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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

This International Standard provideslunar systems developersand operators with a specific quantitative
measure for lunar regolith simulants in comparison to other simulants and with relation to sampled
lunar materials from Apollo and Lunakhod missions. Developers of lunar systems will use simulants as
test materials. This International Standard is a reference for quantitative measures of lunar simulants
finer than 10 cm. It describes four properties (composition, size, shape, and density) which are the
minimum number of properties needed for such uses as comparative testing involving simulants or civil
engineering. The quantitative measures of lunar dust simulants are based on the quantitative measures
of lunar regolith samples collected at multiple lunar landing sites of the Apollo missions.

This
deve

International Standard provides communication of the geological quality of the simul
oping organizations and systems operations organizations.

hnt between
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INTERNATIONAL STANDARD ISO 10788:2014(E)

Space systems — Lunar simulants

1 Scope

This International Standard is a reference for quantitative measures of lunar simulants.

2 erms and delinitions and abbreviated terms

2.1 | Terms and definitions

For the purposes of this document, the following terms and definitions apply.

2.1.1
agglutinate
vesidulated glass bonded particle containing other particles (lithic{ragments), of which the bonding
glasq contains spherical particles of iron

Note [l to entry: The lunar spherules are typically 3 - 100 nanometeyss.in diameter and formed cont¢gmporaneous
with fhe glass.

Note|2 to entry: Six features characterize lunar agglutinates: size, surface area with relatiop to volume,
complosition, nanophase iron content, flow banding, and maltiple generations.

2.1.2
angularity
an expression of roundness

EXANIPLE A poorly rounded grain is described as angular.
Note |l to entry: This definition has been taken from the Glossary of Geology (see Reference [5]).

2.1.3
aspectratio
ratio|of the maximum Feret/diameter divided into the orthogonal Feret diameter

Note [l to entry: Values'range from > 0 to 1 and equal to 1 for a circle.

2.14
Feref diametey
distance hetween two parallel lines which are tangent to the perimeter of a particle

Note [1(te entry: The maximum Feret diameter is defined as the greatest distance between two [parallel lines

h' yu-a b s e yu ) - e Ll o |
whlCIrare strr talrgeIrt to tire permreter ot tite par trcre:

2.1.5
figure of merit
degree to which a sample matches a reference

Note 1 to entry: Scaling (normalization) forces the norm of the difference of two composition vectors to lie between
0 and 1, and subtraction from unity results in a figure of merit of 1 for a perfect match and 0 for not match at all.

© ISO 2014 - All rights reserved 1
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2.1.6
Heywood circularity factor
expression of the complexity of a particle’s perimeter

Note 1 to entry: Formally, the Heywood circularity factor is equal to 1 divided by particle perimeter divided by
the circumference of a circle with the same area as the particle. This is numerically equal to the “circularity”
defined by Waddell (1933). It is expressed in this manner to make it apparent that the Heywood factor is the
inverse of a common definition of “circularity”, another common measure.

Note 2 to entry: Values range from > 0 to 1 and equal 1 for a circle.

2.1.7
lithic fragnjents

physically d
terrain

Note 1 to ern
mineralogy fi

screte solids of any rock type whose normative composition is within the range of the't

try: Lithic fragments have texture and mineralogy. Texture is a more impoptant feature
pr lithic fragments. Texture describes the grain to grain connectivity boundary. Lunar tex]

hrget

than
tures

cannot be replicated on Earth.

2.1.8
lunar terra
mare and hi

ins
hlands

2.1.9
regolith
all particuldte surface material including rocks, soils, and dust

Note 1 to entl
smaller. RocK

y: As stated in the Introduction, this International Standard is limited in scope to regolith 10 cin and
s, soils, and dust are not differentiated on the basis of size.

2.1.10
re-use
after a simullant volume is used (any sequence @fevents in which a simulant volume is removed fT
storage container) then placed back into stotage, any future use constitutes re-use

2.1.11
sphericity

degree to which the shape of a partiele approaches a sphere

2.2 Abbreviated terms

Cx concentration 0¥ portion of a sample for the xth item in the sample

FoM Figure of Merit

RFD Relative Frequency Distribution

wi weighting factor. w is a value between one and zero. i is an index which refers to the charac-

teristic being weighted, such as glass (a grain type)

3 Characteristics of lunar regolith previously defined in the Lunar Sourcebook®

3.1 Minerologies

The lunar surface mineralogy is variable across major terrain. These properties are qualitative; they
cannot be described in a quantitative manner related to any known spatial distribution across the lunar
surface. The listing of the primary minerologies in Reference [3] includes

© ISO 2014 - All rights reserved
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— Silicate minerals such as Pyroxene, Plagioclase Feldspar, Olivine (Fogg), and Silica minerals,

— Oxide minerals such as Ilmenite, Spinels, and Armalcolite,
— Sulfide Minerals such as Troilite,
— Native Fe, and

— Phosphate Minerals.

