ash identified two stages of gel evolution
(Figure 3.8). ’Gel 1’, which is relatively richer in Si − O − Al

bonding, and ‘Gel 2’, form at longer reaction times as the extent
of silicon (Si) crosslinking within the gel increases. Crystallites
that form during sodium hydroxide (NaOH) activation of meta-
kaolin are predominantly feldspathoids in the hydro-sodalite,
hydroxy-sodalite family. Some zeolitic phases (zeolite Na − A

or low-silica faujasites) are observed as either transient or later-
developing reaction products [90, 94]. Based on the mix design,
curing temperature, and contamination, geopolymer gel grows
to the point where the reacting slurry solidifies almost instanta-
neously, or after several days.
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Figure 3.7: A snapshot of molecular dynamics (MD) simulation of a
fully dehydroxylated kaolinite structure[108].

The SEM micrographs of the sodium hydroxide (NaOH)-
activated metakaolin geopolymer (Si/Na = 4/4) clearly show
the presence of zeolite Na − A cubic crystals (Figure 3.9a). In-
creasing Si/Na = 4/6 causes the rapid crystallization (about
2.5 hours) of a very small (about 21 nm) unnamed zeolite,
Na6[AlSiO4]6.4H2O (Figure3.9b)[122].

The SEM image of the sample synthesized using a combina-
tion of sodium hydroxide (NaOH) and sodium-silicate activators
(Figure3.10) shows no crystal morphology but appears to be
of denser texture than the samples synthesized with sodium
hydroxide (NaOH) only (Fig3.9a,3.9b)[122].

The binder gel structure that is formed through silicate activa-
tion with low calcium precursors such as metakaolin is similar
to the binder gel structure formed through hydroxide activa-
tion. However, there are differences, at the atomic length scale,
and Si/Al ratios, and there is a lower tendency toward zeo-
lite/feldspathoid crystallization at higher Si content. Compared
with hydroxide activation, metakaolin silicate activation tends
to develop acceptable strength across a wider range of mix de-
signs and curing conditions [94]. However, the addition of even
a small amount of sodium silicate to the sodium hydroxide
(NaOH)-activated metakaolin drastically suppresses crystallite
formation[122]. Silicate activation tends to produce products
with lower porosity and higher strength binder[109].
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Figure 3.8: Alkali-activated binder synthesis conceptual model. Multi-
step gel evolution of hydroxide activation of aluminosili-
cate source[34].

(a) SEM image of samples synthe-
sized using sodium hydroxide
(NaOH) activator with Si/Na =
4/4.

(b) SEM image of samples synthe-
sized using sodium hydroxide
(NaOH) activator with Si/Na =
4/6.

Figure 3.9: Internal pore surface SEM images of samples synthesized
using sodium hydroxide (NaOH) activator with different
Si/Na ratios[122].
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Figure 3.10: Internal pore surface SEM image of samples synthesized
using a combination of sodium hydroxide (NaOH) and
sodium-silicate activators[122].

3.5 effects of curing time and temperature

Curing time and temperature influence the compressive strength
of the geopolymer concretes. Hardjito and Rangan (2005) con-
cluded that curing for up to 24 hours improves the polymeriza-
tion process and therefore results in higher compressive strength.
Beyond 24 hours, the gain in compressive strength is moderate.
As a result, heat curing time doesn’t need to be more than 24

hours in practical applications [49].
In a study by Zhang et al. (2009), four geopolymer samples

using metakaolin and sodium hydroxide (NaOH) were pre-
pared, and the amount of crystalline phase at different times
was determined using the Rietveld method (Figures3.11,3.12).
Sample with Si/Na = 4/4 (S3) formed significant quantities of
Na − A Zeolite (Na96Al96Si96O384.216H2O) after 1.5 days. The
amount of this phase steadily increases, reaching 90% after 10

days. The sample with a lower amount of sodium, Si/Na = 4/3

(S2), formed smaller amounts of Na − A zeolite more slowly
after 3 days. Further reduction of sodium to Si/Na = 4/2 only
produced 1.2% Na − A zeolite in 10 days. Higher sodium levels
(Si/Na = 4/6) in sample S4 caused rapid crystallization of an
unnamed hydrosodalite-type zeolite (Na6[AlSiO4]6.4H2O). In
about 2.5 hours, the amount of this crystallite reaches about
50% and remains at this level thereafter. A ratio of Si/Na =4/4

facilitates the formation of Na − A Zeolite, while excess sodium
hydroxide (NaOH) (Si/Na > 4/4, as in S4) reduces the crys-
tallinity due to the rapid formation of large numbers of nuclei
that hinder their growth into crystals. The addition of sodium
silicate in small amounts in samples S5 (Si/Na = 4/3.22) and
S6 (Si/Na = 4/3.97), compared with samples S3 (Si/Na = 4/3)
and S4 (Si/Na = 4/4) caused the S5 and S6 samples to be about
100% amorphous (Figure3.12)[122].
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Figure 3.11: Metakaolin geopolymer curing time versus amount of
crystallin phase formed with different amounts of sodium
hydroxide (NaOH)[122].

3.6 compressive and flexural strength

Figure3.13a illustrates the compressive and flexural strength
of alkali-activated concretes of various precursors such as fly
ash, blast furnace slag, metakaolin, and their combination at
ages of 4 hours to one year, with the relationship based on
the ordinary Portland cement specified in ACI 318-02. It is
known that concretes are strong in compression but weak in
flexion and tension. The American Concrete Institute standard
specifies the relationship between compressive (σc in MPa) and
flexural strength (σf in MPa) as a power law relationship as
σf = 0.6σ0.5

c [1]. Many alkali-activated materials show higher
flexural strength than the specified relationship of Portland
cement concretes (Figure3.13a)[92].

It is important to note that the kaolinite calcination tempera-
ture has an important effect on the metakaolin geopolymer com-
pressive strength [115]. The compressive strength of metakaolin-
based geopolymers increased for the samples that were calcined
between 500 and 700 °C but dropped above 700 °C [39]. It is
also important to avoid too long calcination times, as this re-
sults in grain growth transformation into mullite. Geopolymers
with mullite exhibit lower compressive strength than metakaolin
geopolymers [115]. Figure3.13b shows the compressive strength
of the geopolymers of metakaolin. In this study, metakaolin re-
acted with sodium oxide(Na2O) and silicon dioxide(SiO2). The
point on the graph with Si/Al = 1.15 is metakaolin with only
sodium hydroxide (NaOH) solution, and Si/Al = 2.15 is meta-
kaolin with a solution of composition Na2O/SiO2 = 2.0 ratio.
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Figure 3.12: XRD pattern for metakaolin samples with different
amounts of sodium hydroxide (NaOH). a (anatase) and
q (quartz) are related to the impurities: z zeolite Na-A
hydrate (Na96Al96Si96O384 · 216H2O (PDF 39-0222)), x ze-
olite Na-X hydrate ((Na88Al88 Si104O384·220H2O) (PDF 39-
0218)), n unnamed zeolite hydrate (Na6[AlSiO4]6 · 4H2O

(PDF 42-0216)), c (Na2CO3 · H2O (PDF 08-0448)) [122].

The figure shows a maximum in compressive strength at high
silica content[90].
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(a) (b)

Figure 3.13: (a) Comparison of compressive and flexural strength of
alkali-activated concretes of various precursors, at ages
of 4 hours to one year, with the relationship based on the
ordinary Portland cement specified in ACI 318-02, alkali
activated data from[14, 15, 17, 25, 32, 48, 55, 78, 98, 107,
118], and (b) compressive strength of metakaolin geopoly-
mers. Metakaolin is reacted with sodium oxide (Na2O)
and silicon dioxide (SiO2). Si/Al = 1.15 is metakaolin with
sodium hydroxide (NaOH) solution, and Si/Al = 2.15 is
metakaolin with a solution of composition Na2O/SiO2 =
2.0 ratio [90].
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D E S I G N O F T H E E X P E R I M E N T

4.1 introduction

Developing a model that relates important input variables to the
system’s responses can be used for decision-making and system
improvements. A well-defined model based on experimental ob-
servations is called an empirical model. A process or system, as
shown in Figure4.1, can transform inputs into outputs that have
observable response variables, while some variable properties
are controllable and some are not[80].

Figure 4.1: A general model of the system[80].

