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Space Civil Engineering

Space civil engineering is an emerging discipline that focuses on extending and expanding civil enginee
know-how to address the unique challenges of space exploration and habitation. Civil engineers play a c
role in the space industry by designing and analyzing structures for space missions, lunar habitats, and

planetary settlements.

Civil engineers are employed in the space industry because they avemgelll in the design and analysis of
structures, which is essential for space exploration and habitation.

They are involved in various aspects such as the construction of consumables depots for crew and pow:
habitat construction, and addressing the engineering challenges posed by future expeditions to the moo
Mars, and deep space.

The role of civil engineers in the space program is significant, as they contribute to the development of
structures for future space travel, lunar missions, and Mars settlement design.

This field offers exciting opportunities for civil engineers to make new discoveries and contribute to chan
the world through their expertise in structural design and engineering.
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----- Original Message----

From: "PARKER, LOUIS A. (JSEAP161) (NASA)" douis.a.p
To: "Cengiz Toklu™ <engiz.toklu@emu.edur

Sent: Thusday, February 06, 2003 5:47 PM

Subject: RE: Columbia

Dr. Toklu,
Thank you for your kind wordswWe're coping well, although it's still

hard to imagine that we lost our 7 astronauts the way weWlgre working

hard to find the problem, and rest assly we'll find it, correct it, and

will move forward. The Shuttle will fly again, and we'll be stronger for

it.... Keep your eyes on the stars!

Louis Parker

JSC Exhibits Manager

tel 281 483 8622

fax 281 483 4876

e-mail louis.a.parker@nasa.gemailto:louis.a.parker@nasa.gov
web www.jsc.nasa.gov/programs
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FIU rLoriDA INTERNATIONAL UNIVERSITY Q
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ASCE Earth & Space 2024
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19TH BIENNIAL INTERNATIONAL CONFERENCE
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& Computmg

The 19t ASCE ASD Biennial International Conference on Engineering, Science,
Construction and Operations in Challenging Environment
(Earth & Space 2024)
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of Moon and Mars. The talks will highlight the architectural and structural engineering challenges in the design of Lunar and
Martian habitats. The papers will address design issues for zero-gravity and planetary surfaces, spatial planning, material and
system selection, and structural design. Accompanying topics may include mechanical aspects related to deployment and
construction methods such as 3D printing.

7. Inflatable and Deployable Structures: Applications for Space and Planetary Environments
Session Organizer: Y. C. Toklu, Ph.D., Beykent University, Istanbul, Turkiye (E-mail: cengiztoklu@gmail.com) and Pezhman

Mardanpour, Ph.D., Florida International University, Miami, FL (E-mail: pmardanp@fiu.edu)

With manned space flight missions increasing in duration to return to the Moon, and Mars, habitable volume in spacecraft and
planetary structures for performing work, living, and storage for supplies must increase as well. Inflatable and deployable
structures have the potential to provide the needed habitable volumes with fewer rocket launches over traditional structures.
This special session will focus on design and analysis these soft good habitat structures and both the benefits and technical
challenges they provide for manned space flight and planetary environments. This topic would include: materials, construction,
deployment, testing and verification, launch packing, radiation protection, simulations, damage protection and repair, terrestrial
analogues, planetary resource utilization in relation to inflatable and deployable structures.

8. Engineering Concepts for Resilient Deep Space (Lunar and Martian) Habitats

Caccinn Mraanizarfie)l: DRDamach R Malla Dl NV E ACQCHE E CAAl A E AIAA- | Inheareibvy ~fF TCannacticmit Ctarre (T F E_mail-
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A CAVE, FIRST HABITAT
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A SMALL WORLD

First environment of
humans was a few
miles around their
habitats. They were
exploiting the
resources in that
environment. They
new the
characteristics of

t he Anatureo whioc
was prevailing in
that area.
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AREA GETTING BIGGER

As their environmental area got bigger, the resources became richer in
variety and quantity and the humans me¢w natural conditions
Increased richness enabl&tdimans to discovdarger areashus to
enlarge their environmental area.

New natural conditions made them mofiexible and more powerful to
deal withnew difficulties thus increasing their technological abilities.




GLOBALIZATION

This spiral of
Increased Increased
Environmental <> use of
Area resources
and

higher level of technology

has continuedintil nowso that we have finally reached the point of
using the term

GIf 20kt AT GA2YE
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The spiral of

WORLD <> ECONOMY & TECHNOLOGY

WORLD

l

RESOURCES + NATURE

~

ECONOMY

~

™~

TECHNOLOGY

—




OUR WORLROW IS TH®/HOLE GLOBE.
WE ARE NOWONCIOUBHAT WE AREVING ON GLOBE IN
3 DIMENSIONS
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Are we now masters of this globe? Non, not yet. But we are close. The
undiscovered areas of the Earth is getting smaller and smaller. We know the
places of almost every natural resources. We have ample information about

climate conditions in different parts of the World.

Unfortunately the last sentence, though it seems to be true momentarily, it is
not valid for all times. We are now aware that climate is changing in the global
scale and this change may have disastrous effects on humanity. It is also
Interesting to know that climate change is a natural phenomenon, but men is
contributing to make it more devastating.

In our speech, we will concentrate on going away from Earth, space research,
and space habitations.



The Eartlt Cradle of Mankind

The Earth is the Cradle of Mankind, but one cannot expect to remain
forever in the cradle.

Konstantin Tsiolkovsky

Russian scientist
1857-1935
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SPATIALIZATION / EXTRATERRESTRIALIZ
WORLL2050

This picture of the Eartland Moon in a
singleframe, the first of its kindever
taken by a spacecraft, was recorded

September 18, 1977,

by NASAR Voyager 1 when wvas 12
million km from Earth.