3.2 Physical and chemical properties

3.2.1 General

Reference [3] provided a compilation of properties from Apollo and Lunakhod lunar sar
to thie scientific community. These properties are listed since a large amount,cf\data exis
regolith characterization using these properties. As demanded by scientific definitions, thes|
are qualitative and quantitative. This means some properties can be measured directly whi
descriptive and are not readily measurable. While these properties are ‘9f)value to planet
scientists, they do not address the needs of lunar systems developers-and operators wif
quantitative measure for lunar regolith simulants in comparison to ether simulants and wit
sampled lunar materials.

3.2.2 Physical properties

3.2.2.1 Geotechnical properties
a) article size distribution;

b) Iarticle shapes;

c) gpecific gravity;

d) Mbulk density;

) |

f) telative density;

orosity;

g) ¢ompressibility;

h) ghear strength;

i) ermeability and diffusivity;

i) eafing capability;

nples of use
ts for lunar
e properties
e othersare
hry or lunar
h a specific
h relation to

k) slope stability;

1) trafficability.

3.2.2.2 Electrical and electromagnetic properties
a) electrical conductivity;

b) photoconductivity;

c) electrostatic charging;

d) dielectric permittivity.

© IS0 2014 - All rights reserved
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3.2.3 Chemical properties

major elements;

incompatible trace elements;
miscellaneous minor elements;
siderophile elements;

vapor-mobilized elements;

a)
b)
c)
d)
e)
f) solarw
4 Quant
4.1 Gene
Lunar simu
properties

readily compared to lunar source material nor communicated across development and operat

communitie
recommend

The more u
concisely in
simulants r
comparative
measureme
made only i
and Lunakh
establish a 1

4.2 Comy

Comparativ
shall be staf
set of figure

4.3

Simulants c;
and contam

Impurity of

Impurities and eontamination

T Tmplarted elemeTts:

jtative measurement properties of lunar simulants

ral

ants can be measured as lunar samples were measured and published using 22 1
see Clause 3). However, the quality of lunar simulants measured-in this way cann

5. Comparison of these measures for simulants for other than scientific purposes i
ed.

ceful qualification of lunar simulants is tied to lunar'minerologies and is expressed
four figures of merit: composition, size, shape, and density. The figures of merit for |
inge from zero to one. A figure of merit value of zero indicates no useful correlation
t sample. A figure of merit value of one indicatesiexact correlation as defined by the stan
nts to a comparative sample. A specific quantitative measure for lunar regolith simula
h comparison to other simulants or with relation to sampled lunar materials from A
bd missions. Data from existing lunar,samples are necessary to use these figures of me
eal baseline from the lunar surface.

parative baseline

e (quantitative) measures shall be stated for lunar simulants. Figures of merit for a sim
ed against a single baseline. If multiple baselines are referenced for a simulant, a com|
5 of merit shall be ¢alctlated for each reference.

hin not belcompletely defined by these figures of merit for reasons of mineralogical imp
nation*of the simulant by organic/inorganic materials.

thessample/simulant measured shall be stated in percent of the sample mass.

isted
bt be
ional
5 not

most
unar

to a
dard
nts is
pollo
rit to

hlant
plete

urity

Contamination of the sample/simulant shall be stated in percentage of the sample volume.
Characterization of the sample contamination and the nature of that contamination shall be stated if an
analysis is performed.

4.4 Validation of figures of merit

Calculation of figures of merit for a simulant shall be performed and recorded for each use. In the event a
volume of simulantis re-used, the figures of merit shall be recalculated in accordance with this standard.
Scaling (normalization) forces the norm of the difference of two composition vectors to lie between 0
and 1, and subtraction from unity results in a figure of merit of 1 for a perfect match and 0 for not match

at all.
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Composition figure of merit

Composition figure of merit formula

The figure of merit definition is

FoM=1-

Hwadjusted (Cadjustedreference - Cadjustedsimulant )Hl

H[maxl (Wadjusted )maXZ (Wadjusted )_ 1

e8]

where w; is used to adjust the figure of merit for a particular grain type (see 4.5.3) and max;(w) is the

ith lafgest element of w. This form of the figure of merit is not useful in actual calculation, ]
merif formula for calculation shall be

ol

For gxample, in the constituent example table below, normalized concentrations for basalt :

both

it is further shown that the basalt difference is 0,105 with a higher concentration in the sim

oM=1-

(cadjusted reference; ~ Cadjustedsimulant,- )‘

z i W adjusted

Z i W adjusted € adjusted reference i + Zi W adjusted reference i Cadjusted simulant ;

the sample and the simulant (approximately 0,015 and 0,120, respeectively). In the diffg

Table 1 — Constituent exaniple table

Reference andSimulant Composition

0.25

BReference
B Simulant

0.2004

o
-
m
=)

Fraction

0.100

0.050+

0.000
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Table 2 — Difference table

