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Abstract

In-situ resource utilization (ISRU) to construct environmental protection and critical infrastructure is required for long-term human
habitation on the Moon and Mars. Analogous to terrestrial construction materials formed from aluminosilicates, i.e., geopolymers, con-
struction materials formed from lunar aluminosilicate regolith are a promising method to create lunar landing pads and habitats. Build-
ing on a previous lateral study across multiple regolith simulants, the effects of composition on one specific regolith simulant, Black Point
1 (BP-1), are investigated with the goal of developing relationships between composition and properties. The effects of overall geopoly-
mer composition, activating solution silica and sodium content, and activating solution water content on seven-day compressive strength,
strain to fail, and secant modulus are investigated. Decreasing water content has a positive effect on compressive strength and secant
modulus of geopolymers formed at ambient-earth conditions, reaching maximum compressive strength at 75 wt% BP-1. Above a com-
positional limit of Si/H2O = 0.6, differences in Si and Al coordination result in variations in compressive strength with the elemental
composition of the geopolymer. At high solids in formulation, the observed trend in compressive strength is nonmonotonic with varying
silicon and aluminum content, emphasizing the need for a mechanistic understanding of the relationship between composition and struc-
ture for optimization of geopolymer material properties. This study provides a robust set of data for a widely available lunar regolith
simulant that can guide further development of processing strategies for lunar ISRU.
� 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The construction of permanent structures on the lunar
surface is a challenging engineering problem that must be
solved in the coming decades (Smith et al., 2020, Anand
et al., 2012, Crawford, 2015, Sanders and Larson, 2012).
Planned NASA Artemis missions include construction of
the Artemis Base Camp at the South Pole of the Moon
after Artemis III, requiring a variety of infrastructure
including radiation shielding, landing pads, roads, and
storage facilities (Creech et al., 2022, Warner, 2020). Fur-
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thermore, traditional terrestrial methods of construction
are generally not feasible on the lunar surface primarily
due to lunar regolith composition, payload limitations,
cost, and the harsh environment of the lunar surface
(Mills et al., 2022b, Jones, 2018). Thus, lunar infrastructure
will necessarily require extensive in-situ resource utilization
(ISRU) as well as advances in manufacturing. Steps toward
this are rapidly accelerating: In December of 2022, NASA
awarded a contract to the Texas based company ICON to
develop space-based construction systems, 3D printing
lunar regolith into critical lunar infrastructure, reinforcing
the need for the rational formulation of suitable lunar con-
struction materials (Frazier, 2022).
org/licenses/by/4.0/).
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Regolith rich in aluminosilicate (Als) is the primary
material available for ISRU-based construction on the
lunar surface, comprised of unconsolidated rock and debris
material several meters thick (McKay et al., 1991). Rego-
lith is continuously formed from newly exposed lunar bed-
rock through meteoroid impacts and bombardment of the
lunar surface by charged particles (McKay et al., 1991,
Papike et al., 1982). A limited amount of lunar regolith is
available for study, necessitating the use of lunar regolith
simulant materials developed from terrestrial sources for
lunar exploration research and development, including
ISRU construction solutions (McKay et al., 1993, Ray
et al., 2010, Stoeser et al., 2010).

Geopolymer construction materials obtained from natu-
ral Als clays are a well-studied class of Als materials cur-
rently used for terrestrial construction, and similar
chemical activation has been proposed for lunar regolith
(Alexiadis et al., 2017, Zhou et al., 2020, Davis et al.,
2017, Montes et al., 2015, Mills et al., 2022b, Collins
et al., 2022). Formed from the reaction between an alumi-
nosilicate source and an alkaline activating solution,
geopolymers are studied as sustainable alternatives to
Ordinary Portland Cement (OPC) for construction appli-
cations (Davidovits, 2020, Duxson et al., 2007b, Duxson
et al., 2006). In this study, and in agreement with the wider
geopolymer literature, the term ‘‘geopolymer” is used to
describe the bulk material formed from the reaction
between solid aluminosilicate regolith and liquid alkaline
activating solution. The term ‘‘binder” describes the gel
phase that links aluminosilicate particles together to form
strength in the overall geopolymer material (Davidovits,
2020). Geopolymers have been successfully formed from
a variety of terrestrial aluminosilicate sources ranging from
high purity calcined clays, e.g., metakaolin, to industrial
waste products, e.g., granulated blast furnace slag and fly
ash (Davidovits, 2020). Large-scale terrestrial geopolymer
construction projects include a commercial airport runway
(Glasby et al., 2015) and pre-cast structural concrete
(Chua, 2013) among others. Critical for lunar applications,
geopolymer structure is formed via a net water-neutral
reaction (Davidovits, 2020), while cement consumes a
water mass of approximately 20 % to 30 % of the cement
mass in formulation (Hewlett and Liska, 2019). Such Als
materials often display comparable compressive strength
(CS), greater resistance to acid attack, and improved ther-
mal properties compared to OPC (Davidovits, 2020).

Numerous studies report formulation and characteriza-
tion of geopolymer materials formed from lunar regolith
simulants for various proposed applications. The lunar
regolith simulant Johnson Space Center (JSC-1A) was suc-
cessfully activated to form a geopolymer, with subsequent
studies investigating the effect of particle size, activating
solution molarity, and curing conditions on compressive
strength (Alexiadis et al., 2017, Davis et al., 2017). Blocks
of JSC-1A geopolymer have also been successfully tested
as radiation shielding under simulated lunar conditions
(Montes et al., 2015). Additional lunar regolith simulant
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geopolymers have been synthesized from a variety of
source materials with subsequent characterization (Zhou
et al., 2020, Collins et al., 2022, Wang et al., 2017). The
ultimate goal of additive manufacturing (AM) regolith
structures requires additional material processing require-
ments, as has been analogously developed for AM of tradi-
tional cementitious materials (Roussel, 2018). In efforts to
formulate a lunar regolith geopolymer with required work-
ability for AM while using chemical admixtures readily
available on the moon, urea was investigated as a potential
superplasticizer for geopolymers formed from the DNA-1
simulant (Pilehvar et al., 2020).

Despite the rapidly growing body of work forming and
characterizing lunar simulant geopolymers, it is often diffi-
cult to compare material property results due a lack of
standardized geopolymer mixing and curing protocols. A
recent study by Mills et al. created a standardized frame-
work to compare geopolymers formed from various lunar
and Martian regolith simulants (Mills et al., 2022b).
Geopolymers formed from three lunar regolith simulants
including Black Point 1 (BP-1), JSC-1A, Lunar Highlands
1 (LHS-1) and one Martian regolith simulant, the Mars
Global Simulant (MGS-1C), were tested for CS under dif-
ferent environmental exposure conditions: ambient, vac-
uum, sub-freezing, and high temperatures. BP-1
geopolymers cured at elevated temperatures developed
CS sufficient for potential use as a vertical takeoff/vertical
landing (VTVL) pad. The results of the study by Mills
et al. indicate that the variability of chemical composition
and processing conditions greatly affect geopolymer com-
pressive strength and optimization of lunar geopolymer
mix design is needed before implementation. Specifically,
there is a critical need to understand how the composition
of lunar regolith geopolymers affects their strength and
chemical structure under earth ambient conditions. Addi-
tionally, analysis of Apollo regolith determined that rego-
lith chemical composition varies continuously across the
lunar surface, with the mare basins containing largely
low-titanium basaltic regolith and highlands regolith con-
taining relatively lower levels of magnesium and iron, rein-
forcing the need to understand how chemical composition
affects material properties (Papike et al., 1982, Crawford,
2015). This study aims to address the need to optimize acti-
vation and processing of lunar Als to achieve optimal
material properties by investigating how the composition
of an activating solution and a model lunar regolith simu-
lant, BP-1, affects geopolymer properties and thereby,
work towards identifying the minimal required terrestrial
resources, as guidance for optimal processing strategies
for geopolymers formed by ISRU on the Moon and Mars.

1.1. Factors affecting geopolymer material properties

Geopolymer CS is influenced by the aluminosilicate
source, composition and alkalinity of activating solution
(Al Bakri et al., 2012), particle size of the aluminosilicate
precursor (Jamkar et al., 2013), solid to liquid mass ratio,
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water content (Barbosa et al., 2000, Hardjito et al., 2004a),
and curing temperature (Rovnanı́k, 2010), along with other
factors. Fly ash geopolymers are well-characterized and of
interest in this study due to chemical similarity with the
Black Point 1 regolith simulant (Table 1). In fly ash
geopolymers, the type and concentration of the alkaline
activating solution has a significant effect on CS. Hardjito
et al. specifically studied the alkaline activation of fly ash
with sodium hydroxide and sodium silicate in varying
molar ratios, finding that a higher concentration of sodium
hydroxide results in a higher CS (Hardjito et al., 2004a).
Palomo et. al and Al Bakri et. al found that a NaOH acti-
vator concentration of 12 M resulted in high CS for meta-
kaolin and fly-ash geopolymers respectively (Palomo et al.,
1999, Al Bakri et al., 2012). A subsequent study by Al
Bakri et. al found that CS trends were non-monotonic with
varying silica to sodium ratio in the activating solution (Al
Bakri et al., 2012; Abdullah, 2012)It was observed that at a
Na2SiO3/NaOH molar ratio of 2 or Si/(Si + Na) elemental
molar ratio of 0.22 the fly ash geopolymer CS significantly
decreased, contrary to the overall trend in CS with varying
silicon content.