Mars is soon to be added to thi§ 6 2 Nd R ¢
yield World 210Q




Voyager 1
Mon, 05 Sept 1977
161.9 AU

Voyager 2
Sat, 20 Aug 1977
135.1 AU

Silimakhemen

Peterlan Kuniholm

THE VOYAGER INTERSTELLAR RECORD
CARL SAGAN

ED.DRAKE. ANN DRUYAN, TIMOTHY FERRIS, JON LOMBERG,
LINDA SALZMAN SAGAN
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SPATIALIZATION / EXTRATERRESTRIALIZATIO
WORLD 2100

- Earth

- Moon

- Mars

- Satellites
of Mars

- Space
between
Earth

and Mars
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http://www.realestateradiousa.com/blog/wp-content/uploads/2010/08/Earth-Moon-Mars-Scale.jpg

Man goes to everywhere he can go

Al 22 6S Oly 221 02 daLl OS NBaSIF NOK
dimensions of our world, a push outward of current frontiers.

AThis means that it is a natural phenomenon. As history has shown alll
through the passed millenniums, mankind will stop at no boundaries. On
the contrary, humans will always go beyond, following the moto

Adaly 3I32S&a (2 SOSNBEGKSNB KS OFy 3I2¢
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The Moon I s Eart
satellite, formed when a Mars
sized planet collided with Earth 4.6
billion years ago.

Some of this planet, called Theia,
was absorbed into Earth and the
rest of the debris clumped together
to form the Moon.
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A NEW NATURE (1) GENERALITIES

- Lunargravitationis 1/6 of that on Earth
- Thereis no atmosphereon the Moon

- Thereis no globalmagneticfield on the Moon.

- Thesamesideis alwaysfacingthe Earth

- 1 lunar day Is equivalentto 27.3 terrestrial days, half with
sunlight,half with darknesson lunarequator




A NEW NATURE (2)
TEMPERATURE

- Thelunar surfacetemperatureis predictedto showa
fluctuation suchthat the rangeis (between ¢170°C
and +12PC on the equator) 3 times greater than

that on the Earth,with a minimum of approximately
-25(PCat the poles

- It has also been measuredthat temperatures30cm
below ground surfacesremainedrelatively constant
at ¢56 °Cwith a slightvariationof only 2°to 4°C. [Lin
et al, 199]]



A NEW NATURE (3) RADIATION

- The surfaceof the moon is continuouslyexposedto
a flux of cosmicradiation

- This effect considerablyincreasesduring daytime,
dueto solarradiation



A NEW NATURE (4)
MICROMETEORITES

- The thin atmosphereof the Moon allows even the
smallest micrometeoritesto impact with their full
cosmicvelocities

- This bombardment posesa hazardto all surfaces
exposedon the lunar surface,especiallyto delicate
materialslike telescopemirrors and coatings



A NEW NATURE (5.1) WATER

Until very recently, research has indicated water ice presence at both
the north and south lunar poles. Data from Lunar Prospector was
Indicating the possible presence of discrete, confined, +peae

water ice deposits buried beneath as much as 400 mm of dry
regolith, with the water signature being stronger at the north pole
than at the south. The estimated total volume of ice was 6.6 billion
tons. Uncertainitiesn the models was obliging the scientists to state
that this estimate could be off considerably. Effectively, and on
LJdzZN1lJZ2 a S A Y LJ Ou o Wdzf € omMZI MpPppL :
2Z0a SN 60t S a A Bulatdan sizaedistd2avefound U S NE O
evidencefor the existenceof water on moon.




A NEW NATURE (5.2) WATER

PermananthShadowed Regions
(PSR) GulneyKutup KuzeyKutup

SurekliGolgeBolgeler(SGB)
3.4milyary @tceyoklar

Sudahacok bubdlgelerdebuz
halinde

- Volcanic outgassing peaked 3.7
to 3.5 Ga ago but continued to at
least 2 Ga ago.

- Water from comets and

asteroids spout 1013 kgClark, R. N.

(2009). Detection of adsorbed water and
hydroxyl on the Moon. Science, 326(5952),

562-564.)

- Solar wind generated water

Schorghofer, N., & Rufu, R. (2023). Past extent of lunar permanently shadowed areas. Science Advances, 9(37), eadh4302. 38



A NEW NATURE (6.1)
MOONQUAKES

In Apollo era

28 shallowmoonquakes$igherthanmagnitudes3.5
with 8 eventsovermagnitudeb
maximummoonquakeecordedat5.5 on Richterscale
averageof 1-2 on Richterscale

4 seismometersvas completedin April 1972 and worked continuously
until SeptembeBO, 1977

JablonskiA. M. (2010. Technicalaspect®f seismicityonthemoon Apollo TheInternationaMagazineOf Art And Antiques,
(613, 1-25.

Watters, T. R., Weber, R. C., Collins, G. C., Howley, I. J., Schmerr, N. C., & Johnson, C. L. (2019). Shallow seismic activity and young
thrust faults on the Moon. Nature Geoscience, 12(6), 411-417.

Nunn, C., Garcia, R. F., Nakamura, Y., Marusiak, A. G., Kawamura, T., Sun, D., ... & Zhu, P. (2020). Lunar seismology: A data and
instrumentation review. Space Science Reviews, 216(5), 89.