4.2 one factor at a time

There are different strategies for the execution of the experi-
ments. One common practice is the One Factor at a Time (OFAT)
strategy or One Variable at a Time (OVAT), in which one factor
varies over its range while the other factors are held constant.
This strategy not only fails to consider the interactions between
the factors but also needs a lot of resources, such as time and
money, to perform experiments over each factor’s variability
range[16]. When dealing with systems with many factors, the
appropriate strategy is to use factorial or fractional factorial
experiments in which factors or a subset of the factors are varied
together instead of one factor at a time [80].
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4.3 design of the experiment

When dealing with problems that are subject to experimental er-
rors, statistical methods are the only objective analysis approach.
Since the effects of variables can be dependent, univariate statis-
tics may fail, and instead, multivariate optimization schemes are
used to overcome this shortcoming[41].

Common terms in the statistical design of the experiment
are[16]:

• Factors
Factors are the experimental independent variables whose
values change during the experiment.

• Responses
Responses are experimentally dependent variables whose
values are measured during the experiment.

• Levels of the factors
Levels are different values of a factor during an experi-
ment.

• Experimental domain and design definition
The experimental domain is the field that must be investi-
gated through the experiment. A design matrix is a matrix
of different combinations of factor levels.

• Residuals
The difference between the calculated and experimental
results for a set of conditions.

Usually, the main reasons to run an experiment are to screen
the factors, optimize, and confirm the desired responses [80].

• Factor screening

It is essential to narrow down the number of factors that
are influencing the responses when there is a lack of in-
depth understanding of the system[38]. Practically, it is im-
possible to identify the small contribution of many factors.
Therefore, it is important to only select the variables with
major effects. In factor screening, the range over which the
best results are obtained should be considered relatively
large[80].
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• optimization

If the main factors that influence the system are relatively
known, finding the levels of the factors that lead to a
desirable response value is essential[16].

• Confirmation

To confirm the system’s operation based on previous expe-
rience or theory, it might be necessary to use confirmation
experiments to verify the results[80].

4.3.1 Factorial design

Factorial designs are the most efficient type of experiment to
study the effects of two or more factors. In factorial design, in
each replicate of the experiments, all possible combinations of
the factors are investigated. In contrast to the OFAT experiment
design strategy, the factorial design helps the investigation of
interactions between the factors[74].

As shown in Figure4.2, the relative efficiency of factorial de-
sign over OFAT design increases with the increase in the number
of factors. Furthermore, factorial design allows the investigation
of the effects of a factor at several levels of other factors[80].

Figure 4.2: Relative efficiency of the factorial analysis to one factor at
a time experiment for two level factors[80].

A special case of factorial design is called two-level factorial
design, which is widely used in research. It is when the k factors
have only two levels.

An assumption for using this method is that we think the
response is approximately linear over the range of the chosen
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factor levels. If three factors (A, B, and C) are investigated at two
levels in an experiment, the design is called a 23 factorial design.
Eight treatment combinations can be thought of as a cube, as
shown in Figure4.3. The "+" and "−" are the orthogonal coding
used to create the design matrix. "+" and "−" represent the high
and low levels for each factor, respectively[80].

Figure 4.3: 23 Factorial design, left geometric view, right design ma-
trix[80].

4.4 response surface

Response surface methodology is a multivariate technique that
is used in analytical optimization. This method is a collection
of statistical and mathematical techniques and tries to describe
the response behavior by fitting polynomial equations to the
data. Response surface methodology can be utilized when the
response or responses are influenced by several factors. The
most common second-order designs are the three-level factorial
design, the Box-Behnken design, and the central composite de-
sign [16]. A second-order empirical model is needed to evaluate
the curvature; therefore, the polynomial function must contain
quadratic terms, as in the equation below.

y = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix
2
i +

k

∑
1≤i≤j

βijxixj + ϵ

In this equation, y is the dependent variable, β0 is the intercept,
xi are the independent variables, βi are the coefficients of the
independent variables, βii are the coefficients of the squared
terms of the independent variables, βij are the coefficients of the
interaction terms between the independent variables, and ϵ is
the error term. Using the quadratic model, maximum, minimum,
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or saddle points can be calculated. Moreover, the visualization
of the predicted model can be obtained by plotting the surface
response (Figure 4.4).

Figure 4.4: (a and b) represent surfaces where the maximum point is
located inside the experimental region, while plot (c) shows
that the maximum is outside the experimental region, (d)
shows a minimum, and (e) shows a saddle point[16].

4.4.1 Central composite design

As discussed in the factorial design, there is potential concern
regarding the assumption that the two-level factorial design
has a linear response. To overcome this concern, the central
composite design is used in response surface methodology. Cen-
tral composite designs are natural extensions of two-level full
or fractional factorial designs[38]. The center points will pro-
vide protection against curvature from second-order effects. In
this method, center points are added to a full factorial or frac-
tional factorial design. Figure4.5 shows geometrically the central
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composite design for two and three-factor cases[69]. For the K
number of factors and the Cp replicate number of center points,
the number of required experiments is

N = K2 + 2k + CP

For this design, all factors are studied at five levels (-α, 1, 0, +1,
+α), and the α value depends on the number of variables.

Figure 4.5: Central composite design for two factors (left) and three
factors (right)[80].

4.4.2 Desirability functions

Using the surface response design, finding an optimal point for
a single response is relatively simple. For several responses, this
task is more difficult, especially if the optimal values for each
response are localized in different regions or are not present
under the same set of experimental conditions. The desirability
function is one of the most important multi criteria methodolo-
gies used when various responses have to be considered at the
same time[16]. Desirability function D was proposed by Der-
ringer and Suich. In this method, the measured properties of
each response are transformed into a dimensionless desirability
scale between zero and one. The D-scale of zero is used for a
completely undesirable response and one for a fully desired
response. This transformation makes it possible to combine the
results obtained for properties measured at different orders of
magnitude [29].

4.5 hypothesis testing

Hypothesis testing, the empirical model, and residual analysis
are important data analysis techniques in the design of the
experiment. Hypothesis-testing frameworks are useful tools to
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analyze the data from the design of an experiment. To measure
the likely error and have a level of confidence in the results,
statistical methods can provide guidelines about the reliability
and validity of the results. Design selection involves selecting the
empirical model, which describes the quantitative relationship
between the response and design factors. First- and second-order
polynomial models are among the most commonly used.

A statistical hypothesis is a statement either about the pa-
rameters of a probability distribution or the parameters of a
model. To test a hypothesis, a random sample is taken, and the
appropriate test statistics, including the chi-squared, t-test, and
F-test, are computed. Then, based on the computed statistics,
the null hypothesis is rejected or not. In this step, it is necessary
to specify a set of values for the test statistic, which leads to the
rejection of the null hypothesis. Usually, a certain value called
the significance level is set for the error of rejecting the null
hypothesis when it is true. Sometimes, using fixed significant
level testing is inadequate because it doesn’t give an idea of how
far the computed value of the test statistic was in the rejection
region; therefore, the p-value is commonly used.

The p-value is the probability that the test statistic will take
on a value that is at least as extreme as the observed value
of the statistic when the null hypothesis H0 is true. In other
words, it represents the likelihood of observing your results or
even more extreme results, assuming that there’s no real effect
(the null hypothesis). In some cases, it is preferred to provide
confidence intervals within which the value of the parameter
in question would be expected to lie. These intervals have a
frequency interpretation; that is, we do not know if the statement
is true for this specific sample, but we do know that the method
used to produce the confidence interval yields correct statements
100 (1-α) percent of the time. For example, if α = 0.05, it is called
a 95 percent confidence interval.
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M AT E R I A L S A N D M E T H O D S

5.1 material

5.1.1 Activators

A commercial solution with a SiO2/Na2O molar ratio of 2.6 and
36% concentration was blended with sodium hydroxide (NaOH)
pellets to achieve the desired SiO2/Na2O ratio (Figure5.1). This
ratio controls specific solutions’ properties, such as pH and
viscosity, as well as the total amount of sodium present in the
system. As a result, it is imperative to investigate the effects of
variations in this ratio on the system. The solutions were pre-
pared 24 hours prior to the tests to equilibrate the temperature
with the laboratory environment.

5.2 sample preparation

LMS-1D and metakaolin were used as cementitious materials
(Figure5.2). For each test, the solid portion was first weighted
and then dry mixed by hand, and then the solid and liquid
portions were poured into the IKA Ultra-Turrax tube disperser
(Figure5.3). The mixing was done for 3 minutes at 400 rpm. The
paste was then directly ( ~1 minute) transferred to the rheometer,
and the flow curves were measured.

For the purpose of preparing samples for compressive strength
test, three rectangular prism molds measuring 15*15*60 mm
were used for each experiment (Figure 5.4a). The experimental
design subjects the samples to curing temperatures of 20, 40, and
60 °C. We cured the samples in the oven for 24 hours, subject-
ing them to 40 and 60 °C, before transferring them to a humid
chamber at 20 °C. The samples that underwent 20 °C curing
were directly transferred and cured in the humid chamber. All
the samples, after 24 hours of curing at different temperatures,
were maintained at 20 °C for a duration of 14 days (Figure5.4b).
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(a) Sodium hydroxide pellets. (b) Sodium silicate solution.

