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RESEARCH OF FORMED LUNAR REGHOLIT ANALOG AGK-2010

BADANIA WYTWORZONEGO ANALOGU GRUNTU KSIEZYCOWEGO AGK-2010

The results investigations of a soil having similar properties as lunar regolith performed at the De-
partment of Drilling and Geoengineering, Faculty of Drilling, Oil and Gas, AGH University of Science
and Technology in Krakow are presented in this paper.

The research was carried out jointly with the Space Research Centre, Polish Academy of Sciences in
Warsaw. The objective of the cooperation was to minimize the cost of tests of penetrator KRET, which
will be used on the surface of the Moon.

The American lunar regolith (e.g. CHENOBI) was used as reference soil.

The most important properties were presented graphically in the form of figures and tables: grain size
distribution, selected physical properties (bulk density, colour), selected mechanical parameters (shear
strength, inner friction strength, cohesion).

As a result the first Polish lunar soil analog AGK-2010 was produced.
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Pierwszy polski analog gruntu ksig¢zycowego, ktoremu nadano symbol AGK-2010, opracowano w Ka-
tedrze Wiertnictwa i Geoinzynierii na Wydziale Wiertnictwa, Nafty i Gazu Akademii Gorniczo-Hutniczej
im. Stanistawa Staszica w Krakowie. Grunt ten zostal wytworzony w ramach wspétpracy z Centrum Ba-
dan Kosmicznych Polskiej Akademii Nauk w Warszawie. Celem badan byto zminimalizowanie kosztow
prowadzonych przez CBK PAN testow penetratora KRET (Seweryn i in., 2011), przygotowywanego do
badan powierzchni Ksigzyca, poprzez zastapienie, produkowanego w Stanach Zjednoczonych, analogu
regolitu ksigzycowego, gruntem produkcji krajowej.

Probe wzorcowa stanowilty grunty o nazwie CHENOBI i JSC, produkowane w USA jako analogi
regolitu ksigzycowego pobranego z powierzchni Ksigzyca przez misjg Apollo 17 (Rybus, 2009), (Sibille
iin., 2000).

Podstawowymi wlasciwos$ciami, ktorych wartosci pordwnywano opracowujac polski odpowiednik
analogu regolitu ksigzycowego CHENOBI byty: sktad granulometryczny, wlasciwosci fizyczne (ggstos¢
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nasypowa, barwa), wiasciwosci mechaniczne (wytrzymato$¢ na $cinanie, kat tarcia wewngtrznego, ko-
hezja), (PN-EN ISO 14688-1, 20006).

Istotna dla procesu badawczego wskazowke stanowita informacja, o ostrokrawgdzistosci ziarn mi-
neratow regolitu ksigzycowego (Rybus T., 2009), (Sibille i in., 2006).

W artykule, w formie graficznej oraz zestawien tabelarycznych, zestawiono wartosci najistotniejszych,
dla poréwnan dwoch gruntéw, wielkosci takich jak: sktad granulometryczny (rys. 1), charakterystyki krzy-
wych uziarnienia (tab. 1), wybrane wtasciwosci fizyczne, np. ggsto$é nasypowa, barwa (pkt. 2), parametry
mechaniczne, takie jak wytrzymatos$¢ na scinanie, kat tarcia wewngtrznego i kohezja (rys. 2 i 3, tab. 2).

Istotnym osiagnigciem prowadzonych badan byto uzyskanie polskiego zamiennika gruntu ksigzy-
cowego, ktorego jednostkowy koszt wytworzenia jest wielokrotnie mniejszy od jednostkowego kosztu
zakupu gruntu wzorcowego.

Opracowany, polski analog gruntu ksigzycowego AGK-2010 (zgtoszony do Urzgdu Patentowego
w 2011 r.) zostat z powodzeniem wdrozony w testach penetratora KRET w Centrum Badan Kosmicznych
Polskiej Akademii Nauk w Warszawie.

Stowa Kkluczowe: regolit ksigzycowy, analog regolitu ksigzycowego, analog gruntu ksigzycowego

Denotations
Cq — cohesion, kPa,
d — mesh, pm,
R? — determination coefficient,
s — standard deviation, kg/l,
Do — soil bulk density, kg/l,
o — normal stress, kPa,
T — shear strength, kPa,
D, — inner friction angle, °.
Introduction

The first Polish lunar soil analog, labeled AGK-2010, was designed at the Department of
Drilling and Geoengineering, Faculty of Drilling, Oil and Gas, AGH University of Science and
Technology in Krakow (AGH-UST) in co-operation with the Space Research Centre, Polish
Academy of Sciences in Warsaw (SRC PAS). The objective of the investigations was to minimize
the cost of tests of a penetrator KRET performed by SRC PAS (Seweryn et al., 2011), which was
prepared for tests on the Moon surface. During the tests, the American lunar analog was to be
substituted by a Polish lunar regolith analog.

The soil CHENOBI and JSC produced as in the U.S.A. as analogs of lunar soil collected
by Apollo 17 was used as references (Rybus, 2009; Sibille et al., 2006).