A NEW NATURE (6.2)
MOONQUAKES

1. Thermalmoonquake$ causedy thediurnaltemperature

2. Deepmoonqgquake$ originatedfrom the zonebetween/0071 1,200 km insideof the
Moon (more frequentevents),with magnitudelessthan 3 on the Richter scaleTheir
origin is unclear,but someresearchergried to relatethemto tidal influencescausedy
the interactionbetweenthe Moon and Earth More than 7,000 recordsof moonquakes

wereindentifiedbasednApollo datasets



A NEW NATURE (6.2)
MOONQUAKES

3. Seismiceventsdue to meteoroidimpactsi they exhibit characteristicamplitude
variationswith distancefrom the point of an impact More than 1,700 eventswere
recognizedin the Apollo measureddata sets(from meteoroidmassedetween0.1 i
1,000kg) betweenl 969and1977.

4. Shallowmoonqguake$ with focus(hypocenter)ocatedbetweerb0-200km from the
surface Theywerestrongesbf all recordednoonquakesndwith 7 of 28 recordecand
recognizeceventggreatethanmagnitudeb onthe Richterscale

Very different frequency content than Earthquakes, of
the order of tens of Hz, and may last about an hour
because of the low damping of the Moon rocks



EarthhrMoon Differences

ATerrestrial Nature

ALunar Nature

ADifficulties of transport
of manpower and
resources

ADifficulty of
maintenance

ALow efficiency of
workmanship

AHigh degree of risk
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PROJECT APOLLO

LUNAR LANDING FLIGHT TECHNIQUES
Currently, the fastest crewed

flight to the moon was Apollo
8. The spacecraft entered lun
orbit just 69 hours and 8
minutes after launch

The fastest flight to the moon
without stopping was achieve
by NASA's New Horizons
probe when it passed the
moon in just 8 hours 35

minutes while en route to e
Pluto.

DIRECT EARTH ORBIT LUNAR ORBIT
RENDEZVOUS RENDEZVYOUS

https://www.space.com/hcleng-doesit-taketo-getto-the-moon



Mars at
Arrival _
" TCM-=6 (9 hours before landing)

TCM-5 (2.6 days before landing)
/ TCM-4 (8.6 days before landing)

(15 days after Iaunch)'

~ TCM-3 (62 days before landing)
Mars at *®

Launch

TCM-2 (62 days after Iau‘/nch)

Per s eveg ahRkomete Mass, including several trajectory correction maneuvers (TCMs) to adjust its flig

7 months, 480 million kms. Window open every 26 months.
https://mars.nasa.gov/mars2020/timeline/cr




Practice for Mars
Exploration Demo

Y Demo Exploration
Framework on Mars

Y Human Presence
on Moon

K Current Scope of
M2M Objectives

Human Presence - - = L Wi Future
on Mars _— 4 3 " Destinations

Partial Scope

NASA MOON TO MARS SCOPE

https://www.nasa.gov/wpontent/uploads/2023/04/m2m_strategy_and_objectives_development.pdf



Diinya Ay Mars

Uydu Sayisi 1 - 2 ANTENNAS

Ortalama ¢api (oran) 1 0.27 0.53 BLADES TMars 2050 e APt o Miars e s

Ortalama capi (km) 12756 3476 6080

Ortalama Yogunluk (kg/m”™: 5520 3340 3950 SOLAR PANEL
Kiitle (oran) 1 0.0123 0.107 g
Yoriinge zaman (giin) 365.24 27.322 687

Giinese uzaklhk (km) 149.6x10"6 - 227.9x10M6 BATTERIES AVIONICS & BODY
Giinese uzaklk (AU) 1 - 1.52
Kacis hizi (km/san) 11.2 2.38 5,03 e essan
Sicaklik (derece) 90 +60 -190+150 -120 +30 R
YerceKkimi (m”"2/san) 9.81 1.62 3.71 SENSORS & CAMERAS

Yercekimi (oran) 1 0.166 0.378 LEGS Sl

Hava basmci (kPa) 101.3 - 0.51 wb;g’:"‘fgg?"{ =

Hava Yogunlugu (kg/m"3) 1,033 - 0,02

MARS UYDULARI Phobos Deimos

https://www.wikiwand.com/en/Ingenuity (helicopter)

Diinya-Giines (milyon km) 147.1 - 152.1

Diinya-Mars (milyon km) 54.6 - 250
Diinya-Ay (milyon km) 0.384
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2 COMPARING THE ATMOSPHERES OF MARS AND EARTH

ARGON
1.9%

NITROGEN
1.9%

CARBON DIOXIDE
96%

TRACE GASES, INCLUDING: 1

ACETYLENE
CARBON MONOXIDE
KRYPTON

METHANE

OXYGEN

NEON

NITROGEN OXIDE
OXYGEN

0ZONE

WATER VAPOUR
XENON

www.esa.int

https://www.esa.int/ESA_Multimedia/lmages/2018/04/Comparing_the atmospheres_of Mars_and_Earth

Atmospheric composition by velume | Planets not to scale | Atmosphere of Mars is less than 1% of Earth's

20.9%

NITROGEN

78.1%

TRACE GASES, INCLUDING:

ARGON (0.93%)
CARBON DIOXIDE
HELIUM
HYDROGEN
KRYPTON
METHANE

EARTH

Trace gases listed alphabetically

NEON

NITROUS OXIDE
OZONE

SULPHUR DIOXIDE
WATER VAPOUR

XENON

European Space Agency
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53. If anyone be too lazy to keep his dam in proper condition and does
not so keep It; if then the dam break and all the fields be flooded,
then shall he in whose dam the break occurred be sold for money,
and the money shall replace the corn which he has caused to be
ruined.



54. If he be not able to replace the corn, then he
and his possessions shall be divided among the
farmers whose corn he has flooded.

55. If any one open his ditches to water his crop,
but Is careless, and the water flood the field of
hisneighbor then he shall pay hiseighborcorn
for his loss.



228. If a builder build a house for someone and
complete it, he shall give him a fee of two
shekels in money for eadarof surface.

