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RESUME 

La mission Mars InSight de la NASA est une mission Discovery visant à étudier l'intérieur de 

la planète rouge, et par conséquent à aider à la compréhension de son processus de formation et 

de celui des autres planètes telluriques. L'un des nombreux fronts d'étude auxquels est 

confrontée l'équipe scientifique de la mission InSight est l'étude des propriétés du matériau situé 

en contact direct avec l'atterrisseur et ses instruments, dont certains ont été déployés à la surface 

de la planète via l'utilisation d'un bras robotique. Cet effort est le but du groupe de travail Near 

Surface Working Group (NSWG), et les travaux et résultats présentés dans ce document est de 

fournir des informations pour aider cet objectif de recherche. L'atterrisseur utilise trois 

instruments principaux pour atteindre ses objectifs scientifiques : le premier est le Seismic 

Experiment for Interior Structure (SEIS), un sismomètre de haute précision résultant de 

plusieurs décennies d'efforts menés par des institutions françaises, dont le Centre National des 

Études Spatiales CNES et l’Institut de Physique du Globe de Paris IPGP ; cet instrument est le 

plus pertinent pour ce travail. Le deuxième est le Heat and Physical Properties Package (HP3), 

une sonde thermique conçue pour forer l’intérieur de la surface martienne jusqu’à des 

profondeurs allant jusqu’à 5 m. La dernière est l'antenne Rotation and Interior Structure 

Experiment ou RISE, qui étudie la structure intérieure de la planète à l'aide du mouvement de 

rotation de Mars, en suivant la position de l'atterrisseur et le déplacement du pôle Nord de la 

planète pour proposer des modèles de son moment d’inertie. 

Ce travail consiste en plusieurs activités de recherche dans le domaine de la mécanique des sols, 

réalisées dans le but de caractériser le matériau situé à la surface de l'atterrisseur Mars InSight 

de la NASA, installé sur Elysium Planitia depuis novembre 2018. Il s'agit principalement 

d'essais expérimentaux dans un analogue de régolithe martien et quelques activités 

complémentaires. Les questions clés abordées étaient l'interaction du SEIS avec le régolithe 

martien de surface en contact direct avec ses trois pieds, la faible rigidité en déformation de ce 

matériau (comportement en gamme élastique), ainsi que certaines questions spécifiques telles 

que la conductivité thermique et l’effet des fluctuations de la pression atmosphérique. Les 

travaux expérimentaux menés représentent notamment une connaissance précieuse dans le 

monde peu exploré de la mécanique des sols sous de très faibles contraintes et déformations (le 

plus souvent inférieures à 50 kPa). La préparation des échantillons est une autre question 

explorée, puisque les densités les plus faibles possibles de l’analogue du régolithe sont utilisées 

en cherchant à se rapprocher le plus possible des conditions du matériau sur Mars. 

Le travail de thèse a été développé dans le cadre d'une cotutelle entre l'Université des Andes et 

l'École des Ponts ParisTech. Les travaux expérimentaux ont été menés dans les installations des 

deux institutions de recherche et ont été rendus possibles grâce à l'expertise du groupe de 

recherche et de l'équipe technique affiliée à chaque université et ses laboratoires. Ce document 

contient une synthèse des points clés de chacun de ces travaux. Certaines collaborations avec la 
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doctorante Maria Juliana Chaparro ont également permis d'évaluer les propriétés dynamiques 

du matériau analogue du régolithe choisi. 
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ABSTRACT 

The NASA Mars InSight mission is a Discovery mission aiming at to investigating the interior 

of the red planet to support the understanding of its formation process and that of other rocky 

planets. One of the many study fronts faced by the InSight Mission Science Team is the study 

of the properties of the material in direct contact with the lander and its instruments, some of 

which were deployed on the surface of the planet by using a robotic arm. This endeavour is the 

key objective of the Near Surface Working Group (NSWG), and the main goal of the different 

works and results presented in this document is related to this research goal. The lander uses 

three main instruments: the first one is the Seismic Experiment for Interior Structure (SEIS), a 

highly accurate seismometer resulting from decades of work by French institutions including 