Increasing water content in fly ash geopolymer formula-
tion reduces the seven-day CS of the material, but improves
the initial workability of the geopolymer mixture, aiding in
material handling and processing (Hardjito et al., 2004a,
Vitola et al., 2020, Pouhet et al., 2019, Xie and Kayali,
2014). Maximum fly ash geopolymer CS was observed at
a H2O/solids ratio of 0.17 by Hardjito et. al, and 0.22 by
Xie and Kayali. Jamkar et al. investigated the impact of
fly ash particle size on seven-day CS, finding that decreas-
ing particle size results in greater CS, greater workability,
and more rapid reaction kinetics (Jamkar et al., 2013). A
comprehensive model for geopolymer CS does not yet exist
given the large number of input parameters governing
property development; however, learnings from composi-
tionally similar systems can be applied to lunar regolith
simulant geopolymers to accelerate material design. Hence,
in the work presented here we systematically vary the acti-
vating solution composition and regolith fraction with
guidance from a prior study by Mills et al., (2022b). In a
lateral study across lunar and Martian simulants as well
Table 1
Bulk chemistry analysis (wt%) of the Black Point 1 simulant material, compa
LOI = Loss on ignition. Trace elements (<0.5 %) including NiO, SrO, Cr2O3

Oxide BP-1 (Stoeser et al., 2010) Fly as

SiO2 47.2 >50
TiO2 2.3
Al2O3 16.7 20–30
FeOT 12.1 <20
MgO 6.5
CaO 9.2 <5
Na2O 3.5
K2O 1.1
MnO 0.21
P2O5 0.52
LOI
Total 99.33
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as a survey of the literature, the CS was observed to
increase as the nominal elemental ratios of the geopolymer
approach the elemental ratios of Si/Al = 2 and Na/Al = 1,
as codified by a pseudo-ternary state diagram (see Fig. 10
in Mills et al., (2022a)).

1.2. Experimental objectives

The primary aim of this study is to understand how
changes in composition affect the material properties of
geopolymers formed from BP-1 lunar regolith simulant
under a standardized curing protocol. The first objective
is to measure material property trends in BP-1 lunar rego-
lith simulant geopolymers of varying composition and
determine trends for strength development. BP-1 lunar
regolith simulant is selected specifically due to its current
use by NASA and relatively high CS when cured under
ambient and vacuum conditions. The geopolymer composi-
tion space is explored by varying water content, silica con-
tent, and sodium content following the aforementioned
guidance on formulation design from Mills et al.,
(2022b). The second objective of this work is to empirically
connect trends in CS of the BP-1 geopolymers with chem-
ical structure of the geopolymer binder across formulation
compositions. Such information is necessary for developing
a mechanistic understanding of the nano- to micro-
structural origins of geopolymer strength. This study repre-
sents a necessary step towards the rational engineering of
Als construction materials for a broad range of uses includ-
ing additive manufacturing of geopolymers for terrestrial
applications and lunar ISRU applications for geopolymers.

2. Materials and methods

2.1. Materials

2.1.1. Black Point 1 lunar regolith simulant

The Black Point 1 (BP-1) lunar regolith simulant is
selected as it is well-studied and developed high CS when
cured under ambient conditions by Mills et al., (2022b).
It is also used as a geotechnical simulant for NASA’s Lun-
abotics competitions, where robots are challenged with
red to a generic class F fly ash. and terrestrial metakaolin composition.
are omitted from this table but may be reported in the sources indicated.

h, Class F (Typical) (Mindess et al., 2003) Metakaolin

55
1.5
40
1.4

0.8

1
99.7



Table 2
Particle size distribution analysis by laser diffraction of sieved BP-1 lunar
regolith simulant, where 10% of the distribution (by volume) has a particle
size (diameter) less than the d10 particle size (etc. for d50, d90).

Sieved BP-1 Particle Size (lm)

d10 1.5
d50 22.7
d90 65.1
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building a berm out of lunar regolith simulant (Heiney,
2020). BP-1 is obtained from the Kennedy Space Center’s
Swamp Works Group and is sourced from the Black Point
basalt flow in the San Francisco Volcanic Field in northern
Arizona (Suescun-Florez et al., 2015). An image of BP-1
regolith powder is shown in Fig. 1 and Table 1 provides
a bulk chemical analysis of BP-1 along with a common
class F fly ash. The particle size distribution of BP-1 fits
within the ± 1 standard deviation range of lunar regolith
particle size and is more representative of lunar regolith
than other available lunar regolith simulants including
JSC-1A (Suescun-Florez et al., 2015). Like high-fidelity
simulants, the particle shape of BP-1 is described as rough
and angular. BP-1 contains a high content of fine material
with anomalous large gravel pieces. BP-1 densifies under
compaction at a slightly slower but similar rate to high-
fidelity simulants (Rahmatian and Metzger, 2010). The
average specific gravity (particle density) of BP-1 is slightly
lower than JSC-1A and significantly lower than Minnesota
lunar simulant 1 (MLS-1) and lunar regolith (Suescun-
Florez et al., 2015).

In this study, the BP-1 simulant particle size is standard-
ized using a #200 sieve (75 lm) to remove large particles
and small stones. The simulant volume-based particle size
distribution was measured using a Beckman Coulter LS
13 320 Particle Size Analyzer with dry powder module.
Table 2 lists the particle size limits for 10, 50, and 90 %
of the cumulative distribution of the simulant.

BP-1 composition is well characterized as a continental
basalt with relatively high alkaline content, similar to lunar
mare soils with a high plagioclase content (Stoeser et al.,
2010). Important for comparison to other aluminosilicate
sources, Table 3 provides mole fractions and ratios relevant
for geopolymer formation. The molar analysis in Table 3
shows that TiO2, MnO, P2O5, and K2O are likely not crit-
ical components to consider for the geopolymer reaction
due to their relatively low molar ratios.
Fig. 1. Black Point 1 lunar regolith simulant.
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The compositional variation of geopolymers with differ-
ing nominal elemental ratios of sodium, silicon, and alu-
minum can be visualized via a pseudo-ternary state
diagram for alkali-activated materials (Mills et al.,
2022a). The location of BP-1 on pseudo-ternary state dia-
gram along with other representative lunar simulant mate-
rials is shown in Fig. 2. The composition listed in Table 3
indicates that BP-1 contains iron oxides, calcium oxide,
and magnesium oxide in addition to the desired aluminum
and silicon oxides, which may also play a role in property
development (Mills et al., 2022b, Bakharev, 2005, Kaze
et al., 2017, Nongnuang et al., 2021, Rickard et al., 2010).

2.1.2. Sodium silicate activating solutions

Sodium silicate activating solutions are created from
deionized water (Millipore Milli-Q 18.2 MO), sodium
hydroxide pellets (Fischer Scientific CAS: 1310–73-2),
and fumed silica (Cabot CAB-O-SIL EH-5 Hydrophilic
Fumed Silica) to have desired water content (wt% H2O)
and molar ratio of silicon and sodium Si/(Si + Na), written
as Si/Ʃ. Water and sodium hydroxide pellets are mixed in a
stainless-steel beaker for thirty minutes with a magnetic stir
bar while covered, allowing for full dissolution of the
sodium hydroxide and cooling to room temperature after
the exothermic dissolution. Fumed silica is then added,
and the solution is mixed for at least 24 h before use in
geopolymer synthesis. The work is performed at laboratory
temperature (�18 ± 1.5 �C).

The relative silica and sodium content of each activating
solution is varied in terms of elemental ratios, ranging from
0.3 to 0.6Si/Ʃ. Two levels of water content in the activating
solution are investigated, 45 and 60 wt% H2O. Table 4
below lists the per-gram formulation of each activating
solution used in this study. Activation solution pH was
measured using an Oakton 700 benchtop pH meter.

Activating solutions with high fumed silica content and
low water content required a longer mixing time. Fumed
silica was added in successive steps over the course of
48 h to prevent clumping and solidification of the mixture.
Extended mixing times are required for activating solution
compositions of 0.4 and 0.5Si/Ʃ at water content of 45 wt%
H2O. An activating solution at a composition of 0.6Si/Ʃ
and 45 wt% H2O could not be formed at ambient condi-
tions due to the relatively large amount of fumed silica in
formulation, despite attempts to add the fumed silica pow-
der to the pre-mixed water and sodium hydroxide over the
course of several days.



Table 3
Molar ratio analysis of Black Point 1 lunar regolith simulant (MOX = Moles of oxide in each row).

Oxide BP-1 wt% Molar Mass (g/mol) Moles (Oxides) Oxide Mol % Moles (Atomic) Atomic Mol % SiO2/Mox Ratio

SiO2 47.20 % 60 7.87E-03 50.82 % 7.87E-03 44.11 % 1.00
TiO2 2.30 % 79.9 2.88E-04 1.86 % 2.88E-04 1.61 % 27.33
Al2O3 16.70 % 102 1.64E-03 10.58 % 3.27E-03 18.36 % 2.40
FeOt 12.10 % 71.8 1.69E-03 10.89 % 1.69E-03 9.45 % 4.67
MgO 6.50 % 40.3 1.61E-03 10.42 % 1.61E-03 9.04 % 4.88
CaO 9.20 % 56 1.64E-03 10.61 % 1.64E-03 9.21 % 4.79
Na2O 3.50 % 62 5.65E-04 3.65 % 1.13E-03 6.33 % 6.97
K2O 1.10 % 94.2 1.17E-04 0.75 % 2.34E-04 1.31 % 33.68
MnO 0.21 % 70.9 2.96E-05 0.19 % 2.96E-05 0.17 % 265.59
P2O5 0.52 % 142 3.66E-05 0.24 % 7.32E-05 0.41 % 107.41
Total 0.9933 1.55E-02 100.00 % 1.78E-02 100.00 %

��
��
��
��

Fig. 2. Pseudo-ternary state diagram. Lunar regolith simulants: BP-1
(black star), JSC-1A (open triangle), LHS-1 (open square). Sodium silicate
activating solutions (red symbols on Si axis). BP-1 geopolymers formed
from the following activating solutions: 0.3Si/Ʃ (green squares), 0.4Si/Ʃ
(orange circles), 0.5Si/Ʃ (purple triangles), 0.6Si/Ʃ (pink diamonds).
Dashed lines identify theoretically optimal Si/Al and Na/Al ratios.

Table 4
Composition of sodium silicate activating solutions on a per-gram basis. Si/R re
the activating solution.