229 If a builder build a house for someone, and
does not construct it properly, and the house
which he built fall in and kill its owner, then that
builder shall be put to death



230. If it kill the son of the owner the son of that
builder shall be put to death.

231. If it kill a slave of the owner, then he shall pay
slave for slave to the owner of the house.



232. If It ruin goods, he shall make compensation
for all that has been ruined, and inasmuch as he
did not construct properly this house which he
built and it fell, he shall rerect the house from
his own means.

233. If a builder build a house for someone, even
though he has not yet completed it; if then the
walls seem toppling, the builder must make the
walls solid from his own means.



Thomas Tredgold, 1828

"That species of knowledge which constitutes the profession of Civil

Engineering; being the art of directing great sources of power in
Nature for the use and convenience of man, as the means of production

and of traffic in States both for external and internal trade, as applied

In the construction of roads, bridges, aqueducts, canals river

navigation and docks, for internal intercourse and exchange; and in the

construction of ports, harbours, moles, breakwaters and lighthouses,
and in the art of navigation by artificial power for the purpose of
commerce; and in the construction and adaptation of machinery; and

I n the drainage of ci ti
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Branches of CE

AGeotechnical Engineering
AStructural Engineering
AMaterials of Construction
ATransport Engineering
AConstruction Management

A(Hydraulics Engineering, Space Civil Engineering
Education)



GEOTECHNICAL ENGINEERING

Regolith the soil formed by the continual bombardment of the lunar rocks by
micrometeorites.

Properties as to grain size, bulk density, porosity, surface area, shear strength,
| RKSaAz2zy> X

Modulus of subgrade reaction: Typically, 1608m?2/m which means @ mm
settlement under a pressure of KINm?

Thickness: AverageptY ONJ y3IAy3 o0SG6SSYy | FSg OY



Apollo 15 Soil Mechanics Investigation
The SelRecording Penetrometer being used in training
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Apollo Missions

) MISSIONS -
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Apollo 15 Extra Vehicular Activities

\ APOLLO 15

\ T

\ £
2 — 4 3
N

\ a 2 \ J A
' EN NG A ez
: T NORTH COMPLEX L

SOUTH CLUSTER

62



APOLLO 15, 3rd EVA. The third EVA began at 4:52 a.m. EDT on August 2, abo
1.5 hours late to allow the crew to get some additional rest. This EVA included a
5.1-kilometer traverse west to Scarp Crater and northwest along the edge of
HadleyRille and east across the mare to the lunar module. The EVA was
shortened to approximately 4 hours and 50 minutes to meet the lift off time line.

AS15-82-11168
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Pickngup Rock Sample&polio 12
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Collecting Soil Samplagollo 17
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Apollo 17Astronaut Jack Schmitt Using a Rake
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Collection bag attached to astronaut's
backpackApollo 17
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LUNAR SAMPLES RETURNED ON APOLLO MISSIONS

LUNAR SAMPLE 15495

LUNAR SAMPLE 61016 LUNAR SAMPLE 76535

i

68



Ay¢ | ra )/ £5655,462

69



Comparing the Evolution of Geotechnical Engineering: Earth vs. Moon

Lunar geotechnical engineering reaches a level where
it can support large-scale infrastructure projects, such
as extensive underground tunnels and storage
facilities.

Advanced materials and technologies developed on
Earth are adapted for lunar use, improving
construction efficiency and safety.

Sustainable lunar habitats and life support systems are
further developed.

Lunar exploration efforts continue to expand, with
more missions and infrastructure planned.

Basic geotechnical engineering techniques are
developed for lunar missions, including landing pad
construction and habitat foundation design.

Some resource extraction begins using rudimentary
methods.

Author: R. de Moraes

2070-2080 «

2030-2040 <

P> Present Day - 2030

Lunar geotechnical engineering achieves a level
comparable to Earth, as lunar colonization efforts
mature.

Lunar colonies are largely self-sufficient and have
well-developed infrastructure, including extensive
underground networks.

The moon serves as a stepping stone for further
human exploration of the solar system.

Geotechnical engineering on the Moon advances
significantly with increased human presence.
Construction of lunar bases and habitats becomes
routine, incorporating more advanced geotechnical
considerations.

Resource extraction techniques are refined.

On Earth, geotechnical engineering is highly
advanced, with well-established practices for
infrastructure, construction, and environmental
management.

On the Moon, geotechnical engineering is in its
infancy, with limited practical experience and
knowledge due to the unique lunar
environment.
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MATERIALS OF CONSTRUCTION

AA completely new era

AThree basic routes

- Lightweight tensile resistant materials
- Exploitation of local materials

- Behaviorunder lunar conditions



i o A L 2 i " i

Apollo Mission  Launch Date Landing Site Sample Return (kg)

11 16 Jul 1969 Mare Tranquilitatis, 21.55
12 14 Nov 1969 Oceanus Procellarum 34.35
14 31 Jan 1971 Fra Mauro 42.28
15 26 Jul 1971 Hadley Rille 77.31
16 16 Apr 1972 Descartes 95.71
17 07 Dec 1972 Taurus-Littrow 110.52 I

These missions are so arranged that Apollo 11 and 12 landed on mare areas, Apollo 14 and 15
landed on highlands, and Apollo 16 and 17 landed on highldandre contact areas
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Aln regard of these, several research studies have been carried
2dzi0 2y GKS FSlFraArAoAftAade 2F dzaAy3
building materials that is aimed eventually to serve to
construct habitats, surface paving, radiation protection
shielding, spacecraft landing pads and so on.

A As a first step of these studies, since the regolith brought by
previous lunar missions are very limited, (~300kg) various lunar
soll simulants have been developed.
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Learning on Lunar and Martian Soll
Conditions

AContinuation of these studies for thorough verification of properties
and behavior of lunar building materials are crucial for the success of
lunar missions aiming to establish lunar outposts.