Centre National des Études Spatiales CNES and Institut de Physique du Globe de Paris IPGP; 

this instrument is the most relevant for this work. The second one is the Heat and Physical 

Properties Package (HP3), a thermal probe designed to drill inside the Martian surface to depths 

of up to 5m. The last one is the Rotation and Interior Structure Experiment or RISE antenna, 

which studies the interior structure of the planet aided by the rotation movement of Mars, 

tracking the position of the lander and the shifting of the planets north pole to propose models 

of its moment of inertia. 

This work is aimed at characterising the surface regolith properties at the site of the Mars InSight 

lander, landed on Elysium Planitia since November 2018. This comprises experimental 

investigations on a Martian Regolith Simulant together with some complementary activities. 

The key questions addressed were the interaction of the SEIS with the Martian regolith in direct 

contact with its three feet, its very small strain stiffness (in the elastic range), as well as the 

thermal conductivity and the mechanical effect of atmospheric pressure fluctuations. The 

experimental work conducted concerns the poorly explored field of soil mechanics under very 

low stresses and strains (down to 1.75 kPa). Sample preparation is another question explored, 

since the loosest possible densities of the regolith analogue are utilised to mimic the Martian 

regolith. 

The thesis was developed within a joint supervision between the Universidad de los Andes 

(Bogota, Colombia) and the École des Ponts ParisTech (France). Experimental work was 

conducted at the facilities of both institutions. Collaborations with PhD student Maria Juliana 

Chaparro (Los Andes) also helped assess the dynamic properties of the regolith simulant. 

 



J 

 

LISTS OF TABLES AND FIGURES 

List Of Figures 

Figure 1-1. Mars as seen by the Hubble telescope. (Image credit: 

https://www.jpl.nasa.gov/spaceimages/details.php?id=PIA01249) ............................................ 4 

Figure 1-2. Mars Odyssey (2001) and its instruments. (Image credit: 

https://www.researchgate.net/profile/William-

Boynton/publication/226827726/figure/fig2/AS:302384489222149@1449105488554/2001-

Mars-Odyssey-Spacecraft-in-Mapping-Configuration-The-Odyssey-spacecraft-as.png) .......... 5 

Figure 1-3. Artist representation of the Phoenix lander. 

(https://www.nasa.gov/multimedia/imagegallery/image_feature_857.html) ............................. 6 

Figure 1-4. The Mars 2020 perseverance Rover (https://mars.nasa.gov/resources/24716/some-

differences-between-mars-2020-and-curiosity/). ........................................................................ 6 

Figure 1-5. The NASA Opportunity rover mission lasted between 2014 and 2018 and was 

among the most successful missions on the red planet. (Credit: 

https://mars.nasa.gov/msl/multimedia/raw-

images/?order=sol+desc%2Cinstrument_sort+asc%2Csample_type_sort+asc%2C+date_taken

+desc&per_page=50&page=0&mission=msl). ........................................................................ 11 

Figure 1-6. Shadow of Mars helicopter Ingenuity during its 60th flight, Sol 924. (Image credit: 

NASA/JPL-Caltech). ................................................................................................................ 12 

Figure 1-7. Artist concept of the Mars InSight Lander with its main instruments 

(https://mars.nasa.gov/insight/spacecraft/instruments/summary/). ........................................... 19 

Figure 1-8. Coordinates of Elysium Planitia, location of the landing site of Mars InSight (SEIS: 

Insight’s Seismic Experiment for Internal Structure of Mars (2019)). ..................................... 20 

Figure 1-9. Instrument payload on the landing deck. From left to right, the HP3 probe, the 

thermal shield of SEIS and the SEIS instrument (red) ............................................................. 20 

Figure 1-10. a) The HP3 instrument and the b) SEIS instrument when deployed as seen by the 

IDC and ICC cameras respectively. .......................................................................................... 21 

