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A brief overview of the following presentation

Ordinary Portland Cement Geopolymer Concrete
(OPC) Concrete
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Concrete is the most used human made material on Earth
but currently is estimated to contribute up to 8% of the CO,
emissions

e Carbon dioxide from
production:

e The transformation of
l[imestone to lime in the kiln

» CaCO, — Ca0 + CO,
* Energy to heat the Kiln

Image: WBCSD/IEA 2009a
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Concrete materials cannot be replaced

Material Energy Data - Carbon Data -
MJ/kg kgCO,/kg

Cement 4.6 0.83
Concrete 0.95 0.13
Copper
. Aluminum 155 8.24
Aluminium
(average of
Glass recycled and
Asphalt virgin)
Lime Steel (average of 24.40 1.77
Iron recycled and
virgin)
Ceramic
Timber 8.5 0.46
Wood
Cementitious Plastics 80.50 2.53
0 5000 10000 15000 20000 Insulation 45.0 1.86

Materials production (Mt/year)
Hammond, G.P. and Jones, C.I., “Embodied energy a

Image adapted from Karen Scrivener - EPFL . al ]
materials,” Proc. Inst. Civil Energy, in press.
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There are ways to reduce CO, emissions

e Admixtures

e Supplementary Cementitious

Materials
e Limestone Cement

* Geopolymer Concrete
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A brief overview of the following presentation

Geopolymer Concrete

@ PennState



Geopolymer concrete requires an alkaline solution to be
mixed with an aluminosilicate glassy source.
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Alkaline Solution Aluminosilicate Glassy Source Geopolymer Concrete
e Sodium hydroxide and * Fly Ash
sodium silicate * Slag

e Calcined Clay
Lunar regolith
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Different alkaline solutions and aluminosilicate glasses
can be used depending on the desired designh properties.
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Gelation Sodium-Poly(sialate)
Sodalite framework

Reorganization

(Sodium,Potassium)-Poly(sialate-siloxo)
Phillipsite framework
(Na,K)-PSS

Potassium-Poly(sialate)
Kalsilite framework
Polymerization K-PS

and Hardening

P. Duxson, A. Fernandez-Jiménez, J.L. Provis, G.C. Lukey, A. Palomo, J.S.J. Van Deventer, Geopolymer technology: The current state 0
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Geopolymers won't ever replace OPC but do have exhibit
properties for certain applications.

* Fire resistance

£ Sie

* Chemical durability

 Waste immobilization

 Nuclear waste
e Qilfield wells

 Heavy metal mines

* Future space exploration
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A brief overview of the following presentation

Geopolymer Concrete for
the Moon
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Lunar Reconnaissance

. Orbiter: Continued
surface and landing
site investigation

&

Artemis I First
human spacecraft
to the Moon in the
21st century

=
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Early South Pole Robotic Landings
Science and technology payloads delivered by
Commercial Lunar Payload Services providers
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Artemis II: First humans
to orbit the Moon and
rendezvous in deep space
in the 21st Century

Gateway begins science operations

Element and Habitation and
Logistics Outpost

oty
N
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Volatiles Investigating Polar Exploration Rover
First mobility-enhanced lunar volatiles survey

LUNAR SOUTH POLE TARGET SITE

& K.l

with launch of Power and Propulsion

g | Uncrewed HLS
ey . g Demonstration

] 2

Artemis lll-V: Deep space crew missions;
cislunar buildup and initial crew
demonstration landing with Human
Landing System

p— Humans on the Moon - 21st Century
First crew expedition to



TECHNOLOGY DRIVES EXPLORATION

Rapid, Safe, and Efficient Expanded Access to Diverse Sustainable Living and Working Transformative Missions
Space Transportation Surface Destinations Farther from Earth and Discoveries
| ,@w o : P
o RN B
Foie 28 J AR Q\ ", Nuclear Technologies and Advanced Propulsion® %
Y T " Gateway
P Landing Landing for Science New Discovery
NextGen Avionics % , ; Lunar Surface Heavy Payloads Exploration Vehicle Teghnology
and Communications y / Innovation Initiative ‘;
‘& ‘ T

' dk. Cryogenic Fluid Management
o .
'. Precision Landing Image: NASA

Satellite Servicing
T _ and Assembly

Small Spacecraft
Technologies

Advanced : : N, =
Manufacturing e gt w SR
W ; by L L gy “LowT LHabltatlon Systems

GO I LAND I LIVE I EXPLORE

2020

@ PennState



The lunar surface poses an extreme environment for
concrete materials.




