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Introduction
The Natural History Museum (NHM) and ESA have initiated a new sample analogue collection (ESA2C) to support current and future technology 

development activities that are required for human and robotic exploration missions. The goals for this project are described in abstract/poster 1218 and includes an overview of the 
curatorial and chemical and physical characterisation procedures that will underpin the collection.

In 2016, 5 Basalt (aggregate and rock) and 6 granular and powdered clay sample analogues from the ESA2C were characterised in a round of geotechnical testing of the following 
physical/mechanical properties: particle size distribution (PSD), grain size and shape, density, porosity, shear, compressive and tensile strength

The analytical techniques and results are presented with an overview of the samples’ geotechnical suitability as analogues of 
Mars, Phobos, Deimos, C-Type Asteroids and the Moon for ESA Exploration Missions

Satisfying the Analogue Geotechnical Requirements
Following a literature review in 2015, a list of analogue requirements were outlined. With the results of the analytical characterisation 

work, it is shown that some requirements were partially satisfied for the basalt and clay analogue physical/mechanical properties:
Requirements partially satisfied Requirements not satisfied

Analytical Techniques - University of Portsmouth / NHM IAC

Results and Comparison with Extra-Terrestrial Geotechnical Data

Particle Size Distribution (PSD) - Sieving
BS EN 933:1:2012 Tests for geometrical properties of aggregates [2]
Carried out on samples with mixed grain sizes: 2 basalt aggregates (3mm & dust 
and 6mm aggregates) and the clay granules (sepiolite, attapulgite and KM bentonite 
granules).

BS5930:2015 Code of practice for ground investigations [1]
British Standard descriptors for angularity, sphericity and surface texture were 
used for the description of grains (>1mm) from the 4 basalt aggregates and 3 
granular clay samples.
Measurement of 3 grain axes Elongation ratio of 10mm & 19mm basalts

Micro-Computed Tomography (Micro-CT) carried out on all 11 samples at the NHM using 
the Nikon Metrology HMX ST 225 with a tungsten reflection target. The Zeiss Xradia 520 
Versa was used for the 3 powdered samples.

BS812:2:1995 Testing aggregates. Methods for determination of density [4] and ISRM 
suggested method for density and porosity measurement [5] Density and particle density 
measurements carried out on all 11 samples 
(basalt gabion rock, 4 basalt aggregates, 3 granular clays and 3 powdered clays).

BS 1377:7:1990 Methods of test for soils for civil engineering purposes - 
Shear strength tests (total stress) [3]
3-stage shear test using the large shearbox for the 4 basalt aggregates and 3 
granular clays, and the small shearbox for the 3 powdered clay samples.

Grain Size & Shape - Visual Inspection

Grain Size and Shape, Density and Porosity - X-Ray Micro-CT

Density and Porosity - m/v measurements and He Pycnometry
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Shear Strength - Direct Shearbox

ISRM suggested method for indirect tensile measurement using Brazilian Discs [5] 
and ISRM suggested method for UCS testing [5] Tests carried out on cores of the basalt 
gabion rock only.

Rock Strength - Indirect Tensile (Brazilian) Method and Uniaxial Compressive 
Strength (UCS) Testing

Acknowledgements
We wish to thank Emily Bucher at the University of 
Portsmouth for her assistance in carrying out the 
shearbox work. We also thank Farah Ahmed and Amin 
Garbout at the NHM for their assistance and 
contributions in carrying out the micro-CT technique.