Figure 5.1: Raw materials for alkali activator preparation.

(a) LMS-1D sample. (b) Metakaolin.

Figure 5.2: Solid precursors.

5.3 design of the experiment

According to the central composite design, three levels were
considered for each factor. We prepared 26 samples for the rheo-
logical and compressive strength measurements. To minimize
the bias, the measurements were performed in a random order.
Table5.1 shows the experimental domain. The liquid-to-solid
ratios were 0.4, 0.42, and 0.44. The solid part was made of 0, 7.5,
and 15% metakaolin and LMS-1D Lunar regolith simulant. We
used three alkali solutions with SiO2/Na2O ratio of 0.8, 1.2, and
1.6. The design consisted of measurements at 20, 40, and 60 °C.

Models developed in this study could predict the yield stress
of the pastes and the compressive strength of the hardened
alkali-activated LMS-1D Lunar regolith. To test the model’s
accuracy, we prepared three optimized formulations to compare
the predicted values with the actual measurements in the lab.



5.4 measurements 45

Figure 5.3: IKA Ultra-Turrax tube disperser.

(a) Rectangular prism molds. (b) Controls humid chamber.

Figure 5.4: Sample preparation for the compressive strength.

5.4 measurements

5.4.1 Particle size characterization

A Malvern Mastersizer Hydro EV with a dip-in centrifugal
pump and stirrer was utilized for the particle size examination
based on laser diffraction. The Lunar simulant sample was
assessed in three replicates, and the average of all three measures
was computed.

Natural Variables (xi) Coded Variables

-1 0 1

SiO2/Na2O ratio (x1) 0.8 1.2 1.6

Liquid/Solid ratio (x2) 0.4 0.42 0.44

Metakaolin % (x3) 0 7.5 15

Curing temperature
(°C)(x4)

20 40 60

Table 5.1: Experimental domain.
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Figure 5.5: Mastersizer Hydro EV device.

5.4.2 X-ray powder diffraction analysis

The electrons associated with the atoms scatter X-ray beams.
This scattering causes diffraction in any crystalline material.
Constructive interferences amplify the intensity of scattered
radiation in particular directions, whereas destructive interfer-
ences reduce the scattered radiation in other directions. The
orientation of constructive beams enables the identification of
the essential characteristics of the crystalline state, including
the size of the fundamental unit cell of the crystal and its sym-
metry. The type of atoms (atomic scattering factors) and their
position in the unit cell (atomic coordinates) of a crystal dictate
the intensities of diffracted rays. Atoms with a higher number
of electrons demonstrate more pronounced scattering in com-
parison to atoms with a lower atomic number (Z). Examining
the intensities of diffracted X-rays provides information on the
atomic configurations within the crystal lattice. Powder diffrac-
tion is an essential technique for analyzing materials in the in-
dustrial sector. It provides a straightforward method for getting
accurate experimental data. During X-ray powder diffraction in-
vestigation of multi-crystalline materials, the three-dimensional
information is compressed and overlaps in one direction, result-
ing in a more intricate data interpretation compared to single
crystal data interpretation [113]. The fundamental elements of a
diffractometer in Bragg Brentano geometry consist of an X-ray
source, a specimen, and an X-ray detector positioned along the
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circumference of a circular structure referred to as the focusing
circle (Figure 5.6a).

(a) (b)

Figure 5.6: (a) Bragg Brentano geometry consists of an X-ray source,
a specimen, and an X-ray detector positioned along the
circumference of a circular structure referred to as the
focusing circle[23], and (b) PANalytical X’Pert PRO XRDP
diffractometer, X-ray powder diffractometry laboratory at
University of Padova.

In this study, the X-ray powder diffraction measurements were
conducted by pulverizing the samples and mounting them into
a 27 mm round sample holder with the inclusion of 20 weight
percent zincite (ZnO) to quantify the non-crystalline component
of the simulant in the Rietveld refining process. X-ray powder
diffraction (XRPD) measurements were performed using a PAN-
alytical X’Pert PRO XRDP diffractometer in Bragg Brentano
geometry (Figure5.6b) equipped with a Co anode radiation
tube (Kα1 = 1.7890, Kα2 = 1.7929). The diffracted beams were
recorded using an X’celerator detector, and a Bragg Brentano
HD optical module was used as a monochromator. The data
were collected over a range of 3° to 85° 2θ with a step size of
0.017° 2θ and a nominal time per step of 100 s. Fixed divergence
slits of 0.25° were used together with soller slits of 0.04 rad. All
the scans were carried out in ’continuous’ mode.

The Profex software[31] was utilized for both qualitative and
quantitative examination of the phases. Profex serves as a user
interface for interacting with the BGMN program. The profile
fitting methods employed in the BGMN suite integrate the in-
fluences of X-ray’s wavelengths, instrumental geometry, optics,
and sample characteristics on the peak profiles throughout the



48 materials and methods

Rietveld refinement process. The BGMN software incorporates
a Monte Carlo simulation method that effectively displays the
aberration profiles of laboratory diffractometers [13].

5.4.3 Scanning electron microscopy

The primary purpose of the Scanning Electron Microscope (SEM)
is to capture images at high magnification. Images are generated
through the process of scanning the primary electron beam and
simultaneously displaying the signal received from a secondary
or backscattered electron detector. Either topographic or com-
positional contrast can be achieved. It is possible to attain a
spatial resolution of less than 10 nm in topographic mode and
less than 100 nm in compositional mode[96]. Scanning Electron
Microscopes are often equipped with an X-ray spectrometer
to produce certain elemental images. In the Scanning Electron
Microscope (SEM), the electrons used to bombard the specimen
typically have an energy of 5 to 30 kiloelectron volts (keV). This
energy is dissipated through interactions with bound electrons
and the lattice, collectively referred to as ’inelastic scattering’.
The deceleration of electrons when they collide with solid mate-
rials is mostly caused by "inelastic" interactions with the outer
atomic electrons. On the other hand, elastic interactions with
atomic nuclei result in significant deflections from the original
path of the electrons. However, the transfer of energy is minimal
due to the substantial mass of the nucleus in comparison to the
electron. Elastic scattering results in the deflection of electrons
in various directions upon entering the sample, with certain
electrons undergoing Bragg reflection via atomic planes within
crystalline materials.

Figure 5.7: Incident electron deflection is caused by the attractive force
experienced in passing close to a positively charged nu-
cleus[96].

There is a limited chance that an electron be redirected at an
angle exceeding 90 degrees and come out of the target’s surface.
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The proportion of incoming electrons that exit the specimen
in this manner is referred to as the backscattering coefficient
(η) and is heavily influenced by the atomic number. Secondary
electrons, which are electrons that are expelled from the speci-
men, can be differentiated from backscattered electrons due to
their significantly lower energy. Only electrons that originate
within a few nanometers of the surface can escape as secondary
electrons. Several secondary electrons are generated by incom-
ing electrons upon entering the specimen, whereas others are
produced by backscattered electrons upon emerging (Figure5.8).
Both the electrons that are backscattered and the electrons that
are dislodged from the surface of the sample are utilized to
create an image[96].

Figure 5.8: Secondary electron (SE) production: (a) via incident elec-
trons entering the target; and (b) via backscattered electrons
(BSE) exit[96].

5.4.3.1 Electron Microprobe Analysis

Electron Microprobe Analysis (EMPA), also known as Electron
Probe Microanalysis (EPMA), is a method used to chemically an-
alyze specific regions of solid samples. This technique involves
using a concentrated electron beam to stimulate the emission
of X-rays. The X-ray spectrum exhibits distinctive lines that cor-
respond to the elements present in the sample. Therefore, it is
possible to perform a qualitative chemical analysis by identify-
ing these lines based on their wavelengths or photon energies.
Quantitative determination of element concentrations can be
achieved by comparing their intensities with those emitted from
reference samples. It is possible to achieve accuracy close to
±1% and detection limits as low as tens of parts per million
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(ppm) by weight. Typically, the spatial resolution is constrained
to approximately 1 µm due to the dispersion of the beam within
the sample. The spatial distributions can be documented as line
profiles or two-dimensional maps, typically visualized using a
false color scale to depict the concentrations of the elements.
The determination of all elements with atomic numbers greater
than 3 can be achieved with varied degrees of accuracy[96].
Electron bombardment in certain types of samples stimulates
the emission of light, a phenomenon known as cathodolumi-
nescence (CL). Electrons in a non-metallic material can excite
other electrons by elevating them from the valence band to the
typically vacant conduction band. These excited electrons then
revert to their initial state through one or more steps. Excess en-
ergy can be dispersed through the release of photons (Figure5.9).
The wavelengths of the light fall within the visible region, occa-
sionally reaching into the ultraviolet or infrared ranges[96]. In

Figure 5.9: Cathodoluminescence: de-excitation (a) direct; (b) via local-
ized levels in the band gap; (c) and (d) the photon energy
(hν) difference between the initial and final levels[96].

this study, the energy dispersive spectroscopy scanning electron
microscopy (EDS-SEM) measurements were conducted using
a dual-beam Tescan SOLARIS scanning electron microscope
equipped with an Oxford Instruments microanalytical system
with 15 keV energy and 3 nanoamperes of beam current at the
department of Geoscience at the University of Padova.