AThese studies are being followed by Mars soil also, in other ways.



Gorey, Numune, Si02 TiO2>  AlI203 Cr203  Fe203 FeO MnpQ, MgQ CaQ Na20 K20 P205
Apollo 11 10,084 421 7.8 13.7 0.3 — 15.8 0.2 7.9 12 0.5 0.1 0.1
— 42.2 7.8 13.6 — — 15.3 0.2 7.8 11.9 0.47 0.16 0.05

Apollo 12 12,030 46.6 3.6 14.2 0.35 — 154 0.22 9.7 10.4 0.43 0.24 —
12,001 46 2.8 12.5 0.41 — 17.2 0.22 9.7 10.9 0.48 0.24 —

Apollo 14 14,259 48.2 1.73 17.6 0.26 — 10.41 0.14 0.26 11.25 0.61 0.51 0.53
14,163 47.3 1.6 17.8 0.2 — 10.5 0.1 9.6 11.4 0.7 0.6 —

Average 48.1 1.7 17.4 — — 10.4 0.14 0.4 10.7 0.7 0.55 0.51

Apollo 15 15,071 46.95 1.6 12.7 0.465 — 16.29 0.217 10.75 10.49 0.33 0.092 0.16
Apollo 16 61,221 45.35 0.49 28.25 — — 4.55 0.06 5.02 16.21 0.42 0.09 0.1
61,141 45.2 0.58 26.4 0.16 — 529 0.7 6.1 15.32 0.52 0.14 0.12
62,241 44.65 0.56 27 — — 549 0.7 5.84 15.95 0.44 0.13 0.1

64,801 449 0.47 27.7 0.11 — 5.01 — 5.69 15.7 0.51 0.22 0.16

67,461 44.77 0.37 28.99 — — 4.35 0.07 4.2 16.85 0.44 0.06 0.05

— 45 0.54 27.3 — — 5.1 0.3 5.7 15.7 0.46 0.17 0.11

Apollo 17 79,221 41.67 6.52 13.57 0.42 — 15.37 0.21 10.22 11.18 0.34 0.09 0.06
71,501 39.82 9.52 11.13 0.46 — 17.41 0.25 9.51 10.85 0.32 0.07 0.06

71,061 40.09 9.32 10.7 0.49 — 17.85 0.24 0.92 10.59 0.36 0.08 0.07

70,051 422 5.09 15.7 — — 12.4 0.15 10.3 ll.‘j"' AN pl94YS! 7Y 95 —

77




60.000

50.000

40.000

30.000

20.000

10.000

0.000

0 2 4 B 8 10 12 14

——Ap-11 ——Ap-12 Ap-14 Ap-15 Ap-16 ——Ap-17
1:Si02, 2:Ti02, 3:Al203, 4:Cr203, 5:Fe0, 6:MnO, 7:MgO, 8:Ca0, 9:Na20, 10:K20, 11:P205, 12:S, 13:LOlI
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An International Project

- Lunar soil simulants production might be more feasible with
the use of source materials from different countries in the
world.

- Manufacture of lunar building materials from such simulants
and studies providing information on their properties and
behavior have the potential to make significant contributions
to the related scientific literature.

- Many countries can contribute to this project improving their
own level of science and technology.



Simulant Country Year Related Reference
MLS-1 USA 1990 | Weiblen et al., 1990*
MLS-1P
MLS-2 USA 1992 | Tucker et al., 1992*

ALS USA 1993 | Desai et al., 1993*

JSG1 USA 1994 | McKay et al., 1994*

JSG1A

JSC1AF

Japan 1998 | Kanamori et al., 1998*

FJS1(type 1)

FJIS1(type 2)

FJS1(type 3)

MKS-1 USA Carpenter, 2005*

OB-1 Canada 2009 | Battler & Spray2009*

CHENOBI Canada http://www.evcltd.com
/index_005.htm*

CAS1 China 2008 | Zheng et al, 2008*

GCA-1 USA 2008 | Taylor et al, 2008*

NU-LHT-1M USA 2009 | Stoeser et al, 2009*

NU-LHT-1D

NU-LHT-2M

NU-LHT-2C

Oshima Japan 2008 | Sueyoshet al, 2008*

Kohyama, Japan 2008 | Sueyoshi et al, 2008*

NAO-1 China 2009 | Lietal, 2009*

CLRS1 China 2009 | Chinese Acad. of Sci., 2009

CUG1 China 2010 | He etal, 2010*

GRCG1 USA Oravec et al, 2010*

GRG3

TJ1 China 2010

TJ}2 Jiang et al2010*

KOHLS-1 China 2010 | Jiang et al, 2010*

BP-1 USA 2010 Rahmatia&Metzger, 2010*

CSM-CL USA 2010 | Dreyer & Susante, 2010*

ASRL-1 Australia_ | 2012 | Bonnano& Bernold, 2015

TRI-1 India 2014 | Sreenivasulu, 2014;
Jayalekshm & Kumar 2019

QH-E China 2015 Zou et al., 2015

EAC-1 Germany | 2017 Nash et al., 2017

(by ESA)

CLDS-i China 2017 Tang et al., 2017

BHLD20 China 2017 | Sunetal., 2017

NEU-1la China 2017 Liyu et al., 2017;

NEU-1b Li et al., (in press)

KLS-1 Korea 2018 Byung-Hyun Ryu et al., 201§

DNA-1 Italy 2014 | Cesaretti et al., 2014

DNA-1A 2019 Marzulli & Cafaro,2019

AUSTRALIA

CANADA

CHINA
EUROPE UNION- GERMANY
EUROPE UNION- ITALY
INDIA
JAPAN
SOUTH KOREA
USA
TURKIYE
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Tablo 1. Incelenen numunelerin kod adlari, bélgeleri ve koordinatlari

Numune Koordinatlar

codu Toplanan Bdélge Kuzey Dodu
A1 Avanos 38°40'20" 34°5022"
P1 Palanddken 39°50'53.7" 41°16'59.7"
E1 Erciyes Dagi 38°32'33" 35°29'44"
G1 Goreme 38°38'44 4" 34°50'41.9"
K1 Kula 38°34'35" 28°32'55"
S1 Sivrihisar 39°27'11" 31°32'12"
T1 Toros Daglari 37°45'14” 35°11°16.27”
U1 Uludag 40°05'21.6" 29°08'46.4"
U1 Urgiip 38°38'07" 34°53'26"
OL Olivin Temin Edilmistir.