[1] British Standards Institution. 2015. BS5930:2015. 
[2] British Standards Institution. 2012. BS EN 933:1:2012. 
[3] British Standards Institution. 1990. BS 1377:7:1990. 
[4] British Standards Institution. 1995. BS812:2:1995. 
[5] International Society for Rock Mechanics ISRM. 2007. The 
blue book. Eds. Ulusay and Hudson. [6] Carrier, 2005. Lunar 
Geotechnical Institute. [7] Carrier et al. 1991. Ch. 9 In Lunar 
Sourcebook Eds. Heiken et al. [8] Orbitec, 2007. 
http://www.orbitec.com/store/JSC-1A_Bulk_Data_ 
Characterization.pdf [9] Orbitec, 2005. http://www.orbitec.com/ 
store/JSC-1a_Material_Safety_Datasheet.pdf 
[10] ESA 2010. MREP Mars Environmental Document. 
SRE-PAP/MREP/ SFR-MES. Issue 1. [11] Agnolon et al. 2011. 
MarcoPolo-R Mission Environment Document. 
SRE-PA/2011.007

- The Mars analogue regolith shall have physical properties that recreate those listed in Table 7-4 of the MREP Mars 
Environmental Document [11] in terms of bulk density, grain size, cohesion and angle of internal friction
- The surface regolith analogue selected for Phobos, Deimos and C-type asteroids shall have the same compositional and 
physical properties
- The surface regolith analogue for Phobos, Deimos and C-type asteroids shall have physical properties that recreate those listed 
in Table 11-1 of the MarcoPolo-R Mission Environment Document [10]
- The lunar surface analogue shall recreate the physical properties for bulk density, grain size, cohesion and angle of internal 
friction of measured lunar regolith as determined for previously analysed lunar regoliths

- The Mars analogue rocks should have 
a bulk density of 2600 to 2800kg/m3 as 
per Table 7-4 of the MREP Mars 
Environmental Document [11]
- The isolated surface analogue rock 
shall have a bulk density within the 
reported range for CI and CM chondrites 
(1.6 to 2.3 g/cm3) 

Grain Size and Shape Particle Size Distribution (PSD)

Density and Porosity Shear, Compressive and Tensile Strength

Mars, Phobos, Deimos, C-Type Asteroids Analogue Requirements

10mm Aggregate Elongation Ratio 1.6119mm Aggregate Elongation Ratio 1.44

Lunar Regolith 
Elongation Ratios 
measured [6-7]: 

1.31-1.39 (based on 
1136 grains 2.3 
mm-<44 microns)

1.32-1.38 (based on 30 
grains 700 microns)

As shown in figure A, the agglutinate particle has a highly irregular 
shape, with some reentrant (folded) surfaces. This shape configu-
ration allows agglutinate particles to physically interlock giving 
Lunar soil a high cohesion when compacted.

As shown in the micro-CT images of the basalt and clay 
analogues (figures B-D), the individual grain shapes are generally 
angular-rounded and smooth, and do not exhibit the same sort of 
shape irregularity as seen in the Lunar agglutinate. This therefore 
means that the grains are less likely to interlock tightly when 
compacted. 

[A] image copied from [6]. Agglutinate particle from Lunar soil showing typically irregular shape and reentrant surfaces. 
(No scale provided) [B] Micro-CT scan of the 3mm basalt aggregate (Image Slice 378) [C] Micro-CT scan of the KM2 bentonite 
clay powder (Image Slice 222) [D] Micro-CT scan of the Attapulgite Granules (Image Slice 1278)

A B C D

JSC-1A
D50 =  0.1028 mm

Lunar Regolith
D50 =  0.072 mm

3mm Aggregate
D50 = 0.55-0.58 mm

6mm Aggregate
D50 =  3.11-3.41 mm

Clay Granules
D50 =  2.19-2.70 mm

Sample ID Angularity Surface Texture Sphericity

BAS019 Angular to sub-angular Rough Low-High

BAS010 Very angular to sub-angular Rough Low-High

BAS006 Very angular to sub-angular Rough Low-High

BAS003 Very angular to sub-angular Rough Low-High

KMBENG Rounded to very rounded Smooth Low-High

SEPILT Sub-angular to very rounded Smooth Low-High

ATTAPG Angular to rounded Smooth Low-High

Regolith sample properties Value
Surface regolith:
Loose material vs. solidified surface

Loose material 

Compressive strength: 
• Applicable to individual pebbles (loose regolith) 
• Special case (I) : pebbles larger than sampling tool 
(resembles solidified surface) 
• Special case (II) solid surface 