Among the basic properties, the values of which were compared when working on the Polish
counterpart of lunar regolith analog CHENOBI were: grain-size distribution, physical properties
(bulk density, colour), mechanical properties (shear strength, inner friction angle, cohesion),
(PN-EN ISO 14688-1, 2006).

It was important for the study to know that the grains of the lunar regolith mineral were
sharp-edged (Rybus, 2009; Sibille et al., 20006).

The results of analyses of reference lunar regolith analog CHENOBI sample and the Polish
lunar soil analog AGK-2010 were compared.
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1. Grain-size distribution
The grain-size distribution for the lunar regolith analog CHENOBI and Polish lunar soil

analog AGK-2010 was determined with the use of the sieve method in line with PN-EN 933-1
(2000). The reference grain-size curves were presented in Fig. 1.
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Fig. 1. Grain-size distribution plot: lunar regolith analog CHENOBI — dashed line;
lunar soil analog AGK-2010 — solid line (Bednarz, 2009, 2011)

The values of specific granulation plots, determined in accordance with PN-EN ISO 14688-2
(20006), are listed in table 1.

TABLE 1

Characteristic of grain-size distribution of lunar regolith analog CHENOBI and lunar soil analog AGK-2010
(Bednarz et al., 2009, 2011)

. Uniformity
Soil coefficient, C, Curvature, C;
CHENOBI 3.68 0.66
AGK-2010 3.54 0.72

The analysis of grain size distribution and granulation curves revealed that soils compared

in line with PN-EN ISO 14688-2 (2006) are single-fraction clayey sands (siSa).
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2. Physical properties

The bulk density of analyzed soils was determined according to with the standard PN-EN
1097-3 (2000).
As a result the following bulk density values were obtained:
po,=1314kg/l — for lunar regolith analog CHENOBI, (standard deviation s = 0.0067
kg/l),
po=1295kg/l — for lunar soil analog AGK-2010, (standard deviation s = 0.0097 kg/1).

The value of bulk density for soil AGK-2010 is lower than for lunar regolith analog CHE-
NOBI only by about 1.45%.

The authors used a selection of raw minerals for making lunar soil analog AGK-2010. As
aresult they obtained a multicomponent soil of grey-light grey color, resembling that of reference
soil (Bednarz et al., 2009; Kémle et al., 2008).

3. Mechanical properties

The mechanical properties of reference soil and the worked out lunar soil analog AGK-
2010 were compared in compliance with standard PN-B04481:1988 (1988), using the ground
shear tests.

The plots of shear tests values 7, vs. changes of normal stresses o are presented in figs. 2
and 3.

As a result of the tests, the values of internal friction angle @, and cohesion ¢, were deter-
mined (figs. 2 and 3, tab. 2).
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Fig. 2. Shear strength of lunar regolith analog CHENOBI (Bednarz, 2009, 2011):
cohesion ¢, = 3.78 kPa; inner friction angle &, =37.27°



350

300

250

200

150

Shear strength 7, kPa

100

50

www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

S5
e
P
=
ol
e

Normal stress o, kPa

500

Fig. 3. Shear strength of lunar soil analog AGK-2010: (Bednarz, 2009, 2011):
cohesion ¢, = 3.85 kPa; inner friction angle ®, =37.67°
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¢, = 3,85 kPa
@, = 37,67
AGK 2010
TABLE 2

Mechanical properties of lunar regolith analogs CHENOBI and lunar soil analog AGK-2010

(Bednarz, 2009, 2011)

. Determination . Inner friction
. Trend line . Cohesion
Seil equation coefficient c. kPa angle
q R? 9 ®,,°
CHENOBI 7,=0.760 + 3.78 0.999 3.78 37.27
AGK-2010 7,=0.770 + 3.85 0.999 3.85 37.67

The obtained courses for z,=f(o) and values of cohesion ¢, and inner friction angle @, show
to a resemblence of analyzed mechanical properties of compared soils.

4. Economical aspect

Considerable reduction of cost of making the lunar soil analog AGK-2010 was obtained
by using components appearing in Polish geological conditions and/or components produced
by home raw mineral producers. As a result, the cost of 1 kg of lunar soil analog AGK-2010
made in Polish conditions was many times lower than the price of 1 kg of lunar regolith analog
CHENOBI. This aspect was of special importance in a situation when several tons of analog

have to be used.
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5. Conclusions

1. Investigations carried out at the Faculty of Drilling, Oil and Gas AGH University of Sci-
ence and Technology in Krakéw resulted in working out lunar soil analog AGK-2010,
having similar properties as lunar regolith analog CHENOBI, frequently used in researches
all over the World.

2. The lunar regolith analog AGK-2010 is a variant of lunar soil substitute, which can be
modified if new properties of lunar soil are found.

3. It was important to produce a Polish counterpart of lunar soil, the unit cost of which was
many times lower than the price of reference lunar soil.

4. The Polish lunar soil analog AGK-2010 (patent application of 2011) was successfully
implemented during tests on penetrator KRET in the Space Research Center, Polish
Academy of Sciences in Warsaw.

Publication realized within contract no. 11.11.190.555
Publication realized within contract no. 4.4.190.2007
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