Activating Solution Mass H2O Mass NaOH Mas

0.3Si/Ʃ (60 H2O) 0.60 0.24 0.16
0.4Si/Ʃ (60 H2O) 0.60 0.20 0.20
0.5Si/Ʃ (60 H2O) 0.60 0.16 0.24
0.6Si/Ʃ (60 H2O) 0.60 0.12 0.28
0.4Si/Ʃ (45 H2O) 0.45 0.27 0.28
0.5Si/Ʃ (45 H2O) 0.45 0.22 0.33
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2.2. Geopolymer formation

2.2.1. Mixing protocol

BP-1 geopolymers were created from BP-1 lunar rego-
lith simulant and sodium silicate activating solutions. Sim-
ulant and activating solution were measured into (150 mL)
plastic mixing cups and then mixed by hand with a
stainless-steel spatula for a period of five minutes. Cubes
created from the 0.3Si/Ʃ (60 H2O) activation solution were
mixed for � 2 min and immediately packed in the molds
due to rapid reaction. After mixing, the geopolymer pre-
cursor mixture was transferred into 1 cm3 silicone rubber
cube molds open on one surface. Eight cubes were created
for each geopolymer composition. The average density of a
given geopolymer precursor paste was recorded immedi-
ately after mixing by measuring the mass of four cubes in
the silicone mold and dividing by the mold volume.
2.2.2. BP-1 geopolymer formulation

Geopolymer compositions tested in this study were
selected to cover a range of (1) simulant to activating solu-
tion mass ratios, (2) water content, and (3) relative silica to
sodium content in the activating solution which are practi-
cally feasible for geopolymer preparation. Chemical com-
position (nominal Si/Al/Na ratio) of the geopolymers is
controlled via the sodium silicate activating solution and
weight percent of BP-1 in formulation. Geopolymer com-
presents Si/(Si + Na) and (�H2O) represents the weight percent of water in

s SiO2 Elemental Si/Ʃ pH NaOH Molarity

0.30 13.9 10.1
0.40 13.4 8.3
0.50 12.7 6.7
0.60 11.7 5.1
0.40 13.8 15.3
0.50 13.3 12.2



T.M. Egnaczyk et al. Advances in Space Research 73 (2024) 885–917
position is varied from 55 to 75 wt% BP-1 simulant with
the activating solution as the remaining balance.
Table A2 in the Appendix lists all BP-1 geopolymer com-
positions created for this study on a per gram basis. In this
work the term ‘‘composition series” refers to the series of
five BP-1 geopolymer compositions made from a given
sodium silicate activating solution, with varying wt% BP-
1 in formulation from 55 to 75 wt% in increments of five
percent.

A pseudo-ternary state diagram for alkali-activated
materials, Fig. 2, is used as an organizing framework for
BP-1 geopolymer compositions (Mills et al., 2022a). The
ternary diagram relates the nominal elemental ratios of sil-
icon, aluminum, and sodium (Si/Al/Na) in each geopoly-
mer sample. Fig. 2 is a ‘‘pseudo” ternary diagram as
water, along with other BP-1 constituent minerals that
may impact binder strength like calcium, are not included
on this plot and compositions are nominal starting compo-
sitions, not solution compositions in the dissolved phase or
final compositions of the geopolymer formed. BP-1 regolith
simulant composition and other representative lunar rego-
lith simulant compositions are also plotted in Fig. 2. The
nominal Si/Al/Na ratio of the activating solutions created
for this study are also represented. All geopolymer compo-
sitions are described as nominal due to the likely incom-
plete dissolution of BP-1 as the aluminosilicate source
(Fernández-Jimenez et al., 2006). Dashed blue lines indi-
cate nominal elemental ratios of Si/Al = 2 and Na/
Al = 1 as theoretical optimums suggested from the
geopolymer literature (Mills et al., 2022a).

2.2.3. Curing protocol

Geopolymer cubes were cured in 1 cm3 silicone molds,
open to the atmosphere on the top, for seven days at ambi-
ent laboratory conditions. The ambient laboratory temper-
ature was 18 ± 1.5 �C during all experiments. Weight loss
due to any evaporation was gravimetrically monitored.

2.3. Geopolymer characterization

2.3.1. Compressive strength testing

Protocols developed in prior work were followed here
(Mills et al., 2022b). Compression testing was performed
using an Instron 5965 dual column table frame with Blue-
Hill operating software. The load cell was an Instron model
2580–108 with a force capacity of 5 kN. Cubes were com-
pressed between two platens using a modified ASTM C109
compression protocol, Compression testing of hydraulic

cement mortars (ASTM International, 2020). The protocol
was modified for the reduced cube size (1 cm3 compared to
2 in.3 in the protocol) and cure time (seven-day cure time
versus the 28-day cure time required for cementitious mate-
rials). Compression was programmed at a rate of 1 mm/
min.

The cube face normal to the top platen was manually
smoothed with sandpaper to create a flat surface for com-
pression testing. Cube mass and dimensions were recorded
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for calculation of cured cube density and CS. Geopolymer
CS was assessed at seven days to compare to relevant
geopolymer literature and due to studies showing that
geopolymer CS increases most rapidly in the initial 48 h
after synthesis and minimally between one and two weeks
(Mills et al., 2022b, Hardjito et al., 2004a, Palomo et al.,
2004, Davidovits, 2020).

Compression testing was performed for 6–8 replicate
cubes of each composition. The force displacement curve
for each cube was transformed to engineering stress
(r;Eq: ð1Þ) and engineering strain (e, Eq. (2)), where F
and Dh are the measured force and displacement, and h
and A are height and contact surface area of each individ-
ual cube.

r ¼ F =A ð1Þ
e ¼ Dh=h ð2Þ
Individual stress–strain curves were fit to a cubic spline
utilizing the algorithm scipy.interpolate. UnivariateSpline
in Python, corrected for any zero offset in initial position
and averaged. The procedure is illustrated in Fig. 3, where
the six individual tests are averaged to form the curve and
uncertainty bound plotted in Fig. 3B. The band in Fig. 3B
represents one standard deviation at each strain.

The CS was determined by one of two methods depend-
ing on the behavior of the sample. For samples exhibiting
distinct material failure at a maximum tensile force, the
CS was identified as the maximum stress, as shown in
Fig. 4A, along with the associated strain to fail. Red X’s
on Fig. 4A indicate the maximum stress on the averaged
stress–strain curve as well as the maximum stress of the
averaged stress ± 1 standard deviation curves, allowing
for an estimation of uncertainty in both the maximum
stress (vertical) and strain to fail (horizontal). For samples
that displayed a more plastic failure without a distinct max-
imum, the transition to plastic failure is identified as the CS
as shown in Fig. 4B. Two lines were extended in linear
regions of the curve, and the stress value at the intersection
of the two linear regimes is assigned as the CS along with
the strain value as the strain to fail. The standard deviation
was determined by performing the same procedure for the
bounding curves as shown.

The secant modulus, a common measure of the modulus
of elasticity or Young’s modulus in concrete materials, was
determined by utilizing the equation for the secant modu-
lus, or chord modulus of elasticity, in ASTM C469, Static
Modulus of Elasticity and Poisson’s Ratio of Concrete in

Compression, (Eq. (3)), where E is the secant modulus, r2

is 40 % of the CS, e1 a strain of 0.000050, e2 is the corre-
sponding strain to r2, and r1 is the corresponding stress
to e1(ASTM International, 2022). The value of r1 was
interpolated from the data.

E ¼ ðr2 � r1Þ=ðe2 � e1Þ ð3Þ



Fig. 3. (A) Engineering stress–strain curves for 6 samples of BP-1 geopolymer created with 70 wt% BP-1, an activating solution of nominal molar ratio
0.3Si/Ʃ, and an activating solution of 60 wt% water. Values are considered up to the first end of a sample (dashed line). (B) Averaged engineering stress–
strain curve of indiviudal stress–strain curves in Fig. 3A up to the first endpoint of an experiment. Green band represents ± 1 standard deviation.

Fig. 4. (A) Standard method for calculation of compressive strength utilizing the maximum value of the averaged stress curve, as well as the maximum of
the average stress ± 1 standard deviation curves. A visual representation of the secant modulus calculation is shown. Averaged curve shown from Fig. 3B.
(B) Alternative method for calculation for compressive strength when there is no maximum value in the averaged stress curve. The interception of two
linear interpolations is vertically dropped down to the stress curve. A visual representation of the secant modulus calculation is shown. The represented
curve is a BP-1 geopolymer with a BP-1 wt% of 55 %, a nominal molar ratio is 0.3Si/Ʃ in the activating solution, and an activating solution of 60 wt%
water.
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2.3.2. Mass loss measurements

Mass loss to the environment during ambient curing was
calculated for each composition as the percent change in
mass from the initial geopolymer paste after mixing to
the final cured sample mass at seven days. Initial water con-
tent data is known from the activating solution water con-
tent and density of geopolymer precursor mixture in each
mold. Inherent water content of the BP-1 simulant is 3.68
± 0.01 wt%, determined via thermogravimetric analysis
(TGA). Three samples of sieved BP-1 were measured in a
Discovery TGA using a ramp protocol of 20 �C per minute
to a final temperature of 700 �C, followed by a 10-minute
isothermal hold. Water content was assessed as the average
mass loss of the three trials after the isothermal hold. Aver-
age initial geopolymer cube mass after mixing was deter-
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mined by dividing the mass of four cubes in silicone
molds by four. The final mass and dimensions of each indi-
vidual cube was measured immediately before CS testing.