• 0.3 up to 30 MPa 

• Cut or move aside by sampling tool 
• Optional, as an asset, tool needs to break the surface 

Bulk density (sample material!) 
=> derived parameter from bulk composition, bulk porosity 
of whole body, bulk porosity of an individual lithology, 
surface regolith properties 

1-2.2 g/cm3 

Sampled grain size/pebble size μm to 3 cm 
(as per definition by scientific requirements) 

Shape any (eg. rounded, tabular, elongated) 

Intra particle cohesion forces 0.1 – 5 kPa 

Angle of friction 20º to 40º 

Surface temperature +110 ºC max. 
-70 ºC min. 

Surface Material Bulk Density 
(kg/m3)

Grain Size (mm) Cohesion (kPa) Internal Friction 
Angle (deg)

Regolith 1 Dust (drift in 1000-1300 0.001-0.01 0-3 15-21

Regolith 2 Very Fine to Fine 
Sand

1100-1300 0.06-0.2 0-1.5 23-34

Regolith 3 Scree and 
polymodal lag

1550-1800 0.2-2.0 0-0.3 30-42

Regolith 4 Crusty to cloddy 
soil

1100-1600 0.005-0.5 0-4 30-40

Regolith 5 Blocky, 
indurated soil

1200-2000 0.05-3 3-11 25-33

Regolith 6 Dense float rock, 
volcanic

2600-2800 2-2000 1000-10000 40-60

Bedrock 1 Clastic Rock ~2000 N/A TBD TBD

Bedrock 2 Sulfate Rock <2000 N/A TBD TBD

3mm Basalt Aggregate 6mm Basalt Aggregate KM Bentonite 
Granules

Sepiolite Granules Attapulgite 
Granules

Reference Portsmouth, 2016 Craigs Quarry, 
2013

Portsmouth, 
2016

Craigs Quarry, 
2013

Portsmouth, 2016

No. Analyses 3 1? 3 1? 3 3 3

Median Particle Size 
(50% Passing), D50

0.582 mm 0.55 mm 3.111 mm 3.41 mm 2.241 mm 2.701 mm 2.194 mm

Particle Size at 95% 
Passing, D95

2.37 mm 2.00 mm 5.18 mm 6.00 mm 4.31 mm 4.88 mm 5.53 mm

Mean Particle Size, DMn 0.350 mm 0.32 mm 3.007 mm 3.31 mm 2.160 mm 2.445 mm 1.948 mm

BS5930 Grain Size 
based on DMn

Medium Sand Medium Sand Fine Gravel Fine Gravel Fine Gravel Fine Gravel Coarse Sand

Image Slice 646. Micro-CT scan of 
the 6mm basalt aggregate (Nikon)

Image Slice 378. Micro-CT scan of 
the 3mm basalt aggregate (Nikon)

Lunar 
Regolith

JSC-1A Bulk 
Lunar Mare 

Regolith
Simulant

3mm Basalt 
Aggregate

6mm Basalt 
Aggregate

10mm 
Basalt 

Aggregate

19mm 
Basalt 

Aggregate

KM 
Bentonite 
Granules

Sepiolite 
Granules

Attapulgite
Granules

KMA 
Bentonite 
Powder

KM2 
Bentonite 
Powder

KMSR 
Bentonite 
Powder

Reference
Carrier, 

1991,2005
Orbitec, 2005 Portsmouth, 2016

Cohesion 
(kPa)

1.0 1.0 0 8.9 8.2 20.5 10.4 7.0 9.1 1.8 3.6 4.6

Angle of 
Internal 
Friction ( )

45 45 41.3 40.6 45.2 48.6 27.9 28.5 29.7 33.2 34.1 31.9

Loose and compacted bulk densities of the basalt aggregate and clay ana-
logues. Lunar regolith data (calculated best estimate) also plotted [7].

Loose and compacted porosities of the basalt aggregate and clay ana-
logues. Lunar regolith data (calculated best estimate) also plotted [7].