5.4.4 Rheology

Rheology explores how matter deforms and flows. It investigates
how material properties and proportions influence parameters
such as yield stress and viscosity. Furthermore, rheology aids in
optimizing and achieving the desired flow characteristics[7].
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A common method to study the rheological behavior of ce-
mentitious paste is based on the relationship between shear
stress and shear rate. Due to the presence of particles with a
wide range of dimensions and shapes, this task for cement-based
materials is challenging. Moreover, the ongoing chemical reac-
tions and shear history contribute to this complexity. Common
measurement geometries for cement paste rheology include
concentric cylinders, vane geometry, cone, and parallel plate
geometries. Key rheological properties under examination en-
compass static and dynamic yield stress, and viscosity [121].

5.4.4.1 Viscosity

The fluid’s resistance to an increase in flow rate is known as
viscosity. Fluids that exhibit a linear relationship between shear
stress and shear rate are called Newtonian fluids[121]. The
dynamic viscosity of a Newtonian fluid (µd), such as water,
at a constant temperature and pressure can be defined as the
constant of proportionality of the shear stress (τ) to the shear
rate (dux

dy ). Equation 5.1 shows the mathematical formulation of
Newton’s law of viscosity[58].

τ = µd
dux

dy
(5.1)

The viscosity of cement-based fluids depends on a combi-
nation of multiple parameters that are dominant at different
scales. Viscosity is related to the solid volume fraction, which
can be indirectly affected by the chemical composition and size
distribution of particles and the temperature[102]. It is also de-
pendent on time and shear history. Flow velocity increases with
the decrease in viscosity; however, when the viscosity is too low,
it might cause the segregation of the aggregates and cement
particles during the flow[101].

5.4.4.2 Yield Stress

Cement-based materials are called viscoelastic materials; above
the yield stress which is threshold shear stress, the material is
viscous and flows, and for low strains in the order 10−4, the
paste behaves as ideal elastic [121]. Once the yield stress is
surpassed, the cement-based material shows steady-state flow
behavior [97].
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Yield stress occurs because of particle interactions in the fluid
and the network of cementitious particles that build up with
time[101]. The static yield stress is the amount of stress needed
to initiate the flow of the material and breakage of the bonds
between cementitious materials. The dynamic yield stress is
related to an unstructured flow of the material in which the
cementitious material bonding network is already totally or
partially broken down by the shearing. The dynamic yield stress
determines the time when the flow of cementitious material will
stop[121].

5.4.4.3 Herschel-Bulkley behavior

Many fluids do not exhibit a constant viscosity. For these fluids,
a power law model applies(Equation5.2).

τ = Kγ̇n (5.2)

A flow consistency factor (K) is introduced as a multiplier
to the shear rate, and a consistency index (n) is the exponent
of the shear rate, which describes how much the flow behavior
deviates from Newtonian flow. If the viscosity is reduced with
increasing shear rate, (n < 1) The corresponding flow behavior
is called shear thinning. For fluids whose viscosity increases
with increasing shear rate (n > 1), the flow behavior is called
shear thickening [101]. Fluids with yield stress that do not have
a constant viscosity coefficient are typically described by the
Herschel-Bulkley law, which is described by Equation5.3.

τ = τ0 + Kγ̇n (5.3)

This law is equal to the power law model relation with the
yield stress(τ0)[127]. Herschel-Bulkley can model the flow be-
havior of increasing and decreasing viscosities. Since most ce-
mentitious systems show yield stress, the flow behavior in these
systems can be described with the Herschel-Bulkley model[101].
Figure5.10 illustrates the flow curves of Newtonian, Bingham,
and Herschel-Bulkley fluids.

It is important to consider the range over which the shear rate
is observed; as shown in Figure5.11 at low shear rates, van der
Waals forces dominate the interactions between the particles due
to surface charge interactions and short particle distances. On
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Figure 5.10: Qualitative representation of flow curve models[100].

the other hand, at high shear rates, the cement paste behaves
as a Newtonian fluid, and at some point, the fluid may not be
able to overcome the inertia of particles, which causes a shear
thickening effect. The shear thickening effect can be prominent
in concrete, in which particles have a higher volume fraction
[53].

Figure 5.11: Shear rate dependency on the flow behavior of cementi-
tious pastes[53].

5.4.4.4 Rheometer geometry

There is an increasing number of measurement methods avail-
able for the rheological measurement of cement-based materials,
including concentric cylinders, cone-plate, plate-plate, and vane
geometries. The simplest geometry would be two plates that
slide over each other, but it is not practical; therefore, rotating
plate rheometers were designed to approximate the shearing
plane. De Lerrard et al. developed a parallel plate rheometer,
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which is called BTRHEOM [127]. Parallel-plates rheological mea-
surement is a common method used to evaluate fresh cement-
based materials[70],[3]. The geometry of the parallel rotating
plates is shown in the Figure5.12. The outer edge of the rheome-
ter has a radius of Ro. The bottom plate is stationary, while the
top plate rotates at angular velocity ω [rad/s] and registers the
applied torque T [Nm]. The term h is the distance between the
two plates[87].

Figure 5.12: Sketch of the parallel rotating plate reometer[87].

The gap thickness value can range from 2 to 10% of the plate
diameter (2R). The use of a larger gap increases the risk of edge
failure. In this geometry, the shear rate is not constant across the
rotating plane radius, and the circumferential velocity depends
on the distance from the axis of rotation[121].

5.4.4.5 Flow-curve measurement

An Anton Paar MC92 device was used to perform the rheological
measurements (Figure5.13). This device can operate in stress-
controlled, rate-controlled, and strain-controlled modes. In this
study, stress-controlled measurement was used.

To minimize the wall slip effects, a serrated plate-plate system
with a 1.5 mm gap distance is used(Figure5.14). For the correct
measurement, the samples were placed on the bottom plate, and
then the top plate was moved to the trim position. At this stage,
excess material is trimmed, and the measurement starts. Since
measurements were carried out at three different temperatures,
the built-in temperature device and temperature hood were
used to control the temperature and minimize evaporation.

In the first step, the paste sample was pre-sheared for 30 sec-
onds at 100 s-1 constant shear rate to cause structural breakdown
and create a uniform condition for testing. In the second step,
the sample was subjected to a constant oscillatory shear strain
of 0.0001 % with a constant 1 Hz frequency for 2 minutes. in
the third step, the sample was sheared from 0 to 10 s−1 within 2

minutes and 30 seconds to produce the up-curve of the flow test.
Finally, the cement paste sample was sheared from 10 to 0 s−1
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Figure 5.13: Anton Paar MC92 rheometer.

Figure 5.14: Serrated plate-plate measurement geometry.

within 2 minutes and 30 seconds to produce the down-curve of
the flow test.

To model the yield stress, shear stress measurement of the
shear rate ramp down from 10 to 0 s−1 was used. A threshold
of 0.01 s−1 shear rate was used to exclude the very low shear
rate measurements. We fitted the Herschel-Bulkley model to
each measurement using Matlab software. Yield stress was cal-
culated based on the mathematical model at a 0 shear rate value
(Figure5.15).

5.4.5 Compressive strength

As explained in the section5.2, to measure compressive strength,
each sample was polished to reduce surface irregularities, and
then its width was accurately measured. Next, we mounted the
samples in a special sample holder to record the compressive
strength (Figure5.16b). The sample holder is made up of two
upper and lower stainless steel rectangular prisms that transfer
the force onto the sample. A Controls compressive strength
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Figure 6.2: Particle size distribution of LMS-1D.

phases as talc, amphiboles, quartz, and phyllosilicates are also
present (Table6.2). We estimated the amorphous content to be
about 10%.

Figure 6.3: LMS-1D quantitative phase analysis using the X-ray pow-
der diffraction analysis.