2.3.3. Nuclear magnetic resonance spectroscopy (NMR)
Solid-state 27Al and 29Si magic angle spinning (MAS)

NMR spectra were obtained using a 4.0 mm HX probe
(AVIII 500 SSNMR, Bruker, Billerica, MA). The BP-1
geopolymer samples studied with NMR were created seven
days in advance of the NMR measurements for chemical
similarity with samples tested for CS, using the same prepa-
ration and curing protocols. Cubes were pulverized with a
mortar and pestle to create a powder/paste for loading into
the NMR rotor. 27Al MAS NMR spectra were acquired at
12 kHz with a single pulse of 1 ls and a pulse delay of 1 s
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(512 scans each). 29Si CP/MAS NMR spectra were
acquired at 12 kHz with 7 ms CP contact time and a pulse
delay of 3 s. Cross-polarization was necessary to obtain a
suitable signal in the silicon spectra, as has been used pre-
viously in amorphous aluminosilicate materials (Mills
et al., 2022b, Doucet et al., 2001, Houston et al., 2008).
A 4 mm reduced volume rotor with a spacer was used for
dense samples. A sample mass of � 0.08 g provided well-
resolved signal to noise ratio.

Following established procedures (Engelhardt and
Michel, 1987, Giuli et al., 1999, Valcke et al., 2015, Lee
and Stebbins, 1999),29Si NMR spectra were deconvoluted
into gaussian peaks representing the expected Qn (mAl)
sites using a Levenberg-Marquardt algorithm. Table 5 pre-
sents the expected ranges of chemical shifts for Qn(mAl)
species in silicate and aluminosilicate samples used as
bounds for peak deconvolution (Davidovits, 2020,
Engelhardt and Michel, 1987). An example plot showing
deconvoluted peaks for a BP-1 geopolymer sample is pre-
sented in Fig. 5. The third column in Table 5 lists the peak
assignments and relative amounts for this specific sample.
3. Results

3.1. Geopolymer precursor mixture

As the relative amount of BP-1 increases within a given
composition series, the geopolymer precursor mixture var-
ied from a dark brown liquid which readily flows at 55 wt%
to a wet clumped solid at 75 wt%. Compositions with wt%
BP-1 between the two extremes of 55 and 75 wt% followed
this trend where at 60 and 65 wt% BP-1 the mixture pro-
gressively increased in viscosity but still flowed under grav-
ity. The 70 wt% samples mixed easily into a uniform paste
but did not flow under gravity. Compositions at low BP-
1 wt% (55, 60, 65 wt%) were easily poured into the 1 cm3

cube molds. The 70 and 75 wt% BP-1 compositions
required packing with a metal spatula. Tamping molded
cubes helped to release air bubbles trapped in the mold
from the pouring and packing processes.

Rapid reaction of the geopolymer mixture to form a
solid mass occurred during mixing of the 0.3Si/Ʃ (60
Table 5
Ranges of 29Si chemical shifts for Qn(mAl) components in silicate and
aluminosilicate materials relevant to geopolymer systems in this study
(Davidovits, 2020, Engelhardt and Michel, 1987).

Qn(mAl) -d (ppm) Relative Amount (%) (Fig. 5)

Q0(0Al) 66–73 N/A
Q1(0Al) 76–83 N/A
Q1(1Al) 75 N/A
Q2(2Al) 80 3.6
Q4(0Al) 103–120 7.7
Q4(1Al) 97–105 18
Q4(2Al) 92–99 18
Q4(3Al) 88–94 18
Q4(4Al) 83–87 34
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H2O) and 0.3Si/Ʃ (45 H2O) compositions, indicated by
noticeable heat release through the plastic mixing cup.
No geopolymer cubes could be formed from the 0.3Si/Ʃ
(45 H2O) activating solution as the BP-1 powder and acti-
vating solution formed a hard solid immediately during
mixing. At higher water content, 0.3Si/Ʃ (60 H2O), activat-
ing solution and BP-1 powder could be mixed but would
harden rapidly and could not be mixed for the full five-
minute period.

3.2. Morphology of geopolymer cubes

3.2.1. Morphology before compression

Significant differences in appearance were evident after
seven days of ambient curing for geopolymers with varying
silica content and BP-1 wt% in formulation. Images of
three composition series of BP-1 geopolymer cubes are
shown in Fig. 6 (A-C). Visible shrinkage was present in
cubes formed at 55 and 60 wt% BP-1 from activating solu-
tions with 60 wt% H2O likely due to the relatively high
water content of the geopolymer precursor mixture.
Increasing BP-1 wt% from 55 to 75 wt% resulted in
decreased shrinkage of the cube, with no visible shrinkage
present in the 70 and 75 wt% formulations. The 55 wt%
BP-1 cubes were soft to the touch and required careful han-
dling during removal from the cube mold to prevent warp-
ing of the cube faces before compression. Cubes formed at
55 and 60 wt% BP-1 and higher water content exhibited a
thin, clear film on the surface of the cubes exposed to the
atmosphere. This clear film is likely composed of silica spe-
cies from excess activating solution transported to the sur-
face of the cube by water during evaporation.

Geopolymers cubes of 65 to 75 wt% BP-1 were easily
removed from the cube mold and sanded. A chalky white
residue was commonly found on the surface of cubes
formed at 70 and 75 wt% BP-1. Visually similar to efflores-
cence in cement formation, the white residue on the
geopolymer surface are likely salts deposited by water that
had migrated to the surfaces of the cube and subsequently
evaporated during the curing process (Barbosa et al., 2000,
He et al., 2016). Small pockets of air are present in most
cubes presented in Figs. 6-9, likely due to air trapped in
the cube mold during the cube casting process. A minimum
of six cubes were tested for CS for each composition, min-
imizing the potential impact of air bubbles on the average
CS of a given BP-1 geopolymer composition.

3.2.2. Fracture behavior of cubes after compression

Fracture behavior differed greatly for geopolymers
within a given composition series, changing from a crum-
bling response as shown in Fig. 7A2 at 55 wt% BP-1 to a
vertical brittle fracture at 75 wt% BP-1 as shown by
Fig. 8C2 for geopolymers formed from the 0.5Si/Ʃ (60
H2O) activating solution. Similar trends in fracture behav-
ior with BP-1 wt% were observed at lower water content,
shown by Fig. 8 for the 0.5Si/Ʃ (45 H2O) composition
series.
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Fig. 5. Example deconvolution of 29Si MAS NMR spectra of seven-day cured 75 wt% BP-1 0.3Si/Ʃ (60 H2O) geopolymer into five gaussian peaks
representing chemical shifts listed in Table 5. Solid black line represents the experimental 29Si spectra and gray lines show the fitted curves at each assigned
peak location.

Fig. 6. BP-1 geopolymer cubes formed from (A) 0.4Si/Ʃ (60 H2O), (B) 0.5Si/Ʃ (60 H2O), and (C) 0.5Si/Ʃ (45 H2O) activating solutions before sanding.
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Fracture behavior at 55 wt% BP-1 varied significantly
based on the nominal silica to sodium ratio in formulation,
shown in Fig. 9. The 0.3Si/Ʃ (60 H2O) composition dis-
played more brittle fracture behavior (Fig. 9A) while all
compositions at higher nominal ratios of Si/Ʃ flattened or
crumbled plastically shown in Fig. 9B and 9C. The rapid
hardening of the 0.3Si/Ʃ (60 H2O) composition mentioned
previously in Section 3.1.2 is likely connected to this differ-
ence in fracture behavior. Contrastingly, brittle fracture
behavior was observed for all samples formed at 75 wt%
BP-1 regardless of the relative silica to sodium nominal
ratio within the material.
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3.3. Measured material properties

3.3.1. Effect of BP-1 wt% on seven-day compressive strength

The seven-day CS for all geopolymer compositions are
summarized in Fig. 10. Individual stress–strain curves are
located in Appendix Figs. A1-10. All measured material
property values are provided in Table A3 in the Appendix.
The maximum seven-day CS of 5.3 MPa was observed at a
formulation of 75 wt% BP-1 0.3Si/Ʃ (60 H2O). Geopoly-
mers formed at 55 and 60 wt% BP-1 from 60 wt% H2O acti-
vating solutions and 55 wt% BP-1 from the 45 wt% water
activating solutions showed almost negligible (<1 MPa)



Fig. 7. Fracture behavior of BP-1 geopolymer cubes formed from the 0.5Si/Ʃ (60 H2O) activating solution at representative compositions of (A) 55, (B) 65,
and (C) 75 wt% BP-1 in formulation. Cubes shown have been sanded to create a uniform planar surface for compression.

Fig. 8. Fracture behavior of BP-1 geopolymer cubes formed from the 0.5Si/Ʃ (45 H2O) activating solution at representative compositions of (A) 55, (B) 65,
and (C) 75 wt% BP-1 in formulation. Cubes shown have been sanded to create a uniform planar surface for compression.
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CS across all activating solution compositions. Geopoly-
mers at 55 and 60 wt% BP-1 in the 0.4Si/Ʃ (45 H2O) com-
position series did not form a measurable CS at seven days.

CS results are compared for the 60 wt% H2O activator
solutions with varying Si ratios and BP-1 wt% in
Fig. 10A. CS increases monotonically with BP-1 wt%
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within each activator composition series, obtaining a max-
imum value at 75 wt% of BP-1. Comparing between com-
position series at each BP-1 wt% in Fig. 10A, the 0.4Si/Ʃ
(60 H2O) composition series show reduced CS for formula-
tions greater than 60 wt% BP-1. Potential origins of the
unexpected decreased CS for the 0.4Si/Ʃ (60 H2O) compo-



Fig. 9. Fracture behavior of BP-1geopolymer cubes formed from the (A) 0.3Si/Ʃ (60 H2O), (B) 0.5Si/Ʃ (60 H2O), and (C) 0.5Si/Ʃ (45 H2O) activating
solution at a constant composition of 55 wt% BP-1.