Martian Geotechnical 
Parameters
Remote sensing data [11] 
suggests a wide range of 
Martian regolith grain sizes 
from 1 micron to several cm 
with shear strength varying 
between 0-11 kPa cohesion 
and 15-42 degrees angle of 
internal friction. Bulk 
densities are in the range 
1-2 Mg/m3. The sample 
analogues in this collection 
range from <63 microns to 
20 cm in grain size with 
cohesion between 0-20.5 
kPa and angle of internal 
friction between 27.9-48.5 
degrees. Bulk densities 
range between 0.7-1.9 
Mg/m3.

The bulk density for BAS003 is higher than 
the other aggregates in both the loose and 
tamped states due to the presence of the 
fine dust material filling the void spaces (as 
expected)

6mm Basalt Aggregate bulk density lower 
than expected – possibly because the fines 
less mobile and not filling void spaces

Grain shape descriptions for the analogue samples, according 
to BS 5930 [1]

Lunar soil particle size distribution copied from [6]. The middle 
blue curve shows the average distribution; the left-hand and 
right-hand blue curves show ± one standard deviation (±1SD). The 
red curve represents the PSD for the 3mm basalt analogue and 
has been drawn on schematically. The green dot represents the 
median particle size for the JSC-1A basalt simulant [8].

Table showing grain size parameters for basalt and clay analogues

The median particle size for the 3mm basalt analogue is approximately 8 times higher 
than the Lunar regolith median value (and ~6 times higher than the JSC-1A simulant 
median value); however, the red curve still falls in a region of the graph where % 
passing data was recorded for coarser grained Lunar samples making the 3mm basalt 
aggregate a suitable analogue for coarse Lunar regolith on the basis of PSD. The 
median grain sizes for the 6mm basalt aggregates and the clay granules are all 
outside of the range measured for the Lunar regolith

Cohesion and Angle of Internal Friction results for Lunar rego-
lith [6-7] and basalt/clay regolith simulants, including JSC-1A [9]
The basalt aggregate group have friction angles of above 40 degrees 
which are concordant with the values reported for the Lunar regolith 
and JSC-1A basalt simulant. 
All of the analogue materials are observed as cohesionless soils (i.e. 
not lithified or cemented with very low moisture contents) in spite of 
positive values for cohesion being reported.

Stress-strain plots for the 8 UCS tests. Colour has been used to 
separate the similar (greyscale) high-peak strength materials 
thought to be intact rock, which shades of red indicate the widely 
varying material thought to be blast damaged.

Tensile strength data for gabion basalt discs.

Gabion Basalt UCS

3 Strongest UCS 
Mean: 243MPa

5 Weakest UCS Mean: 
124MPa

The close clustering of 
three results at ~243 
MPa suggests this is 
the ‘real’ peak strength 
of the material.

Gabion Basalt Tensile Strength

Basalt & Clay Analogue Regolith Shear Strength

Geotechnical properties for Martian regolith and bedrock that 
are based on remote sensing and on the 5 successful surface 
missions prior to Phoenix  (after Table 7-4 in [11])

Physical parameters of the regolith as applicable for 
the sampling tool design (after Table 11-1 in [10])

Phobos, Deimos and C-type Asteroids 
Geotechnical Parameters

Little information is known about the physical 
properties of surface regolith on these 
planetary bodies. The vast majority of 
existing assumptions are based on remote 
observations and modeling [10].

The surface regolith of these planetary 
bodies is thought to be composed of fine 
grained, particulate matter ranging from 
mm-scale to several cm-scale. Across the full 
sample analogue collection, grain size ranges 
from <63 microns to 20 cm. Thus, when using 
the analogues for testing mission architec-
ture, sample mixtures can be made for 
creating a wide range of assumed regolith 
PSDs. The geotechnical properties for 
sample mixtures of varying ratios of 
fines:coarse grains and basalt:clays will be 
characterized in future geotechnical testing.