UK Ucucu Kl Temin Edilmistir.

AB Ankara Bazalti Temin Edilmistir.

KB Kayseri Bazalt Temin Edilmistir.

IL lImenit Temin Edilmistir.
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Distribution of oxide contents in local soil samples.

SAMPLES OXIDES % IN WEIGHT
SiO; TiO, AlLO; Cr 05 FeO MnO MgO CaO Na,O K,O P»05 S LOI

Al 47.68 0.91 15.39 0.00 6.57 0.04 2.96 7.28 1.08 4.63 0.14 0.09 12.03
Pl 66.22 0.57 16.09 0.01 4.05 0.12 0.62 242 5.12 3.94 0.15 0.01 0.70
El 51.93 0.66 14.86 0.07 7.23 0.24 8.36 10.14 3.85 0.15 0.07 0.00 243
Gl 7.98 0.03 2.29 0.00 1.01 0.09 17.75 27.88 0.25 0.80 0.05 0.02 41.83
K1 47.34 1.78 18.14 0.00 7.16 0.15 4.61 8.35 5.23 3.49 0.81 0.04 2.89
S1 59.73 0.54 17.97 0.00 4.63 0.12 1.91 6.15 4.64 3.08 0.35 0.01 0.88
T1 1.98 0.00 1.00 0.00 0.33 0.00 0.43 54.21 0.12 0.05 0.03 0.01 41.84
Ul 2.26 0.00 1.02 0.00 0.28 0.02 0.39 53.35 0.06 0.14 0.03 0.02 4241
UR 68.23 0.24 15.45 0.01 243 0.09 0.63 3.26 3.13 3.46 0.09 0.02 2.97
AB 59.81 0.98 16.65 0.00 5.00 0.12 2.99 5.94 4.57 1.88 0.34 0.00 1.74
KB 51.77 1.27 18.00 0.05 8.46 0.18 5.25 9.79 3.72 0.73 0.20 0.00 0.57
OL 42.12 0.00 0.85 0.43 8.15 0.15 46.35 0.58 0.00 0.03 0.01 0.00 1.33
UK 59.72 0.86 19.98 0.00 7.68 0.07 2.24 2.39 1.50 2.29 0.16 0.05 3.06
IL 1.83 57.40 0.82 0.07 38.39 0.65 0.58 0.13 0.00 0.00 0.12 0.02 0.00

Toklu, Y. C., A - é k,INaCk A - € Kk, lioa Qercevik, A. E., & Akpinar, P. (2023).
Production of a set of lunar regolith simulants based on Apollo and Chinese

samples. Advances in Space Research. 72 (2), pp. 56576.