The relative abundances of oxides and trace elements in the
LMS-1 and LMS-1D samples are shown in Table6.3 and 6.4,
respectively. The main oxides in the extra-fine Mare region dust
simulant (LMS-1D) are SiO2 (47.24 %), MgO (15.9%) and Al2O3
(13.06%), respectively.

6.1.3 Scanning electron microscopy

To have a more detailed information of the elements distribution
and to confirm the results of the XRD analysis two compositional
maps were acquired for the LMS-1D Lunar regolith simulant
using energy dispersive X-ray spectroscopy.
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Phase Wt. (%) ESD. (%)

Plagioclase 34 0.5
Enstatite 21.5 0.4
Forsterite 12.1 0.3
Augite 9 0.2
Muscovite 4 0.2
Talc 3.5 0.2
Hornblende 2.6 0.2
Quartz 1.58 0.05

Chlorite 1 0.1
Amorph 10.8 0.9

Table 6.2: Detected mineral phases and estimated standard deviation
in the LMS-1D Lunar regolith simulant using X-ray powder
diffraction analysis.

Oxides LMS-1 % LMS-1D %

SiO2 48.62 47.24

TiO2 2.12 3.24

Al2O3 12.21 13.06

Fe2O3 9.77 9.93

MnO 0.19 0.20

MgO 17.14 15.90

CaO 7.51 7.46

Na2O 1.49 1.72

K2O 0.37 0.74

P2O5 0.21 0.19

LOI 0.64 1.07

Table 6.3: LMS-1 and LMS-1D Lunar re-
golith simulants bulk chemistry.
LOI indicates Loss on ignition.

Elements LMS-1 (ppm) LMS-1D (ppm)

S 57 56

Sc 9 8

V 155 153

Cr 1795 1650

Co 52 51

Ni 592 542

Cu 46 42

Zn 209 67

Ga 6 10

Rb 12 18

Sr 313 264

Y 17 10

Zr 183 92

Nb 20 30

Ba 287 204

La <10 <10

Ce 22 <10

Nd 21 13

Pb <5 13

Th <3 <3

U 3 5

Table 6.4: Amounts of trace elements in
LMS-1 and LMS-1D Lunar re-
golith simulants.
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Figure 6.9: Elemental map acquired using energy dispersive X-ray
spectroscopy for LMS-1D Lunar regolith site-2.

6.2 design of the experiment

In this section, the effect of curing temperature, percentage of
the metakaolin, ratios of liquid to solid, and SiO2/Na2O have
been investigated on the yield stress of the alkali-activated LMS-
1D Lunar regolith simulant and the compressive strength of the
hardened material. We employed the response surface method-
ology to design the experiments. The experimental domain was
chosen based on comparable works in the literature[45, 88, 89,
120, 125]. We conducted seven preliminary tests using various
combinations of independent variables to define the experi-
mental domain (Table 6.5). The lowest range was selected for
the liquid-to-solid ratio, below which the paste was not work-
able, and above which the paste became too liquid. We chose
the amount of metakaolin at the lower end, ensuring the least
amount possible to measure its influence on the system. An
excessive amount of metakaolin led to pastes that were not
workable. The curing temperatures of 20, 40, and 60°C were
selected to investigate the effect of increasing temperature on
the system responses.

6.2.1 Analysis of variance

As discussed in the design of the experiment section5.3, 26

experiments were designed, and the yield stress and compres-
sive strength were measured and recorded as the responses of
these groups of factors. We use the ANOVA test to compare the
mean responses of these different groups and determine their
significance. Table6.6 and 6.7 show the results of the analysis
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Natural Variables (xi) Coded Variables

-1 0 1

SiO2/Na2O ratio (x1) 0.8 1.2 1.6
Liquid/Solid ratio (x2) 0.4 0.42 0.44

Metakaolin % (x3) 0 7.5 15

Curing temperature
(°C)(x4)

20 40 60

Table 6.5: Experimental domain.

Source DF Sum of Squares Mean Square F Ratio

Model 14 123315.34 8808.24 6.82

Error 11 14202.30 1291.12 Prob > F
C. Total 25 137517.64 0.0014

Table 6.6: Analysis of variance for the yield stress model.

of variance test on the predicted yield stress and compressive
strength, respectively.

There are two source of the variation in the data. The model
term has 14 degrees of freedom (DF) and the error term has
11 degrees of freedom. For each source of variation, the sum
of squares (SS) shows the sum of squared deviations from the
mean. The sum of squares is a measure of the total variance
in the data. The mean squared (MS) shows the mean squared
deviation from the mean for each source of variation. It is calcu-
lated by dividing the sum of squares by the degrees of freedom.
The F-Ratio column shows the F-statistic, which is a ratio of
the mean squares of the model and the error. The F-statistic is
used to test the null hypothesis that the means of all groups
are equal. The F-ratios for yield stress and compressive strength
are associated with p-values of 0.0014 and <0.0001, respectively.
This value is less than the significance level of 0.05, which means

Source DF Sum of Squares Mean Square F Ratio

Model 14 5137.28 366.94 26.64

Error 11 151.48 13.77 Prob > F
C. Total 25 5288.77 <0.0001*

Table 6.7: Analysis of variance for the compressive strength model.
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that we can reject the null hypothesis. The F-ratio is statistically
significant, indicating that there is a significant difference be-
tween the groups’ means in the model. The p-values of 0.0014

and 0.0001 indicate that this difference is unlikely to be caused
by chance.

6.2.2 Parameter estimates

Since the ANOVA test shows that the model is a good fit for the
data, we can use a combination of significant factors to build
the predictive models. Table6.8 and Table6.9 shows the results
of parameter estimates for the yield stress and compressive
strength models, respectively.

Term Estimate Std Error t Ratio Prob> |t|

Intercept 40.062 14.244 2.810 0.017

Si/Na(0.8,1.6) -0.129 8.469 -0.020 0.988

Li/So(0.4,0.44) 18.697 8.469 2.210 0.049

Metakaolin(0,15) 32.046 8.469 3.780 0.003

Temp(20,60) 52.160 8.469 6.160 < .0001

Si/Na*Li/So -2.586 8.983 -0.290 0.779

Si/Na*Metakaolin -24.926 8.983 -2.770 0.018

Li/So*Metakaolin 24.214 8.983 2.700 0.021

Si/Na*Temp 2.249 8.983 0.250 0.807

Li/So*Temp 16.800 8.983 1.870 0.088

Metakaolin*Temp 32.815 8.983 3.650 0.004

Si/Na*Si/Na -1.016 22.453 -0.050 0.965

Li/So*Li/So -17.671 22.453 -0.790 0.448

Metakaolin*Metakaolin -5.684 22.453 -0.250 0.805

Temp*Temp 50.760 22.453 2.260 0.045

Table 6.8: Yield stress parameter estimates.

For each estimated value, the standard error is shown in the
tables. The "t-ratio" shows the t-statistic for each estimate. A
t-statistic that is far from zero suggests that the parameter is
statistically significant, meaning that it is likely not equal to zero
in the population. The "Prob>|t|" column shows the p-value
for each t-statistic. A small p-value, typically less than 0.05,
indicates the rejection of the null hypothesis and the statistical
significance of the parameter.

In the yield stress model, the terms, namely the intercept,
liquid-to-solid ratio, amount of metakaolin, temperature, the
interaction of the Si/Na ratio with metakaolin, the liquid-to-
solid ratio with metakaolin, metakaolin and temperature, and
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Term Estimate Std Error t Ratio Prob> |t|

Intercept 12.407 1.471 8.430 < .0001

Si/Na(0.8,1.6) 4.696 0.875 5.370 0.000

Li/So(0.4,0.44) -2.134 0.875 -2.440 0.033

Metakaolin(0,15) 15.131 0.875 17.300 < .0001

Temp(20,60) -1.317 0.875 -1.510 0.160

Si/Na*Li/So -0.495 0.928 -0.530 0.605

Si/Na*Metakaolin 3.844 0.928 4.140 0.002

Li/So*Metakaolin -1.905 0.928 -2.050 0.065

Si/Na*Temp 0.424 0.928 0.460 0.657

Li/So*Temp -0.472 0.928 -0.510 0.621

Metakaolin*Temp -2.149 0.928 -2.320 0.041

Si/Na*Si/Na 0.702 2.319 0.300 0.768

Li/So*Li/So -3.554 2.319 -1.530 0.154

Metakaolin*Metakaolin 6.123 2.319 2.640 0.023

Temp*Temp -0.608 2.319 -0.260 0.798

Table 6.9: Compressive strength parameter estimates.

finally the quadratic term of temperature squared, are significant.
Based on the estimates of the significant parameters, the model
for the yield stress can be written as Equation6.1.