Fig. 10. (A) Seven-day compressive strength of BP-1 geopolymers of varying weight percent (55, 60, 65, 70, and 75) and varying activating solution Si/Ʃ
molar ratios (0.3, 0.4, 0.5, and 0.6) at an activating solution of 60 wt% water cured under ambient conditions. Error bars represent one standard deviation
of the replicates. Bar shading represents compressive strength calculation method. Three trials were performed for 0.4Si/Ʃ and two trials were performed
for 0.3Si/Ʃ and 0.5Si/Ʃ. (B) Seven-day compressive strength of BP-1 geopolymers of varying weight percent (55, 60, 65, 70, and 75) at Si/Ʃ molar ratios of
0.4 and 0.5 with an activating solution of 45 wt% water cured under ambient conditions. Geopolymers made with 55 and 60 wt% BP-1 at 0.4Si/Ʃ did not
form a solid at seven days. Error bars represent standard deviation. Bar shading represents compressive strength calculation method.
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sition are discussed later in Section 4. At 75 wt% BP-1,
there are no identifiable trends when comparing between
the 0.3Si/Ʃ (60 H2O), 0.5Si/Ʃ (60 H2O), and 0.6Si/Ʃ (60
H2O) composition series as the average CSs are within cal-
culated uncertainty.

Lowering the water content of the activator solution to
45 wt% H2O leads to similar trends, as plotted in Fig. 10 B.
A similar monotonic increase in CS with wt% BP-1 for
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both the 0.4Si/Ʃ (45 H2O) and 0.5Si/Ʃ (60 H2O) composi-
tion series is measured. Notably, a lower activating solu-
tion water content of 45 wt% H2O results in similar CS
values for the 0.5Si/Ʃ composition series compared to the
60 wt% H2O series (Fig. 11). Measurable geopolymer
strength developed for the 0.4Si/Ʃ (45 H2O) only at BP-
1 wt% of 70 and 75, resulting in lower values as compared
to the 0.5Si/Ʃ (45 H2O) series.
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3.3.2. Nominal elemental ratios analysis of CS

Nominal elemental ratios (Si/Na, Si/Al, etc.) are com-
monly used to characterize the effect of changing geopoly-
mer chemistry on material properties including CS,
microstructure, Young’s modulus, density, etc. for model
geopolymer systems, typically derived from metakaolin
(Silva et al., 2007, Duxson et al., 2005a, Duxson et al.,
2007a). Plotting the material properties with nominal ele-
mental ratios enables a common comparison across all
data sets. The scaling of seven-day CS with relevant nom-
inal molar ratios of Si, Al, Na, and water, are shown in
Fig. 11.

The trends evident in Fig. 11 are that the seven-day CS
varies monotonically with the nominal molar ratios exam-
ined within a given composition series. The CS monotoni-
cally increases with the nominal molar ratios of Si/Na and
Si/H2O and decreases with Si/Al, trends generally consis-
tent with the proximity of the samples’ compositions to
the ideal ratios as plotted in the pseudo-ternary state dia-
gram (Fig. 2). It is important to note that these are nominal
ratios based on the overall composition of each mixture
and as such, do not necessarily reflect the elemental compo-
sitions of the binder phase formed.
3.3.3. Strain to failure

Complementing the CS, the strain to fail provides indi-
cation of the brittle versus plastic behavior of the binders.
The corresponding strain to failure of each composition is
shown in Fig. 12. Excluding the 0.3Si/Ʃ (60 H2O) samples,
Fig. 11. Seven-day compressive strength versus nominal geo
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it decreases with increasing BP-1 wt%, which indicates
more brittle fracture behavior. The outlier behavior of
the 0.3Si/Ʃ (60 H2O) composition series shows nearly con-
stant values with increasing BP-1 wt%. As with the trends
for the CS, again the 0.4Si/Ʃ sample series is differentiated
by showing a more plastic behavior.
3.3.4. Secant modulus

Secant moduli are plotted in Fig. 13 and the trends con-
firm the variations in behavior observed for the CS. The
maximum measured secant modulus was 147.34 ± 37.66
MPa for the 75 wt% BP-1 0.3Si/Ʃ (60 H2O) geopolymer,
coinciding with the maximum CS. For all composition ser-
ies, the secant modulus increases with increasing BP-1 wt%.
Comparing across composition series for the 60 wt% H2O
compositions, the secant modulus decreases with increasing
activating solution silica content with the exceptions of
55 wt% BP-1 group and the 0.4Si/Ʃ series. For the 0.4Si/
R compositions, secant modulus values were greater for
the 45 wt% H2O series compared to the 60 wt% H2O series
at higher BP-1 wt%. Alternatively, in the 0.5Si/R series, the
60 wt% H2O series obtained larger values of the secant
modulus with the exception of 60 wt% BP-1 geopolymer.
3.3.5. Relationship between cube density and seven-day

compressive strength

To test whether the observed variations in compressive
strength were a consequence of imperfections in the cured
cubes, the seven-day CS is plotted versus the seven-day
polymer molar ratios: (A) Si/Na (B) Si/Al (C) Si/H2O.



Fig. 12. (A) Strain to failure of BP-1 geopolymers of varying weight percents (55, 60, 65, 70, and 75) and varying Si/Ʃ nominal molar ratios (0.3, 0.4, 0.5,
and 0.6) at an activating solution of 60 wt% water. Error bars represent standard deviation. Bar shading represents compressive strength calculation
method. (B) Secant modulus of BP-1 geopolymers of varying weight percents (55, 60, 65, 70, and 75) at Si/Ʃ nominal molar ratios of 0.4 and 0.5 with an
activating solution of 45 wt% water. Error bars represent standard deviation. Bar shading represents compressive strength calculation method.

Fig. 13. (A) Secant modulus of BP-1 geopolymers of varying weight percents (55, 60, 65, 70, and 75) and varying Si/Ʃ nominal molar ratios (0.3, 0.4, 0.5,
and 0.6) at an activating solution of 60 wt% water. Error bars represent standard deviation. Bar shading represents compressive strength calculation
method. (B) Secant modulus of BP-1 geopolymers of varying weight percents (55, 60, 65, 70, and 75) at Si/Ʃ nominal molar ratios of 0.4 and 0.5 with an
activating solution of 45 wt% water. Error bars represent standard deviation. Bar shading represents compressive strength calculation method.
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cube density in Fig. 14 for 60 wt% H2O activating solution
geopolymers. With the exception of the 0.4Si/R activating
solution, there was no identifiable trend of CS with density
or trends of density with any variable across composition
series or within a composition series, which confirms that
the variations in CS are not artifacts of the curing process,
but rather reflect differences in underlying chemical and
material properties. However, for the 0.4Si/Ʃ activating
solution the CS was anomalously low and the high density
is due to significant water retention, as will be discussed
further on has significant consequences for the geopolymer
formed.
3.4. Chemical structure (NMR)

Comparing differences in chemical coordination for
geopolymers of varying composition, measured via solid-
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state 27Al and 29Si NMR spectroscopy, provides additional
information about the underlying molecular structure rela-
tionship between composition and material properties. All
NMR measurements were conducted on geopolymers
formed from 60 wt% H2O activating solutions.
3.4.1. 27Al NMR
The 27Al spectra shown in Fig. 15 show a consistent

peak at 60 ppm for all samples, representing four-
coordinated aluminum (Engelhardt and Michel, 1987).
Comparing geopolymer spectra to the BP-1 simulant spec-
tra, there is no difference in peak location. No other alu-
minum peaks were present in the NMR spectra, e.g., a
27Al peak at � 0 ppm correspond to six-coordinated alu-
minum (Duxson et al., 2005b, Hos et al., 2002). All alu-
minum in the binder phase originates from partial
dissolution of the BP-1 regolith by the activating solution.



Fig. 14. Seven-day CS of all BP-1 geopolymer compositions created vs
their density at 7 days. Error bars represent standard deviations. There are
no visible trends in seven-day CS with cube density. Blue circle highlights
the trend in CS with density identified for 0.4Si/R activating solution
geopolymers.
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Following Lowenstein’s rule, stating that Al-O-Al net-
works cannot form, all aluminum linkages in the samples
are Al(4Si) (Löwenstein, 1954).
��
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Fig. 15. 27Al MAS NMR spectra for geopolymers after 7 days formed
from 60 wt% H2O activating solutions: (A) 0.3Si/Ʃ (60 H2O), (B) 0.4Si/Ʃ
(60 H2O), (C) 0.5Si/Ʃ (60 H2O), and (D) 0.6Si/Ʃ (60 H2O).
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3.4.2. 29Si NMR

The 29Si NMR spectra (Fig. 16) display varying relative
peak intensity with changes in BP-1 wt% and activating
solution silica content (Si/Ʃ ratio). The 29Si spectra of all
geopolymer samples show a broad hump from �80 to
�110 ppm, spanning the well-defined Q4(mAl) range from
�83 to �105 ppm and indicating a dominantly amorphous
sample (Davidovits, 2020). Gaussian peak deconvolution is
applied to define peaks corresponding to different silicon
coordination (Fig. 17).

Fig. 16 shows that the 75 wt% BP-1 compositions for the
0.3Si/Ʃ (60 H2O), 0.5Si/Ʃ (60 H2O), and 0.6Si/Ʃ (60 H2O)
composition series are visually similar, with peak deconvo-
lution showing that at the seven-day cure point, all five
Q4(mAl) species are present in the 75 wt% BP-1 geopoly-
mer 29Si spectra. Relatively fewer lower-coordinated silica
species are present for these formulations compared to
those with lower wt% BP-1 (higher water content). Nota-
bly, the calculated Q4(0Al) relative content is the largest
out of compositions studied in the 75 wt% BP-1 0.3Si/Ʃ
(60 H2O) geopolymer 29Si spectra, the formulation which
developed the highest compressive strength in this study.
��
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Fig. 16. 29Si CP/MAS NMR spectra for geopolymers formed from 60 wt
% H2O activating solutions: (A) 0.3Si/Ʃ (60 H2O), (B) 0.4Si/Ʃ (60 H2O),
(C) 0.5Si/Ʃ (60 H2O), and (D) 0.6Si/Ʃ (60 H2O).