84



Tablo 18: Aydan getirilen drneklerle (Ost satir), her biri icin elde edilen benzerlerin (alt
satir) karsilastinimalar.
Mi:Hen NO | 5i02 | HO? AI2O? €202 RO Mymo AMz0 Ca0 ¥a20 KO P20F 5 LoI®
Apalio 41.100 | 7800 |13.700 | 0.300 | 15.800 | 0.200 | 7000 |12.000|0.500 | 0.100 | 0.100 |0.000] 0.000
a1
11 42367 | 8087 |13704 | 0.080 | 12353 |0.237| 7602 | 9217|2792 0551 | 0.168 |0.003| 1232
41200 | 7.900 | 13600 0.000 | 15300 | ©.200 | 78200 |11 000|0.470 | 0.160 | 0.050 |0.000] 0.120
A2
42383 | 2808 13710 0.080 | 12206 | 0.236 7573 | 0300 |2.705| 0.552 | 0.168 |0.003| 1200
Apoio 46.600 | 3.600 14200 0350 | 15400 | 0.220 | 0700 |10.4D0|0.430 | 0.240 | 0.000 |0.000| 0.000
A3
11 45.048 | 5430 14304 0.006 | 10.619 0210 ©502  5.504 2240/ 0.581  0.160 0.002 1212
45000 | 2800 12500 0.410 | 17.200 | 0.220 | 700 |10.000 | 0.480 | 0.240 | 0.000 |0.000] 0.000
A4
45422 | 5464 14000 0.100 | 10568 0200 10140 3.881 2857/ 0.565  0.165 0.002 1502
apatle 48.200 | 1.730 | 17600 0.260 | 10.410 | 0.140 | 260 |11.250 | 0.610 | 0.510 | 0.530 |0.000 0.000
A5
14 40585 | 2021 | 16067 0.082 | 8806 |0.183  §£636  0.370 |3.302 0.651 | 0.181 |0.000) 1107
47300 | 1.600 |17800| 0.200 | 10.500 | ©0.100 | 0600 |11 4D0|0.700 | 0.600 | 0.000 |0.000] 0.000
A8
40,630 | 1.980 16012 0.084 | 2734 0181 2853 0361 | 3.200| 0.640 | 0.180 |0.000) 1127
48.100 | 1.700 |17400 | 0.000 | 10.400 | 0.140 | 0400 |10.700|0.700 | 0.550 | 0.510 |0.000] 0.000
AT
40731 | 2042 |16043 | 0.084 | 8850 |0.183 8874  9.124 |3.296 0.650  0.180 0.000) 0932
Apalls 46.050 | 1.600 |12.700 | 0.465 | 16.290 | 0.217 |10.750|10.400 | 0.330 | 0.092 | 0.160 |0.070 0.000
Ag
15 45.546 | 4187 (14078 0.100 | 0030 0.108 11210 2.580 2.871| 0.560 0.163 0.001 1442
Apoio 45350 | 0400 [28350| 0.000 | 4550 |0.060 | 5020 |16.210|0.420 | 0.090 | 0.100 |0.060| 0.000
AD
m s 40508 1215 17258 0.48 8105 0.172 5040 11.728 3.563 0.700 0.193 0.000 2378
45200 | 0.580 26400 0.160 | 5200 | 0.700 | 6100 |15.320|0.520 | 0.140 | 0.120 |0.000] 0.000
AlD
50017 | 1225 |17401 | 0.048 | 2174 0174 5080 11354 3.503| 0.706 | 0.104 |0.000 2023
44.650 | 0.560 27000 0.000 | 5490 | 0.700 | 5840 |15.950|0.440 | 0.130 | 0.100 |0.000] 0.000
all
40801 | 1220 17328 0.048 | 2138 0173 5050 11547 3572/ 0.703 | 0.103 |0.000) 2202
44000 | 0470 27700 0.110 | 5010 |0.000 | 5690 |15.700|0.510 | 0.220 | 0.160 |0.000] 0.000
A12
40 866 | 1221 17350 0.048 | 2140 |0.173 5066 11480 3.581) 0704  0.103 [0.000 2148
49770 | 0370 |28000 | 0.000 | 4350 | 0.070 | 4200 |16.850 | 0.440 | 0.060 | 0.050 |0.000] 0.000
Al3
40.280 | 1207 [17.053 | 0.048 | 2055 0171 5010 12.004 3.541/ 0.696  0.192 0.000 2627
45000 | 0540 27300 0.000 | 5100 | ©.300 | 5700 |15.700 | 0.460 | 0.170 | 0.110 |0.000] 0.070
al4
40,814 | 1220 (17332 0.048 | 2141 0173 5061 11.535 3.57¢/ 0.703 | 0.123 |0.000 2101
Apalls 41.670 | 6520 |13570| 0.420 | 15370 | ©.210 |10.220|11.180| 0.340 | 0.090 | 0.060 |0.120 0.000
2 a1s
17 43278 7.734 13304 0.100 | 11755 | ©0.227 0853  §.641 |2.704| 0.535  0.162 0.003| 1608
30820 | 0520 |11130| 0460 | 17410 | ©.250 | 0510 |10.850|0.320 | 0.070 | 0.060 |0.120] 0.000
AlS
30.786 | 11.163 | 12080 0.101 | 13521 |0.154 0506 2403 2440 0484 0.155 0.004 2008
40000 | 0320 |10.700 | 0.400 | 17.850 | 0.240 | 0020 |10.500 | 0.360 | 0.080 | 0.070 |0.130] 0.000
AlT
30.677 11172 11869 0.106 | 13.537 |0.254 10.111 §$.253 2.394 0475  0.153 0.004 1089
42200 | 5.000 15700 0.000 | 12400 | ©0.150 |10.300|11.500 | 0.240 | 0.070 | 0.000 |0.000] 0.000
Als
m 45,605 5432 14275 0095 105400200 6571 0002 1615 0576 0168 0.002 1574y

85



A AEAN A ann Aan AasA A AN a 22N A AEA & AR 1TLE AT A Ll T A AAA A TAAN A AN A AN

86



TARGET RO1 R02 RO3 R4 RO5 RO6 RO7 ROR RO9

DISTANCE & 13.43 12.62 14.93 19.16 10.82 11.14 10.00 18.81 25.90

TARGET R10 R11 R12 R13 R14 R15 R16 R17 RI8

DISTANCE & 22.79 23.64 24.40 27.14 23.97 13.36 13.72 14.28 12.02
JAYAALGORITHM

_ZH:W;(P;'_CI;)E 'x'ﬁ*]:x: —|-r1(gf—xi)—r2(g:"—xi)

=1
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A7 Soil = = = Simulant

1:Si02, 2:Ti02, 3:Al203, 4:Cr203, 5:FeO, 6:MnO, 7:MgO,
8:Ca0, 9:Na20, 10:K20, 11:P205, 12:S, 13:LOl

2021.Theoutput of ascientificresearchprojectrun underthe leadershipof Dr. Toklu at
BeykentUniversityin collaborationwith BilecikUniversity Asimulant namedTBGO01, close
to lunarsoilbroughtto Earthwith Apollo14 mission Thisproject makesTurkeythe 10th
countryin the World producinga lunar soil simulant
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A7 Soil = = = Simulant —5 R

1:Si02, 2:Ti02, 3:Al203, 4:Cr203, 5:FeO, 6:MnO, 7:MgO0,
8:Ca0, 9:Na20, 10:K20, 11:P205, 12:S, 13:LOI

On the left, TBGO1 simulant (2021), On the right new simulant produced in November 2023
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10. UNCU ULKE OLDUK
Turkiye'de Ay topragi benzeri iretildi

1abi M en yakun komgums dlan Ay'de By glem-
orde M 20 maleme kulandacably, Almpadan Qiin-
oy ve Ay'da yered malamedac Tahmin odietiecs-
O Qb Inceten dlmadan ghtirUenier buyik ourk.Qs