Yield stress = 40.06 + 18.69(Li/So)

+ 32.05(Metakaolin)
+ 52.16(Temperature)
− 24.92(Si/Na × Metakaolin)
+ 24.21(Li/So × Metakaolin)
+ 32.81(Metakaolin × Temperature)

+ 50.76(Temperature2)

(6.1)

For the compressive strength model, the terms, namely the
intercept, Si/Na and the liquid-to-solid ratio, metakaolin, the
interaction of the Si/Na ratio with metakaolin, metakaolin with
temperature, and finally the quadratic term metakaolin squared,
are significant. Based on the estimates provided and the signifi-
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cant parameters, the model for the compressive strength can be
written as Equation6.2.

Compressive strength =12.40 + 4.69(Si/Na)

− 2.13(Li/So)

+ 15.13(Metakaolin)
+ 3.84(Si/Na × Metakaolin)
− 2.14(Metakaolin × Temperature)

+ 6.12(Metakaolin2)

(6.2)

The liquid-to-solid ratio, the amount of metakaolin, the in-
teraction of the Si/Na ratio with metakaolin, and finally the
interaction of metakaolin with temperature are significant in
both models. It is important to note that, although the Si/Na
ratio is not significant for yield stress, it is important for the com-
pressive strength of the final product. Also, the temperature and
the interaction of the liquid-to-solid ratio with metakaolin are
significant for the yield stress, but they don’t have any effects on
the compressive strength. For the yield stress, the quadratic term
of temperature (temperature2) is significant, while for the com-
pressive strength, the quadratic term of metakaolin (metakaolin2)
is significant.

6.2.3 Model fit

Figure 6.10 illustrates the actual and the predicted fitted model
for the yield stress and compressive strength, respectively. Ta-
ble6.10 shows the summary of the fit to illustrate how well our
models fit the data. The mean values for the yield stress and
compressive strength are 58.33 Pa and 14.25 MPa, respectively.

R-square reports the proportion of the response’s variation
that the model can account for. In other words, this statistic is
a measure of how well the variation in the dependent variable
is explained by the independent variables in the model. An
R-square closer to one indicates a better fit to the data than one
closer to zero. An R-square near zero indicates that the model is
not a much better predictor of the response than the response
mean. The values of R-square for the predicted yield stress
and compressive strength are 0.8967 and 0.9713, respectively.
In other words, these R-square values mean that 89.67% and
97.13 % of the variation in yield stress and compressive strength
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Statistics Yield stress Compressive strength

R-Squared 0.8967 0.9713

Adjusted R-Squared 0.7652 0.9349

Root Mean Square Error 35.932 3.7110

Mean of Response 58.33 14.25

Observations 26 26

Table 6.10: Summary of fit for yield stress and compressive strength.

are explained by the model. To facilitate comparisons among
models with different numbers of parameters, the R-square
adjusted is used. Adjusted R-square fine-tunes the R-square
statistic for the number of parameters in the model using degrees
of freedom. Adjusted R-square is generally considered a more
reliable measure of model fit than R-square. In this table, the
adjusted R-squared values for the predicted yield stress and
compressive strength are 0.7652 and 0.9349, respectively. These
values suggest that the models explain 76.53% and 93.49 %
of the variation in yield stress and compressive strength after
accounting for the number of predictors in the model. The root
mean square error statistic estimates the standard deviation of
the random error. This statistic is a measure of how much the
predicted values from the model differ from the actual values.
For the yield stress and compressive strength models, the RSME
values are 35.93 and 3.71, respectively. Overall, this summary of
the fit table suggests that the model provides a good fit for the
data.

(a) (b)

Figure 6.10: The graph shows the predicted values versus actual values
for yield stress and compressive strength.
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6.2.4 Response surface

Figures 6.11 and 6.12 show the response surfaces for yield stress
and compressive strength, respectively.

• Figure6.11a shows that the yield stress increases with the
simultaneous increase in the amount of metakolin and
liquid-to-solid ratio. At low liquid-to-solid ratios, an in-
crease in the amount of metakaolin has a slight impact on
yield stress. In contrast, at higher liquid-to-solid ratios, in-
creasing the amount of metakaolin dramatically increases
the yield stress.

• Figures 6.11b and 6.11f show that the yield stress increases
with the increase in temperature at different liquid-to-
solid ratios and silica-to-sodium ratios. This effect is more
pronounced at high liquid-to-solid ratios. At low temper-
atures, yield stress reaches a maximum at about a 0.41

liquid-to-solid ratio. The same behavior is observed with
the silica-to-sodium ratio, while the increase in yield stress
is related to the temperature. The change in the silica-to-
sodium ratio doesn’t affect the behavior of the yield stress
versus temperature.

• The increase in yield stress with temperature is accompa-
nied by higher amounts of metakaolin (Figure6.11c). At
low or even zero amounts of metakaolin, yield stress starts
to increase at temperatures above 40 degrees. In contrast,
at higher amounts of metakaolin, the increase in yield
stress with temperature is sharper. The maximum yield
stress occurs at the highest amount of metakaolin and at
the highest temperature. The minimum yield stress is ob-
served at 30–40 °C, with the lowest amount of metakaolin.

• Yield stress shows a maximum about 0.41 liquid-to-solid
ratio, which decreases with the increase in the silica-to-
sodium ratio ( Figure6.11d). As the liquid-to-solid ratio
decreases, yield stress decreases. Compared to metakaolin,
when the silica-to-sodium ratio is low, like 0.8, the yield
stress goes up from a low starting point with the increase
of metakaolin. But when the silica to sodium ratio is high,
like 1.6, the yield stress stays high at a high starting point
and doesn’t change with the metakaolin (Figure6.11e).
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(a) (b)

(c) (d)

(e) (f)

Figure 6.11: Response surfaces for the yield stress.(a) liquid/solid ra-
tio and the amount of metakaolin; (b) liquid/solid ratio
and temperature; (c) the amount of metakaolin and tem-
perature; (d) silica/sodium ratio and liquid/solid ratio;
(e) silica/sodium ratio and the amount of metakaolin; (f)
silica/sodium ratio and temperature.
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• At the lowest amount of metakaolin, the compressive
strength in Figure 6.12a reaches its maximum at a 0.41 liq-
uid to solid ratio. As the amount of metakaolin increases,
compressive strength increases dramatically. This increase
is more pronounced at the lowest liquid-to-solid ratio.

• Compressive strength increases as the amount of meta-
kaolin increases at different temperatures (Figure6.12c). At
low amounts of metakaolin, the compressive strength is
indifferent to changes in temperature. However, at high
amounts of metakaolin, compressive strength is highest at
lower temperatures.

• Figure 6.12e shows that the silica to sodium ratio has no
effect on compressive strength at low metakaolin content,
but it has a significant effect at high metakaolin content.
The higher the metakaolin and silica-to-sodium ratio, the
higher the compressive strength.

• Compressive strength shows a slight maximum at a 0.41

liquid-to-solid ratio, and this effect is indifferent to changes
in temperature (Figure 6.12b). But the silica-to-sodium ra-
tio makes this effect of the liquid-to-solid ratio on the com-
pressive strength stronger. This means that the higher the
silica-to-sodium ratio, the higher the compressive strength
(Figure6.12d). This effect of an increase in the compressive
strength due to the increase in the silica-to-sodium ratio
is also indifferent to the changes in temperature (Figure
6.12f).
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(a) (b)

(c) (d)

(e) (f)

Figure 6.12: Response surfaces for the compressive strength. (a) liq-
uid/solid ratio and the amount of metakaolin; (b) liquid/-
solid ratio and temperature; (c) the amount of metakaolin
and temperature; (d) silica/sodium ratio and liquid/solid
ratio; (e) silica/sodium ratio and the amount of meta-
kaolin; (f) silica/sodium ratio and temperature.
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Figure 6.14: The yield stress and compressive strength response pro-
files versus the independent factors for the first optimized
formulation.

Figure 6.15: The yield stress and compressive strength response pro-
files versus the independent factors for the second opti-
mized formulation.

Figure 6.16: The yield stress and compressive strength response pro-
files versus the independent factors for the third opti-
mized formulation.
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3 are 18.72, 23.62, and 15.54 Pa, respectively. All measurements
are in the confidence interval of the model.

Optimization #1 #2 #3

Predicted yield stress (Pa) 15.25 27.60 34.29

Confidence interval (Pa) [0.0 - 66.4] [0.0 - 82.7] [0 - 101.3]

Mean experimental yield stress (Pa) 18.72 23.62 15.54

Difference (Pa) 3.47 -3.97 -18.74

Table 6.12: Difference between predicted yield stress and the experi-
mental results.