Fig. 17. Gaussian peak deconvolution of BP-1 simulant, 0.5Si/Ʃ (60 H2O) geopolymers, and 0.6Si/Ʃ (60 H2O) geopolymers at 55, 65, and 75 wt% BP-1 in
formulation. Bottom axis excluding first column: Weight percent BP-1 in geopolymer formulation.
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Differences in chemical coordination are most clearly
observed as a function of composition when comparing
the 55 wt% BP-1 spectra for each composition series.
Fig. 16 shows that for the 0.4, 0.5, and 0.6Si/Ʃ (60 H2O)
composition series, primary peaks in the 55 wt% spectra
shift from the Q4(4Al) region at 0.4Si/Ʃ to Q4(3-4Al) at
0.5Si/Ʃ to Q4(2-3Al) at 0.6Si/Ʃ, supported by Fig. 17. This
trend of more highly coordinated Si species at higher acti-
vating solution Si content confirms that as the reacting
geopolymer incorporates more silicon into the binder gel
at greater silica concentration in the activating solution
as expected. However, there is no observable influence on
compressive strength, likely due to the comparatively high
water content in formulation. As BP-1 wt% increases, dif-
ferences between spectra of different composition series
become more difficult to distinguish until they become very
similar at 75 wt% as previously mentioned.

Trends within a composition series are also observed. In
the seemingly anomalous 0.4Si/Ʃ (60 H2O) composition
series, the 55 wt% spectra show distinct peaks at �70,
�77, and �80 ppm, indicating that significant amounts
of less coordinated Si species (Q0 – Q2) are present after
seven days of curing. Peak deconvolution
attributes � 40 % of overall peak area to these silica species
at 55 wt% BP-1. These peaks remain at 65 and 75 wt% BP-
1 but decrease in relative intensity with increasing BP-1 wt
%. At 75 wt% BP-1, the 0.4Si/Ʃ (60 H2O) composition is
comprised primarily of Q4(2-4Al), lacking a significant
amount of Q4(1Al) and absent of Q4(0Al). The presence
of lower coordinated Si species (Q0 – Q2) indicates a
reduced amount of reaction product formed in this compo-
sition series at seven days relative to the other composition
series. As BP-1 wt% increases for the 0.3Si/Ʃ (60 H2O)
spectra deconvolutions show decreasing relative amounts
of Q2 and Q4(3Al) silicon coordination along with increas-
ing Q4(0Al) and Q4(2Al) sites.

The connection between material property differences
seen in Section 3.2 and chemical coordination differences
is further discussed in the Discussion (Section 4).
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3.5. Water content

Water content data for geopolymer compositions at the
seven-day cure point are included in Table A3 in the
Appendix.

3.5.1. 60 wt% H2O activating solutions

Fig. 18A shows percent mass loss during curing of all
compositions measured (0.3, 0.4, and 0.5Si/Ʃ (60 H2O)).
Mass loss is due to the evaporation of water from the
geopolymer sample after the polycondensation reaction
responsible for binder formation proceeds as geopolymer-
ization is water neutral. Mass loss trends are non-
monotonic within a given composition series.

Geopolymers formed from the 0.4Si/Ʃ (60 H2O) activat-
ing solution retain significantly more mass after seven days
of ambient curing compared to geopolymers formed from
0.3Si/Ʃ (60 H2O) and 0.5Si/Ʃ (60 H2O) activating solutions.
This result supports the observations from the NMR
results, specifically that unreacted soluble silicates are still
present in the 0.4Si/Ʃ (60 H2O) geopolymers after seven
days of curing. The presence of unreacted soluble silicates,
as indicated by 29Si NMR results of the 0.4Si/Ʃ composi-
tion, retains more mass in the geopolymer cubes as water
mass cannot leave the system via evaporation until the
polycondensation reaction occurs releasing water. This
anomalous behavior in water retention correlates with the
anomalously poor CS of samples formed from this activa-
tor composition.

The 75 wt% BP-1 0.3Si/Ʃ (60 H2O) composition has a
calculated mass reduction greater than the original calcu-
lated mass of water in formulation for the 0.3Si/Ʃ (60
H2O) geopolymer. Increased mass reduction could be due
to the release of sodium from the system that was not
required to balance charge within the developing alumi-
nosilicate binder network, as the 0.3Si/Ʃ (60 H2O) compo-
sition has a significantly higher Na/Al and Na/Si ratio. As
mentioned in Section 3.1.2, a coating of white powder was
observed on the surface and sides of the 75 wt% BP-1 0.3Si/



Fig. 18. Weight % of initial activated BP-1 solution lost to the environment during ambient curing over seven days for (A) geopolymers formed from 60 wt
% H2O activating solutions and (B) 45 wt% H2O activating solutions. Data for 55 and 60 wt% compositions of 0.4Si/Ʃ (45 H2O) does not exist as the
composition did not form solid cubes at seven days. The mass wt% of water originally in each composition is shown in black dashes.
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Ʃ (60 H2O) cubes which likely led to mass remaining in the
cube mold after curing, leading to a calculated mass loss
greater than the initial water mass. Seven percent of cube
mass was lost for this composition that cannot be attribu-
ted to water loss, within the mass of sodium and silica
added (10 wt%). This observation corresponds with obser-
vations from studies on metakaolin-derived geopolymers
which noted the presence of sodium carbonate formed
along with the final geopolymer product (Barbosa et al.,
2000). Mass loss calculations are also potentially convo-
luted by geopolymer residue stuck to the silicone molds
remaining after removing the cubes.

3.5.2. 45 wt% H2O activating solutions

Fig. 18B shows that almost no mass is lost after seven
days of curing for geopolymer compositions formed with
0.4Si/Ʃ (45 H2O) activating solution, following a similar
trend to the 0.4Si/Ʃ (60 H2O) in Fig. 18A. Almost no mass
is lost to the environment for the 65 and 70 wt% BP-1 com-
positions, followed by increased mass reduction at the
75 wt% BP-1 composition. Again, the 0.4Si/Ʃ activator
composition yields geopolymers with anomalously low
CS. The 0.5Si/Ʃ (45 H2O) composition shows a constant
mass loss value at � 15 wt% across the entire composition
series.

4. Discussion

4.1. Composition-property relationships of BP-1

geopolymers

The first objective, namely determining how formulation
composition affects geopolymer properties, reveals that the
greatest average seven-day CS is achieved for the system
with high BP-1 wt% (75 wt%), highest activating solution
water content (60 wt% H2O), and the lowest Si content
(0.3Si/Ʃ). The nominal composition of this system, shown
in Fig. 2, lies close to the suggested optimal Na/Al = 1
900
ratio and is closest to the optimal ratio of Si/Al = 2 (both
given as the dashed lines in Fig. 2). It is reassuring that the
nominal composition closest to the intersection of these
two compositional guides on the pseudo-ternary diagram
yielded the strongest geopolymer as judged by both the
CS and the secant modulus. However, we do not see a uni-
form decrease in CS as the nominal elemental composition
moves away from this optimal point, as was originally
hypothesized. This sample also showed a seemingly
anomalous mass loss that is attributed to water evapora-
tion and convective loss of sodium as similarly observed
for metakaolin geopolymers formed with excess cation in
formulation (He et al., 2016, Barbosa et al., 2000).

The seven-day CS values for the 75 wt% BP-1 geopoly-
mer compositions are the most significant as the 0.3, 0.5,
and 0.6Si/Ʃ (60 H2O) compositions displayed the highest
CS within overlapping error bars. 29Si NMR results show
a relatively greater amount of Si enriched sites (Q4(1Al),
Q4(2Al), and Q4(3Al)) (Fig. 17) for compositions that
formed higher CS at seven days similar to literature results
for fly ash geopolymers (Fernández-Jiménez et al., 2006).
These high strength compositions contained minimal mea-
surable Si species (Q0 – Q3) species indicating that available
Si has been incorporated into the geopolymer gel binder,
supported by mass loss values indicating almost complete
evaporation of water from the system.

A surprising deviation from the overall trends of
increasing CS with BP-1 content and Si/H2O ratio is
observed for samples derived from the 0.4Si/Ʃ activating
solutions, replicated for three independent trials. These
samples show the lowest strengths and do not form brittle
solids but rather deform plastically and retain high water
content. 29Si NMR shows these samples lack the highly
coordinated Q4sites, showing a higher fraction of lower
coordinated Si silica. As mentioned in the background,
similar fluctuating CS trends were observed in fly-ash
geopolymers formed from activating solutions with system-
atically varied Na2SiO3/NaOH content (Al Bakri Abdullah



Table 6
Comparison of launch mass for geopolymer and concrete to form 1 m3 of structure.

Material Components Mass required for 1 m3 of structure (kg/m3)

Solid Components of Geopolymer Activating Solution 252
Cement (solids) 400
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et al., 2012). The difference in activating solution composi-
tion resulting in the anomalous CS decrease (Si/R values of
0.2 – 0.22 in ttheir study and 0.4Si/Ʃ in this study) is likely
due to the variation in composition between the BP-1 rego-
lith simulant and fly ash as the fly ash contained 5 % more
SiO2 and 7 % more Al2O3 by mass. The presence of Q0-Q3

sites at long times after mixing (Fig. 17) indicates that
sodium silicate is not being consumed to form the geopoly-
mer gel binder, resulting in comparable weaker CS when
compared to geopolymers that form primarily Q4 highly
Al substituted units (Barbosa et al., 2000). Water content
results after curing support this conclusion, showing
reduced mass loss for the 0.4Si/Ʃ (60 H2O) composition
when compared to the 0.3 and 0.5Si/Ʃ compositions at
both levels of water content (45 and 60 wt% H2O activating
solutions). As mentioned in Section 3.5.1, unreacted silicate
species result in less water formed during the polyconden-
sation reaction to form the geopolymer binder gel network,
translating to reduced mass loss during curing. Identifica-
tion of such significant deviations for specific chemical
compositions is critically important for avoiding serious
problems in geopolymer manufacturing.