ChGIUNAN, ZAMan GINGe yerel maCemaienn oran hala

Atacakty. Ay’ A3 yerel MAZOMERY 56 330000 VO 5200

AY Uzerinde yap: in-
atmin nasil gercek-
lesecedi konusunda
dunyada calismalar
yapshyor. Cengiz Tok-
lu ve arkadagian da,

Apollo’nun getirdigi
omeklerin her birine
yakin kangim formiil-
leri gelistirdi ve yuk-
sek degerde ay top-
raf) Uretti,

tieced Gaerinde calgmaly plankanmaita

Fakat ook ay toprad Gmebder 400 by kadad. By
Smebderin 362 g kadan Apolio 11, 12, 94, 15,16, 17 %e-
Sorkar’ sranda Ay'n & Salpk DAIesInGan abermeg 2200
Smek 0, D hzmu A3 Sovyetier 2amaneda Luna sefer-

Ay toprady dretion iGin yered Soprak drmedierinin alndy yerter: Avanos, Palendhen Dods, Erciyes Dagy Gire-

me, Kula, Shrritisar, Toros Daglen, Uluded, ve Opdp (1)
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Regolith provides a good protection medium
against radiation and micrometeorites.

Estimate: ~2 m.> sufficient protection

Pressed, prefabricated blocks of regolith for smaller
thicknesses.

It can be used as a raw material also for many other
applications, the most important being concrete
production.
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Studies on Lunar Concrete

AFurther studies involving the use of such simulants for producing conventional
building materials such as cement and concrete has been carried out.

AWaterless concrete, sulphdrased concrete, polymer concrete, and phosphoric
acidbased concrete have been considered and investigated.

ABrick like materials



Regolithbased ordinary cements and concretes A
BETON VE DKJER YAPI

Sulfur-based lunar concretes MALZEMELERK

CONCRETE AND OTHER
Polymerbased lunar concretes CONSTRUCTION MATERIALS

Geopolymerizedegolith concretes sintered or cast regolith blocks
Regolith bricks with microbial induced calcite precipitation
Regolithbased magnesium oxychloride composites with graphene
Biopolymerbound regolith composites

Starch added lunar concrete

Lunar construction materials with 3D printing

Toklu, Y. C., & Akpinar, P. (2022). Lunar soils, simulants and lunar construction materials: An
overview. Advances in Space Research, 70(3), 762-779.



Type of Lunar Examples Studies Reported Max Reported Max
Construction Material Compressive Strength Flexural
Strength
Ordinary Concrete Linetal., 1985
Sulfur-based Concrete Omar, 1993 33.8MPa & 3.7MPa
43MPa (with fibers)
Toutanji et al., 2010 22MPa
Toutanji et al., 2012 31MPa
Grugel, 2012 ~47 MPa
Polymer-based Concrete Leeetal., 2015 12.9MPa
Chen et al., 2018 ~60MPa
Suetal, 2019 47.8MPa
Oh et al., 2020 16MPa
Geopolymer Concrete Wang et al., 2016 35MPa
Wang et al., 2017 ~50MPa
Davis et al., 2017 ~19MPa with ambient curing &
~3MPa curing under simulated
lunar exposure conditions
3D Printed Construction Cesaretti et al., 2012
Elements/materials Cesaretti et al., 2014 20.35MPa 7.1MPa
Balla et al., 2012
Sitta & Lavagna, 2018 22.7MPa
Meurisse et al., 2018 ~5MPa
Taylor etal., 2018 19MPa
Other sintered & cast pra55e] 1993 S38MPa 34.5MPa
lunar regolith blocks Indyk & Benaroya, 2017 718.8MPa
Mueller, 2017 (Based on >=200MPa
NASA studies)
Kim et al., 2021 37MPa
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Compressive strength (MPa)

Sintering

/ StarCrete

100 - // (This Work)
Sulphur composite
Polymer composite
(from atmosphere)
. Blood albumin
: : Portland
bioco te el
e concrete
MgO
Powder concrete Phosphoric acid
10 - agglomeration composite
Chitosan
R~ | blocomposite Metakaolin
geopolymer
Cold
" Pressing Geopolymers
1 T T T T T T T T T T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60

Material required beyond unprocessed regolith (wt. %)

Tensile strength 8MPa

Roberts, A. D., & Scrutton, N. S.
(2023). StarCrete: A starch-
based biocomposite for off-world
construction. Open

Engineering, 13(1), 20220390.
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STRUCTURAL ENGINEERING

AChoice of Structure
Type of Structure

Resistant to Radiation and
micrometeorites.

Shielding (using regolith) or
underground favatubese.qg.)

Easy to construct/mount

At the beginning using terrestrial
resources, but as the time goes
on, using lunar resources

ADesign of Structures
AlLoads
Gravity Loads 1/6

Inside pressure 1 ~ .85atm
85~100kPa

Structures will resist compressive
forces and/or tensile forces, thus
the name tensiorcompression
column

Optimisation to highest degree.



Stress

Linear design Nonlinear design

Steel Concrete

Stress

Strain

Strain



- Phase One (2012020): Designs for equipment shelters during initial unmanned robotic or
manned missions (short term manned missions);

- Phase Two (202Q030): Development of structures for medium length of stay (up to
several months, approximately one year);

- Phase Three (2030 on): Lotgrm construction of lunar structures for different purposes
(primarily for long term habitats, resource use, laboratories, and finally permanent lunar
bases).

Jablonski, A. M. (2010). Technical aspects of seismicity on the moon. Apollo The
International Magazine Of Art And Antiques, (613), 1-25.



30m? surface
area

UD.L. 5 kN/m?

Total downward
load: 150 kN

5311=200MP3

AL, =750mm?

27mmx27mm

Column