Figure 6.17: Yield stress box plot for the three optimized experiment
results.

Table6.13 and Figure6.18 illustrate the predicted and mean of
the experimental results, their differences, and the box plot for
the compressive strength, respectively. The predicted values for
optimized formulations 1, 2, and 3 are 29.79, 19.77, and 9.70 MPa,
respectively. The mean experimental results for formulations
1, 2, and 3 are 34.20, 31.14, and 13.8 MPa, respectively. All
measurements are in the confidence interval of the model, and
they show a similar value to the predicted ones. It must be noted
that the low, middle, and high experimental values are in the
same order as the prediction order. The confidence intervals
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Optimization #1 #2 #3

Predicted compressive strength
(MPa)

29.79 19.77 9.70

Confidence interval (MPa) [24.5 - 35.1] [14.0 - 25.5] [2.8 - 16.6]

Mean experimental compressive
strength (MPa)

34.20 31.14 13.8

Difference (MPa) 4.47 11.37 4.10

Table 6.13: Difference between the predicted compressive strength and
the experimental results.

for the prediction model of the compressive strength have a
smaller range in comparison to the yield stress, and therefore
the measurements show a smaller variability (Figure6.18).

Figure 6.18: Compressive strength box plot for the three optimized
experiment results.

6.3.1 X-ray powder diffraction

Table 6.14 shows the quantitative phase analysis of the three
optimized formulation using the Rietveld method. The first
sample primarily consists of plagioclase, pyroxene, and olivine.
Minor phases of muscovite, quartz, and talc are also present
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(Figure 6.19). We estimate the amorphous content to be around
24%.

Formulation 1 Formulation 2 Formulation 3

Phase Wt.% ESD % Phase Wt.% ESD % Phase Wt.% ESD %

Bytownite 27.8 0.3 Bytownite 27.9 0.3 Bytownite 30.1 0.3

Enstatite 20.9 0.3 Enstatite 20.4 0.3 Enstatite 22.1 0.4

Diopside 10.8 0.2 Diopside 12.9 0.2 Diopside 15.9 0.3

Forsterite 10.5 0.2 Forsterite 11.6 0.2 Forsterite 11.9 0.2

Musc2m1 2.6 0.2 Quartz 1.77 0.05 Musc2m1 2.4 0.2

Talc 1.5 0.1 Talc 1.3 0.2 Quartz 1.35 0.06

Quartz 1.41 0.05 Musc2m1 0.9 0.1 Talc 1.3 0.1

Amorph 24.4 0.6 Amorph 23.2 0.6 Amorph 15 0.7

Table 6.14: Detected mineral phases and estimated standard devia-
tion(ESD) in the three optimized formulation using X-ray
powder diffraction analysis.

Figure 6.19: First optimized formulation quantitative phase analysis
using the X-ray powder diffraction analysis.

Quantitative phase analysis of the second optimized formu-
lation (Figure 6.20) reveals that this sample primarily consists
of plagioclase, pyroxene, and olivine. Minor phases of quartz,
talc, and muscovite are also present (Table6.14). We estimate the
amorphous content to be around 23%.

Quantitative phase analysis of the third optimized formula-
tion (Figure 6.21) reveals that this sample primarily consists of
plagioclase, pyroxene, and olivine. Minor phases of muscovite,
quartz, and talc are also present (Table6.14). We estimate the
amorphous content to be around 15%.
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Figure 6.20: Second optimized formulation quantitative phase analysis
using the X-ray powder diffraction analysis.

Figure 6.21: Third optimized formulation quantitative phase analysis
using the X-ray powder diffraction analysis.
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Figures 6.22 show how much of each mineral phase is present
in three optimized formulations. This figure shows that in the
first, second, and third formulations, the amounts of all mineral
phases in LMS-1D decrease depending on the amount of meta-
kaolin that is added to the mixes. The higher the metakaolin
fraction, the higher the amorphous content, and the lower the
quantity of LMS-1D mineral phases. No extra phases were de-
tected by XRPD analysis.

Figure 6.22: Comparison of the mineral content of the three optimized
formulations using X-ray powder diffraction analysis.

6.3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) were used to gain more information about the mi-
crostructure of the three optimized formulations. Figures6.23a,
6.23b, and 6.23c show the results of scanning electron microscopy
for optimizations 1, 2, and 3, respectively. In all three samples,
grains are dispersed in a dense amorphous matrix; however, the
third formulation shows fractures and cracks throughout the
matrix structure (Figures6.23c and 6.23d).

Figure 6.24 shows the average chemical composition of the
matrix detected using energy dispersive spectroscopy (EDS).





6.3 models validation 81

Figure 6.24: The matrix’s average amounts of elements were measured
using energy dispersive spectroscopy (EDS).





7
D I S C U S S I O N A N D C O N C L U S I O N

7.1 discussion

To prove the fidelity of the Lunar Mare dust regolith simulant
(LMS-1D), quantitative X-ray diffraction (XRD), X-ray fluores-
cence (XRF), scanning electron microscopy (SEM), energy dis-
persive spectroscopy (EDS), and laser diffraction analysis were
applied. The simulant samples were assessed based on their
mineral and chemical composition, as well as their particle size.
These tests are critical for estimating simulants’ behavior in
alkali activation using sodium hydroxide and sodium silicate, as
well as the anticipated 3D-printing operations as possible com-
ponents of the ISRU concept. Particle size characteristics of the
LMS-1D using the laser diffraction analysis (Table 6.1) illustrate
that the median particle size measured is about 3 µm, and 90 %
of the particles are below 22 microns, which is consistent with
the median size value of 4 µm reported by the producer[72].

Based on the mineral composition of genuine regolith samples
(Figure 2.4), variations in mineral quantities are typical for Lu-
nar rock. This variation is present even within samples from the
same region. Apollo 11 (sample 10084) and 12 (samples 12001,
12033, and 12044) missions’ which landed in the predominantly
basaltic Mare region were used as the reference[105]. Since only
the amorphous content of the sample reacts in the alkali activa-
tion process, the amount of agglutinates and glass is considered
as the main source of amorphous content in the Lunar regolith.
Agglutinates are the main constituents of Lunar soils and, on
average, make up 25–30% of Lunar soils, but their quantity
can vary from a rare 5% to 65%. For the Apollo 12 (sample
12044) using X-ray diffraction analysis, Taylor et al. measured
the amount of glass content to be around 32% [111]. Due to
the continuous micrometeoroid bombardment of the regolith’s
surface, the amount of agglutinates in Lunar soil grows with
time[84]; therefore, it is important to study the alkali activation
system with the minimum amount of amorphous content. Using
quantitative X-ray diffraction analysis, we measured the amount
of amorphous fraction of the LMS-1D sample to be around 10

% (Table 6.2). Metakaolin was added to LMS-1D to increase the
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amorphous fraction and reactive aluminum content. Therefore,
the alkali activation results with LMS-1D and the genuine Lunar
regolith would be comparable. The main constituents of the
Lunar Mare regolith, such as plagioclase, pyroxene, and olivine,
are present in the LMS-1D. However, minor phases such as talc,
amphiboles, quartz, and phyllosilicates are also present, and the
peak for ilmenite is not visible (Table 6.2). Our X-ray fluores-
cence analyses showed that the main oxides in the LMS-1D are
SiO2 (47.24 %), MgO (15.9 %), and Al2O3 (13.06 %), respectively
(Table6.3), and it is compatible with the reported values by the
producers as SiO2 (46.9 %), MgO (16.8 %), and Al2O3 (12.4 %)
(Table2.3). The SEM-EDS measurements confirmed the results
of X-ray diffraction, as well as the minor presence of ilmenite
and talc.

We used the design of the experiment to investigate the effects
of curing temperature, percentage of metakaolin, ratios of liquid
to solid, and Si/Na on the yield stress and compressive strength
of the alkali-activated material. This approach not only reduced
the number of experiments compared to the one-factor-at-a-time
approach, but it also had the ability to predict the non-linear
interaction of factors on the measured responses. According to
the analysis of variance (ANOVA), the empirical models were
good predictors of system behavior, and 76.53% and 93.49%
of the variation in yield stress and compressive strength are
explained by the model, respectively.

The yield stress model includes significant terms such as
the liquid-to-solid ratio, amount of metakaolin, temperature,
the interaction of the Si/Na ratio with metakaolin, the liquid-
to-solid ratio with metakaolin, metakaolin and temperature,
and finally the quadratic term of temperature squared. In the
investigated liquid-to-solid ranges, the variation in yield stress is
not significant. Figures6.14-6.16 show a non-monotonic behavior;
indeed, it would be difficult to justify conceptually why the yield
stress increases with the amount of liquid.