Supporting reasons for the creation of a geopolymer lunar
concrete.

* The goal is to utilize as much in-situ
lunar resources as possible

* Regolith in the “as is” condition makes
up most of the mass

* The calcium content of the lunar regolith
IS minimal in terms of creating an OPC.

* The solution for mixing can be extracted
for regolith (with added sodium)
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Lunar regolith simulants are the only way to progress
geopolymer lunar concrete.
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JSC-1A - Mare EAC-1A - Mare OPRH2N - Highlands

OPRL2N - Mare

JSC-2A - Mare

@ PennState



All the lunar regolith simulants underwent characterization
and analysis in terms of geopolymer lunar concrete.

Characterization Techniques Comparison to Apollo sample data
e X-ray diffraction

X-ray fluorescence

Helium pycnometry

Laser particle size distribution

Reactivity testing

Mare - Dark regions
Highlands - Light regions
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The amorphous content for the mare simulants is higher
than most Apollo samples.

——Apollo Sample 15300 (Taylor et al. 2019)

’ —EAc Apollo Amorphous Content Data
——OPRLIN w Average (%) | Standard Minimum Maximum
—ISC1A Deviation (% Value (% Value (%

elo) [ MB 35.9 (only 1 sample)
eloll[o il 28.6 5.3 16.8 34.2

2 - Az Apolio 14 [T, 5.7 26.1 435
e Nl YR 38.6 6.3 24.2 54.5
Y Apolio 16 [PX&:] 8.8 4.6 38.6
5 IS WO W Apollo 17 [l 6.7 13.8 41.7
=
n e __.'LL.."l JoadS Apollo Data - Compiled from Taylor et al. 2019

_...._.__,.__,,,\______.'LA_JJ_..\,J L_/"\hn_)\ux " Jl._,\_ - - P . —

15 25 35 45 55 65 75

28
Amorphous Chi-square
D::‘for\gg':;n 01-073- 04-011- 01-083- 01-073- 01-083- 01-073-
6461 6594 3676 8553 4902 6448

File
49.9% 35.3% 6.8% - 8.0% - - 2.62
51.0% 37.6% 4.0% - 7.5% - - 2.06
45.4% 36.4% 6.0% - 12.3% - - 2.67
26.5% 70.4% 3.1% 3.71

EAC-1A 26.2% 11.6% 19.2%
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The silicon to aluminum ratio for the lunar regolith simulants is
on par with the Apollo samples and all the simulants fall outside
the particle size bounds of the Apollo samples at some point.

100
JSC-1A 446 1514 250 90 T USeA
—— JSC-2A
JSC-2A 45 15 2.55 N 80 OPRL2N
X
~ 70 — —OPRH2N
OPRL2N 46 16 2.44 g Deo (M)
= 60 ===-- EAC-1A 68.2
ORRNZNN e — 1.65 % 50 e AnOll0 Lower Bound (Carrier 1973) 35.3
EAC-1A 42 10 3.57 E 40 e Anollo Upper Bound (Carrier 1973) 58.0
Apolio 11 42.04 13.92 2.57 g 30 46.2
Apollo 12 46.4 13.5 2.92 S 20 181.0
Apollo 14 4793 17.6 2.31 10
Apollo 15 46.66 16.99 2.33 0 z===
Apollo 16 4511 26.82 1.43 0.01 0.1 1 10 100 1000 10000
Particle Size (um
Apollo 17 4508 20.6  1.86 icle Size (um)

Apollo Data - Rose Jr. et al. 1975
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The amorphous content is in good agreement with the
reactivity at 48 hours.
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Notable differences in the compressive strength and
workability of the mixtures.
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e Sodium silicate and 10 M sodium hydroxide
mixture (SiO,/Na,0 = 2.0, pH = 14.31

e Solution to simulant = 0.35

e Cured at 80°C for three days
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Conclusions

e Concrete cannot be replaced as it is the most widely used human
made material on Earth

* Geopolymer concrete can help reduce the CO, emissions of the
concrete industry and has specific uses that are advantageous

* Geopolymer concrete is a feasible material for constructing
infrastructure on the lunar surface

* It is important to keep in mind that no lunar regolith simulant is a
perfect match to the actual lunar regolith
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Thank you!
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