Observed differences in seven-day chemical coordination
may be due to differences in the distribution of silicate spe-
cies in the activating solution. Provis et. al showed that in
sodium silicate solutions formed from the same materials
as this study produced dominantly monomeric Q0 Si coor-
dinated sites at low SiO2/Na2O ratios (less than 1), and a
mixture of higher order Q2 and Q3Si sites at high SiO2/
Na2O ratios (greater than 1.75) (Provis et al., 2005). The
equivalent SiO2/Na2O ratios for activating solutions in this
study ranged from 0.85 (0.3Si/Ʃ) to 3 (0.6Si/Ʃ), predicting a
significant difference in activating solution speciation. A
greater amount of monomeric silica species has been linked
to increased dissolution of the aluminosilicate source and
the rapid formation of an Al-rich gel, while bulky higher
order Si species may remain unreacted at early times and
later incorporate into the geopolymer gel (Provis and
Van Deventer, 2007, Rees et al., 2007). This phenomenon
is supported by the 55 wt% BP-1 29Si NMR spectra which
show more highly Si coordinated Q4 species at higher acti-
vating solution Si content (0.5 and 0.6Si/Ʃ). Duxson et. al
also showed that higher silica concentration led to
microstructural changes including smaller pores in the gel
phase and greater densification of the geopolymer gel
(Duxson et al., 2005a). In this work, the 0.4Si/Ʃ activating
solution, existing at an equivalent SiO2/Na2O ratio of 1.3,
may not have enough monomeric silica to induce rapid dis-
solution while also containing less highly coordinated silica
901
species in solution to form a dense silica-rich gel at seven
days. However, further kinetic studies and 29Si NMR mea-
surements of the activating solutions in this study are
needed to confirm this hypothesis.

Combined molar ratio analysis and NMR characteriza-
tion suggests that the nominal Si/H2O ratio is the main
determinant of seven-day CS development for BP-1
geopolymers formed at relatively high water content (Si/
H2O < 0.6), after which variations in chemical structure
at low water content (Si/H2O > 0.6) results in significant
CS differences. Fig. 11C supports this observation when
combined with the chemical coordination analysis from
29Si NMR. Geopolymers with the highest CS (0.3Si/Ʃ (60
H2O), 0.5Si/Ʃ (60 H2O), 0.6Si/Ʃ (60 H2O)) all display larger
relative amounts of highly silica substituted Q4(1-3Al) com-
pared to the weaker 0.4Si/Ʃ (60 H2O). Similar 29Si NMR
observations in metakaolin (Kim, 2012, Duxson et al.,
2005a) and fly ash (Fernández-Jiménez et al., 2006) based
geopolymers show increased CS with a greater proportion
of Si-O-Si bonds formed. These results provide clear evi-
dence for objective two (to connect empirically trends in
CS of the BP-1 geopolymers with chemical structure of
the geopolymer gel binder), whereby superior geopolymer
CS is correlated with more Si-O-Ai linkages in the gel bin-
der, which itself is promoted by formulation composition.

The higher CS developed by ambiently cured geopoly-
mers at lower water content is supported by results for
compositionally similar fly ash geopolymer systems
(Barbosa et al., 2000, Hardjito et al., 2004b, Hardjito
et al., 2004a, Xie and Kayali, 2014) and metakaolin
geopolymers (Vitola et al., 2020). Maximum strength
attained in this study at a 0.15 H2O/solids ratio agrees well
with the ratio of 0.17 observed by Hardjito et. al for fly ash
geopolymers but is significantly lower than the 0.22 opti-
mal ratio from Xie and Kayali, potentially due to 0.22
being the lower limit of their investigation. Water is a reac-
tant in the dissolution reactions responsible for releasing
silicate and aluminate ions from BP-1, facilitates ion trans-
fer, and is a product of the polycondensation reaction
responsible for forming the geopolymer binder gel (Weng
and Sagoe-Crentsil, 2007). At high water content, the poly-
condensation reaction step is limited by the high concentra-
tion of water in solution, following Le Chatlier’s principle,
resulting in less gel binder formation and lower seven-day
CS. As noted by Zuhua et al. for metakaolin based
geopolymers, residual water suppressed the polycondensa-
tion reaction and resulted in decreased CS, specifically
when the OH– concentration is greater than 12 mol/L
(Zuhua et al., 2009).
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4.2. Comparison to basalt geopolymer systems

Ambient-cure CS values for BP-1 geopolymers in this
study (5.3 ± 1.1 MPa) were in the range of CS values for
geopolymers formed from terrestrial basalt (Saraya and
El-Fadaly, 2017, Mao et al., 2022). While direct compar-
ison of seven-day CS results is not possible due to non-
standardized precursor particle size, activating solution,
and curing protocol, similar CS values were obtained for
Saraya et al. activating terrestrial basalt with sodium
hydroxide and water (4–12 MPa) and Mao with activating
basalt with sodium silicate and NaOH (2.4 MPa). The CS
values for BP-1 geopolymers in this study, however, are
lower than those determined by Mills et. al (9.4 MPa)
despite identical curing protocols and sieving protocol of
the BP-1 simulant (Mills et al., 2022b). This discrepancy
is likely due to the different form of sodium silicate activat-
ing solution used. Mills et. al formed BP-1 geopolymers at
71 wt% BP-1 using a commercially available sodium sili-
cate solution (37 wt%, Sigma Aldrich) as opposed to creat-
ing the activating solution from water, fumed silica, and
sodium hydroxide as done in this study to precisely control
activating solution composition. The choice of sodium sil-
icate precursor is known to affect the resulting properties of
a geopolymer, even if the nominal elemental ratio if the
activating solutions is identical (Sagoe-Crentsil and
Weng, 2006).

4.3. Considerations for lunar ISRU

4.3.1. Optimization of resources for lunar ISRU
Optimizing geopolymer composition for lunar ISRU

requires minimization of material transported from Earth
to the lunar surface while maintaining desired material
properties. Assuming that water is available at the lunar
surface, sodium hydroxide and fumed silica are the only
two components that need to be sourced from Earth. The
strongest geopolymer found in this study was 5.3 ± 1.12
MPa, from the 75 wt% BP-1 0.3Si/Ʃ (60 H2O) composition.
Importantly, this composition only requires 25 wt% acti-
vating solution. To create the activating solution for 1 m3

of this geopolymer, 377 kg of liquid water, 153 kg of solid
NaOH, and 99 kg of solid SiO2 are required for a total of
629 kg/m3. The geopolymerization reaction is net water
neutral and is not consumed in the reaction (Davidovits,
2020). Because of this, reclaiming water used to form the
geopolymer has been reported by Wang et. al. up to
98.61 % (Wang et al., 2017). A full recycling system of
water would decrease the launch mass to 252 kg/m3. This
is a significant reduction compared to the mass required
for traditional concrete, seen in Table 6 (Mindess, 2019).

4.3.2. Additional considerations for compressive strength

The lunar environment presents a greater engineering
challenge with atmospheric pressures close to vacuum,
decreased protection from solar radiation, and thermal
cycling from –223 to �71 �C at the poles (Williams et al.,
902
2017). Geopolymers formed from aluminosilicate sources
including BP-1 were shown to have reduced CS when cured
under vacuum and no solid geopolymer formation when
cured at sub-zero temperatures (Mills et al., 2022b). A
viable geopolymer construction method for the lunar sur-
face will need to address such environmental limitations
to geopolymer strength formation. Additional experimen-
tal techniques could also be applied to increase the CS of
these materials. Examples include decreasing the average
particle size through milling or other methods (Jamkar
et al., 2013), alkali fusion to increase the reactivity (Mao
et al., 2022), and alternate heating procedures such as tra-
ditional convection, microwave radiation, or some combi-
nation (Shi et al., 2020, Rovnanı́k, 2010). With the
inclusion of any of these additional procedures, additional
energy usage and equipment requirements must be consid-
ered. All properties investigated in this study were at seven
days, although these properties evolve with time. A greater
understanding of the kinetics of these systems and how
they relate to various intermediate and final material prop-
erties would be extremely valuable for optimization of
geopolymers for lunar ISRU.

5. Conclusions

The objectives of this study were to (1) measure material
properties of BP-1 lunar regolith simulant geopolymers of
varying composition and determine trends for strength
development based on varying composition, and then, (2)
validate that these trends seen empirically in the compres-
sive strength measurements of the BP-1 geopolymers are
due to variations in the chemical structure of the geopoly-
mer gel binder. Geopolymer compositions explored vary-
ing regolith simulant weight percent (55 to 75 wt% BP-1),
activating solution sodium and silicon content ((Si/
Si + Na) ratios of 0.3 to 0.6), and activating solution water
content (45 and 60 wt% H2O). The main observations of
our work are as follows: Compressive strength, strain to
fail, and secant modulus were found to be nontrivial func-
tions of varying activating solution formulation following a
standardized curing protocol. Increasing the mass fraction
of the BP-1 simulant in formulation resulting in increased
compressive strength, greater secant modulus, and
decreased strain to fail for all studied composition series
(formed from the same activating solution). Residual water
present at higher activating solution mass fractions sup-
presses the polycondensation reaction responsible for
forming the gel binder phase of the geopolymer, agreeing
with the wider geopolymer literature. Importantly, within
each composition series, geopolymers formed the highest
compressive strength at a BP-1 simulant weight percent
of 75 % for all activating solution compositions. Of all
compositions studied, the highest average seven-day CS is
achieved for the composition with high BP-1 wt% (75 wt
%), highest water content (60 wt% in activating solution),
and the lowest Si content (0.3Si/Ʃ). This result can be
understood by plotting the nominal formulations on the
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pseudo-ternary state diagram (Fig. 2), where it is evident
that the highest compressive strengths were achieved by
samples closest to the idealized ratios of Si/Al = 2 and
Na/Al = 1 (as previously identified in the literature). A
seemingly anomalous decrease in compressive strength
was observed for the 0.4Si/Ʃ (60 H2O) composition series.
Differences in chemical coordination showed that lower
coordinated silicon species were still present in 0.4Si/Ʃ
(60 H2O) geopolymers after seven days of curing along
with greater water retention, indicating that the polycon-
densation reaction responsible for gel binder strength was
suppressed for this composition. Identification of signifi-
cant differences in Si and Al coordination of the geopoly-
mer gel binder at the molecular level contributing to this
critical deviation in trends between CS and nominal formu-
lation provides additional guidance for the rational design
of superior geopolymer construction materials and war-
rants additional investigation.