At low liquid-to-solid ratios, an increase in the amount of
metakaolin has a slight impact on yield stress. In contrast, at
higher liquid-to-solid ratios, increasing the amount of meta-
kaolin dramatically increases the yield stress. Metakaolin parti-
cles have a high surface area and can enhance interparticle forces
when well-dispersed in high liquid-to-solid ratios. This leads
to stronger interparticle bonding and higher yield stress. While
at a low liquid-to-solid ratio, the metakaolin particles may not
be able to form a network or significantly alter the microstruc-
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ture of the soil matrix. This is consistent with the flowability,
consistency, and water absorption of modified cement mortars
containing metakaolin at different water-to-binder ratios[117].
Yield stress increases with the increase in temperature at differ-
ent liquid-to-solid ratios and silica-to-sodium ratios. This effect
is more pronounced at high liquid-to-solid ratios and higher
amounts of metakaolin.

In the compressive strength model, significant terms include
the Si/Na ratio, the liquid-to-solid ratio, metakaolin, the interac-
tion between the Si/Na ratio and metakaolin, metakaolin and
temperature, and finally the quadratic term metakaolin squared.
As the amount of metakaolin increases, compressive strength
increases dramatically. This increase is more pronounced at the
lowest liquid-to-solid ratio. The alkali activation process involves
the dissolution of alumina and silica from metakaolin, followed
by polymerization to form the N-A-S-H gel. Higher amounts
of metakaolin facilitate a greater extent of this polymerization,
leading to a more robust and cohesive microstructure[34, 90].
Having a lower liquid-to-solid ratio results in lower porosity
after the chemical reactions and setting process, leading to a
denser and stronger matrix.

Compressive strength increases as the amount of metakaolin
and the Si/Na ratio increase. A high concentration of the al-
kaline silicates results in the formation of longer-chain silicate
oligomers and Al-O-Si complexes, which promote the strength
[66]. Moreover, silicate activation tends to produce products
with lower porosity and higher strength[109]. While the effect
of metakaolin is sensitive to temperature, the effect of the Si/Na
ratio on compressive strength remains independent of tempera-
ture.

The liquid-to-solid ratio, the amount of metakaolin, the in-
teraction of the Si/Na ratio with metakaolin, and finally the
interaction of metakaolin with temperature are significant in
both models. It is important to note that, although the Si/Na
ratio is not significant for yield stress, it is important for the com-
pressive strength of the final product. Also, the temperature and
the interaction of the liquid-to-solid ratio with metakaolin are
significant for the yield stress, but their effect on the compressive
strength is minimal. This strong temperature dependence for
yield stress is more likely to be attributed to water evaporation.

Based on the predictive models, three validation tests with
optimized formulations were selected to have high, medium,
and low compressive strengths (Figures 6.14, 6.15, and 6.16). For
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the first and second samples, we used the Si/Na ratio of 1.4 and
1.5 and set the liquid-to-solid ratio at the optimum of 0.41. For
the third sample, we selected a lower liquid-to-solid ratio of 0.4
to see if we could reduce the amount of liquid in the system. The
amounts of metakaolin were decreased from 12 to 8.5 and finally
to 5 percent to find the lowest possible amount of metakaolin
in this alkali activation system. Considering that temperature
doesn’t have a significant effect on the compressive strength, we
set all the temperatures to 20 °C to maintain the lowest energy
consumption. All of the experimental results for yield stress and
compressive strength are within the model’s confidence interval.
However, the third formulation’s response to the yield stress is
lower than the predicted values. The second formulation could
be optimal for 3D printing because it combines high strength
with a relatively low amount of metakaolin. Furthermore, the
relatively high yield stress is beneficial during extrusion because
it prevents the collapse of extruded layers on top of each other.

X-ray diffraction analysis (XRD) of the optimized formulations
shows that the amorphous content in the three formulations
decreases with a decrease in the amount of metakaolin. Based on
the added amount of metakaolin and the initial glass in the LMS-
1D simulant, the least amount of amorphous content considering
the 100 % efficiency for the three alkali activation samples should
be at least 22.8, 19.3, and 15.8 %, respectively. The amorphous
content of the first, second, and third optimization is measured
to be about 24.4, 23.2, and 15%. This suggests that the efficiency
of the third formulation is lower than that of the first and second
ones.

Scanning electron microscopy (SEM) reveals a dense amor-
phous matrix with the LMS-1D minerals serving as aggregates
(Figures 6.23a and 6.23b). The first and second formulations
show proper mechanical strength, as predicted. The SEM images
show that the third formulation has a porous structure with
cracks that is compatible with the low compressive strength
measurement (Figures 6.23c and 6.23d). Although the sodium
alumino-silicate gel’s chemical structure is not yet fully defined,
it is believed that sodium alumino-silicate hydrate (N-A-S-H)
gel consists of a polymeric Si-O-Al framework. The presence of
AlO4 tetrahedron results in a net negative charge for the silicate-
aluminate skeleton. Therefore, cations such as Na+ or K+ are
immobilized for neutralizing the charge[6, 35, 36, 106]. EDS
measurement of the matrix chemical composition (Figure6.24)
in three formulations shows a high amount of Mg content in
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the gel structure. This could be due to the high Mg concentra-
tion in the LMS-1D initial composition (Figure6.3), either in its
amorphous and glass forms or because Mg was incorporated
into the gel structure.

It has been suggested that the Mg2+ can be accommodated
in alumino-silicate gel as network-modifying cations[86]. ICP
and ion chromatography studies in experiments with sulfate
attack on fly ash geopolymers indicated a migration of Ca from
the inside of the specimen to the surface area and S and Mg
from the solution into the aluminosilicate matrix. Also molecu-
lar dynamics simulation studies shows that surface hydroxyls
provide a non-bridging oxygen site to link with the neighboring
Na+/Mg2+, which leads to cationic adsorption on the N-A-S-H
surface. When placing the geopolymers in contact with solutions
with high sodium and magnesium content, magnesium ions pen-
etrate more deeply into the hydroxyl layer than sodium ions.
With the high positive charge and small ionic radius, Mg2+ ions
are likely to be adsorbed on the N-A-S-H surface and penetrate
into the N-A-S-H matrix[123].

From the economical and environmental point of view, using
the proposed alkali activation system in this study requires
65% less material transportation than the conventional use of
ordinary Portland cement. SpaceX’s Falcon 9 offers a cost of
2,720 dollars per kilogram for transportation to the low-Earth
orbit [60]. As a result, the cost of transporting the necessary
material to produce 1 ton of cement paste with a water-to-
cement ratio of 0.41 on the Moon equals 2.72 million dollars,
whereas it drops to 0.95 million dollars for the alkali-activated
material.
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7.2 conclussion

In this thesis, we investigated the potential of alkali activation as
a viable approach for contributing to the feasibility and sustain-
ability of in-situ resource utilization for future space exploration
missions. We investigated the design of experiment approach
optimizing the formulation parameters and understanding their
impact on the rheological and mechanical properties of alkali-
activated regolith simulants. In summary, the thesis work has
led to the following outcomes:

• Cement-like binders with appropriate cohesive properties
can be obtained by alkaline activation of lunar regolith
simulants.

• Fine tuning the engineering properties of such binders
requires a knowledge-based formulation and rigorous
characterization of the reactive powders, including the
assessment of the chemical composition of the amorphous
fraction. This is a fundamental point, considering the in-
trinsic variability of lunar soils’ compositions.

• Given the relatively low amount of amorphous fraction
and reactive aluminium, the addition of limited amounts
of metakaolin was necessary to induce the formation of N-
A-S-H phases, which convey cohesive properties to low-Ca
alkali-activated binders.

• The alkali activation in-situ resource utilization method
that has been presented provides several benefits, both
economically and environmentally, that contribute to the
sustainability in interplanetary exploration programs.
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7.2.1 Future Developments

It would be highly beneficial to investigate the use of chemical
admixtures to further reduce water consumption. Additionally,
one might consider investigating the potential to increase the
amount of reactive aluminum without the necessity of adding
metakaolin. One possibility is substituting sodium aluminate
for the sodium silicate activator, potentially enhancing material
reactivity and strength. Furthermore, future research could focus
on the production of macroporous materials aimed at optimizing
thermal properties, which could significantly improve insulation
and energy efficiency. Finally, studying the alkali activation
process under lunar environmental conditions, particularly in
the vacuum of space, could offer invaluable insights for future
lunar construction projects, paving the way for advancements
in extraterrestrial building technologies.
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