Difference, Reference - Simulant

015
0.100
0.050
B
]
& 00000 T O vntuv-:F rOrerr—r - r—r—r—T— T x 'U'r'
& H H \
-0.050
-0.1001U
-0.15 — @ @
: p e i @ 2 == - o
...9:2:1Zmﬁgﬂﬂ-‘ﬁm:ggmmﬂ—ggﬁmgmﬂgwnmq.ﬂ%
s 9 E D P B E EE ST ENTEEZT=ESsSZETEEDD g n ©
3 S8 =5 o £ =B 52 ETEEREESETCEE T O 0 6 O c 4
ESc a2 =) 3 = oo 2 "D 95008 ® 2g oo o= o
- i 2 =S5 S 8 =gl o0c 2P g0 =22 2220803F7F
moEEEDmLC‘;nOoEam‘(,ﬁ NECF;E{:EOOOOBE"
S - T S o_n:’_‘(mm c O E= L S50 g z = h
< Eg - 5 £ < d
o Constituents

4.5.2 Particles

Compositions are defined for particles. A,particle may be made up of one or more grains. A particlg may
be composef of a combination of crystalline solids, glass, or a mixture of these and may contain yoids.
The smallest particle is a single grain'ef material.

4.5.3 Grain types

Grain types(shall be described as crystalline solids (agglutinates, lithic fragments) or glass.

4.5.3.1 Crystalliné solids

Crystalline $olids'shall have structure at the level of an X-ray.

4.5.3.2 Glasses
Glasses shall be made from the rest of the material in the simulant

Glasses shall have a normative mineralogy within the range of the moon.
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4.6 Size distribution figure of merit

4.6.1 Size distribution figure of merit formula

The calculation of the size distribution figure of merit shall be

2
\/IW (RFDreference —RFD gimujane )

FoM before—constraints — + > > (3)
\/JWRFD reference +IWRFD .
simulant
withthe further constraint
RoM = FoM before—constraints if |RF D reference — RFD simulant| < max RFDdifference ™ (4)

O
0 otherwise Cb .

In tHe reference and simulant size distribution example table below, RFDQgAlues for refference and
simullant are given for the 0,1 cm size at 0,08 and 0,02 respectively.

Referenc:e and Slmulant Slze Distrib

O
G e |

0.14 = sassassan é .......... g g s :
: j j j j j 0 i eference
§ : : : : , -3|mu|ant :

D12 g MMTEOEE E- l;“‘ l ||||||||||| E -------- . |.§||. l :
0k ....... . ...........

DDB- ..... .;..- ....... g ...-; ........... ;

Relative Frequency Distribution

%Qv 0 0.5 1 15 2 25 3 35 4 45 5

«?\ Size (cm) 25 Apr07 15:10:08

Figure 1 — Reference and simulant size distributions

4.6.2 Particles from 4 cm to 75 microns

Particles from 4 cm to 75 microns shall be measured by the method of sieving.

4.6.3 Particles from 100 microns to 1 micron

Particles of Apollo and simulant materials between 100 microns and 1 micron shall be analysed by the
method of optical imaging.

© ISO 2014 - All rights reserved 7
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4.6.4 Particles finer than 2 microns

Particles finer than 2 microns shall be measured by the method of aerosol dispersion.

4.7 Shape figure of merit

4.7.1 Shape figure of merit formula

The calculation of the shape figure of merit shall be the product of the FoM for sphericity (Heywood
circularity factor using automated systems) and FoM for angularity (aspect ratio using automated

systems).

FOMbefO

with the fur

F
FoM =

4.7.2 Shaj

Shape shall

Shape is cor
of Geology
for determiy
analysis use

2
\/IW(RFDreference _RFDsimulant)

2 2
\/J.WRFD reference +JWRFD simulant

e—constraints =1~

ther constraint

DM before—constraints If ‘RFDreference —RFD g;nulant | < max RFDdifference
0 otherwise

pe

4.7.2.1 Sphericity

Sphericity s
used, this di

4.7.2.2 Anq

Angularity g
used, this di

4.8 Dens

stribution shall use the Heywood circularity factor.

gularity

stribution shall ise the aspect ratio.

ity figure/of merit

4.8.1 DenFity FoM formula

be determined by the combined sphericity and angularity of the particles.

ventionally defined on a particle by particle basis. by shape specialists in the scientific
1sing a combination of sphericity and angularity of the particles. An equivalent mq
ning shape of a large number of particles in‘d sample by automated devices and comj
the Heywood circularity factor and aspect ratio (dependent on the Feret diameter).

hall be determined to define particle shape. If automated devices and computer analysi

hall be determired'to define particle shape. If automated devices and computer analysi

6)

(6)

field
thod
buter

S are

sare

The figure of merit for how closely a simulant matches a reference is proportional to the ratio of the
densities. Ratios of less than (1-density quotient limit) or greater than (1+density quotient limit)
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