Comparison of our results for BP-1 with literature show
CS in range of ambiently cured basalt geopolymers, similar
observations of increasing geopolymer strength with
increasing Si enriched sites (Q4(1Al), Q4(2Al), and
Q4(3Al)) in the gel binder, and similar non-monotonic
trends in CS with varying activator Si/R ratio to fly-ash
geopolymer studies. Further research studying geopolymer
rheology, reaction kinetics, and strength development time-
scales of interest may build on the relationships determined
903
in this study, which should find utility in technological
applications including additive manufacturing.
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Appendix. See Figs. A1-A10 and Tables A1-A3.
Fig. A1. Average engineering stress vs. engineering strain curves of BP-1 geopolymers, created with the 0.3Si/Ʃ (60 H2O) activating solution, after 7 days
of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength and
corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Fig. A2. Replicate average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.3Si/Ʃ (60 H2O) activating solution,
after 7 days of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength
and corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Fig. A3. Average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.4Si/Ʃ (60 H2O) activating solution, after 7 days
of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength and
corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Fig. A4. Replicate average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.4Si/Ʃ (60 H2O) activating solution,
after 7 days of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength
and corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Fig. A5. Replicate average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.4Si/Ʃ (60 H2O) activating solution,
after 7 days of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength
and corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Fig. A6. Average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.5Si/Ʃ (60 H2O) activating solution, after 7 days
of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength and
corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Fig. A7. Average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.5Si/Ʃ (60 H2O) activating solution, after 7 days
of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength and
corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Fig. A8. Replicate average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.6Si/Ʃ (60 H2O) activating solution,
after 7 days of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength
and corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Fig. A9. Average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.4Si/Ʃ (45 H2O) activating solution, after 7 days
of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength and
corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength. Formulations with 55 wt% and 60 wt% BP-1 did not form a solid at seven-days.
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Fig. A10. Average engineering stress vs. engineering strain curves of BP-1 geopolymers, created from the 0.5Si/Ʃ (45 H2O) activating solution, after 7 days
of curing at ambient temperature and pressure. The green band represents ± 1 standard deviation and the red X indicates compressive strength and
corresponding strain. The number of samples measured for each composition is indicated on the graph along with calculation method for compressive
strength.
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Table A1
Nomenclature appearing in the study listed in order of appearance.

Symbol / Abbreviation Definition

ISRU In-situ Resource Utilization
BP-1 Black Point-1 lunar regolith simulant
Als Aluminosilicates
OPC Ordinary Portland Cement
JSC-1A Johnson Space Center Lunar regolith simulant
AM Additive Manufacturing
LHS-1 Lunar Highlands 1 regolith simulant
MGS-1C Mars Global Hydrated Clay Martian regolith simulant
VTVL Vertical Takeoff/Vertical Landing
LOI Loss on Ignition
Si/R Molar ratio of Si to (Si + Na) in activating solution
CS seven-day Compressive Strength
MAS NMR Magic Angle Spinning Nuclear Magnetic Resonance Spectroscopy
E Secant modulus
r Engineering stress
e Engineering strain
F Measured force
Dh Displacement
h Height of cube
A Contact surface area of cube
r2 40 % of compressive strength
e1 Strain of 0.000050
e2 Corresponding strain to r2
r1 Corresponding stress to e1

Table A2
BP-1 geopolymer compositions created for this study on a per gram basis. Relevant nominal elemental ratios are also included for comparison to
geopolymer materials from other aluminosilicate sources.

Activating

Solution

Composition

(wt% BP-1)

Mass

BP-1

Mass

SiO2

Mass

NaOH

Mass H2O Nominal

Si/Al Ratio

Nominal

Si/Na Ratio

Nominal

Si/H2O Ratio

0.3Si/Ʃ (60 H2O) 55 0.55 0.07 0.11 0.27 3.07 1.64 0.37
60 0.60 0.06 0.10 0.24 2.95 1.85 0.43
65 0.65 0.05 0.09 0.21 2.84 2.10 0.51
70 0.70 0.05 0.07 0.18 2.76 2.41 0.63
75 0.75 0.04 0.06 0.15 2.68 2.77 0.78

0.4Si/Ʃ (60 H2O) 55 0.55 0.09 0.09 0.27 3.25 2.03 0.39
60 0.60 0.08 0.08 0.24 3.10 2.26 0.45
65 0.65 0.07 0.07 0.21 2.97 2.53 0.54
70 0.70 0.06 0.06 0.18 2.85 2.85 0.65
75 0.75 0.05 0.05 0.15 2.76 3.22 0.81

0.5Si/Ʃ (60 H2O) 55 0.55 0.11 0.07 0.27 3.42 2.53 0.41
60 0.60 0.10 0.06 0.24 3.23 2.78 0.47
65 0.65 0.08 0.06 0.21 3.07 3.06 0.56
70 0.70 0.07 0.05 0.18 2.94 3.37 0.67
75 0.75 0.06 0.04 0.15 2.82 3.74 0.83

0.6Si/Ʃ (60 H2O) 55 0.55 0.12 0.06 0.27 3.57 3.20 0.43
60 0.60 0.11 0.05 0.24 3.36 3.45 0.49
65 0.65 0.10 0.04 0.21 3.18 3.72 0.57
70 0.70 0.08 0.04 0.18 3.02 4.03 0.69
75 0.75 0.07 0.03 0.15 2.89 4.38 0.84

0.4Si/Ʃ (45 H2O) 55 0.55 0.12 0.12 0.20 3.57 1.72 0.57
60 0.60 0.11 0.11 0.18 3.35 1.93 0.66
65 0.65 0.10 0.10 0.16 3.18 2.14 0.77
70 0.70 0.08 0.08 0.13 3.02 2.42 0.92
75 0.75 0.07 0.07 0.11 2.89 2.74 1.12

0.5Si/Ʃ (45 H2O) 55 0.55 0.15 0.10 0.20 3.80 2.20 0.60
60 0.60 0.13 0.09 0.18 3.54 2.41 0.69
65 0.65 0.12 0.08 0.16 3.32 2.65 0.80
70 0.70 0.10 0.07 0.14 3.14 2.94 0.95
75 0.75 0.08 0.05 0.11 2.98 3.28 1.16
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Table A3
Material property results and water content information for BP-1 geopolymers after seven days of ambient curing.

Activating Solution Composition

(wt% BP-1)

Water Loss During

7-Day Ambient Curing

(Mass frac.)

Compressive

Strength (MPa)

Secant

Modulus (MPa)

Strain to Fail (-)

0.3Si/Ʃ (60 H2O) 55 0.24 ± 0.01 0.19 ± 0.06 4.74 ± 1.79 0.04 ± 0.01
60 0.19 ± 0.01 1.09 ± 0.34 26.27 ± 9.54 0.04 ± 0.01
65 0.2 ± 0.02 2.39 ± 0.85 44.93 ± 13.41 0.09 ± 0.01
70 0.07 ± 0.01 3.02 ± 0.39 74.71 ± 16.4 0.06 ± 0.01
75 0.25 ± 0.03 5.3 ± 1.12 147.34 ± 37.66 0.06 ± 0.02

0.4Si/Ʃ (60 H2O) 55 0.14 ± 0 0.31 ± 0.02 1.09 ± 0.1 0.34 ± 0.01
60 0.11 ± 0 0.53 ± 0.04 2.01 ± 0.22 0.25 ± 0.01
65 0.07 ± 0.01 0.77 ± 0.04 4.97 ± 0.6 0.19 ± 0.01
70 0.07 ± 0.01 1.3 ± 0.14 13.55 ± 2.18 0.12 ± 0
75 0.14 ± 0.04 1.39 ± 0.18 26.71 ± 7.44 0.07 ± 0

0.5Si/Ʃ (60 H2O) 55 0.21 ± 0.01 0.78 ± 0.09 5.02 ± 1.09 0.22 ± 0.02
60 0.21 ± 0.01 0.87 ± 0.12 6.99 ± 1.45 0.14 ± 0.02
65 0.18 ± 0 1.41 ± 0.25 20.17 ± 4.07 0.06 ± 0
70 0.12 ± 0.01 2.7 ± 0.5 63.45 ± 18.81 0.09 ± 0.01
75 0.18 ± 0.02 4.61 ± 0.98 112.75 ± 25.15 0.05 ± 0.01

0.6Si/Ʃ (60 H2O) 55 N/A 0.67 ± 0.17 5.53 ± 0.83 0.1 ± 0
60 N/A 0.72 ± 0.07 4.69 ± 0.39 0.13 ± 0.01
65 N/A 1.74 ± 0.44 19.35 ± 7.41 0.09 ± 0
70 N/A 3.63 ± 0.6 49.93 ± 9.5 0.06 ± 0
75 N/A 4.5 ± 1.11 90.24 ± 22.53 0.04 ± 0

0.4Si/Ʃ (45 H2O) 55 N/A 0 ± 0 0 ± 0 0 ± 0
60 N/A 0 ± 0 0 ± 0 0 ± 0
65 0 ± 0.02 0.03 ± 0.01 0.2 ± 0.05 0.16 ± 0
70 0 ± 0.02 1.55 ± 0.12 14.13 ± 2.48 0.16 ± 0.01
75 0.07 ± 0.04 3.59 ± 0.32 41.05 ± 6.41 0.09 ± 0

0.5Si/Ʃ (45 H2O) 55 0.14 ± 0 0.74 ± 0.07 2.7 ± 0.14 0.23 ± 0.01
60 0.15 ± 0.01 1.96 ± 0.07 10.41 ± 0.48 0.22 ± 0
65 0.14 ± 0.03 2.62 ± 0.17 19.16 ± 3 0.15 ± 0
70 0.16 ± 0.01 4.01 ± 0.23 32.94 ± 4.79 0.14 ± 0.03
75 0.13 ± 0.04 4.4 ± 0.59 51.14 ± 7.47 0.09 ± 0
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