Figure 1-11. The raw SEIS data (deglitched) for the event of Sol 1222 plotted with the obspy 

python library. ........................................................................................................................... 21 

Figure 1-12. The plot of the Mars 1222 event after processing (Credit: NASA/JPL, 2022). ... 22 

Figure 1-13. The geological formations of the Paris region. The Paleogene formations remain 

among the shallowest in the region (Image credit: Histoire-geologique-du-Bassin-parisien). 25 

Figure 1-14. Different proposals for the area occupied by the Stampien sea (Credit: Baut et al., 

2003) ......................................................................................................................................... 26 

Figure 1-15. Aspect of Fontainebleau sand a) during an indentation test with a 6 cm diameter 

plate for reference. Note that grains and groups of grains are distinct to the eye. Some grains 

observed on b) SEM images. .................................................................................................... 26 

Figure 1-16. Results of spectroscopy on a Fontainebleau sample during SEM microscopy. ... 26 



K 

 

Figure 1-17. Size distribution curve for Fontainebleau sand. ................................................... 27 

Figure 1-18. a) A typical grain of Fontainebleau sand, and b) a group of Fontainebleau sand 

grains seen on SEM microscopy. .............................................................................................. 28 

Figure 1-19. The previously used Martian Simulants. (Karakostas et al., 2013) ..................... 28 

Figure 1-20. Thermal inertia and the expected properties of the soil at the landing site 

(Golombek et al., 2017). ........................................................................................................... 29 

Figure 2-1. a) Cylindrical container used for the sample, filled with b) the bottom layer of beads.

 ................................................................................................................................................... 39 

Figure 2-2. Hollow bead with an internal 3 mm diameter used for calibrating the air grey inside 

the sample. ................................................................................................................................ 39 

Figure 2-3. Tape used to ensure the central position of the funnel during pluviation. ............. 40 

Figure 2-4. After placing the a) upper layer of beads, a new b) conic pile was deposited over the 

top layer of glass and hollow beads. ......................................................................................... 40 

Figure 2-5. Sample placed into the X-ray tomograph. .............................................................. 40 

Figure 2-6. Example of a TIF file of a slice of the scan. The white/light grey circles are the 

hollow beads, whereas the dark grey circles are the glass beads. ............................................. 41 

Figure 2-7. Images created to facilitate the identification of the beads. The white circles are the 

hollow beads, whereas the black circles are the glass beads. ................................................... 42 

Figure 2-8. Vertical profiles plotted along the sample. ............................................................ 43 

Figure 2-9. Radial profiles of the grey level in main directions at the top and the bottom of the 

sample. Effect of the Beam Hardening has a radial symmetry. ................................................ 44 

Figure 2-10. Standard deviation of the sample plotted in several directions. The peaks 

correspond to the beads. ............................................................................................................ 44 

Figure 2-11. Graph showing the mean grey value plus and minus the standard deviation. ..... 45 

Figure 2-12. Graph showing the mean grey value plus and minus the standard deviation. ..... 45 

Figure 2-13. Radial changes in grey level (GL) for sand and bead: a) top level; b) bottom level.

 ................................................................................................................................................... 46 

Figure 2-14. Density value colormap, shown for the a) upper and b) lower levels. ................. 47 

Figure 2-15. Radial density profiles along the upper level of the sample. The top and down peaks 

corresponds to crossing beads; one silica bead has been crossed at 320° (red curve) and two 

beads (silica and hollow bead, respectively) have been crossed at 160° (green curve). ........... 47 

Figure 2-16. Density profiles along the lower level of the sample. .......................................... 47 

Figure 3-1. Design of the SEIS feet: a) Alternatives investigated and b) Final design of the feet 

of the SEIS instrument (Karakostas et al., 2013). ..................................................................... 52 

Figure 3-2. Testing of the SEIS instrument on Earth. (SEIS: Insight’s Seismic Experiment for 

Internal ...................................................................................................................................... 52 

Figure 3-3. The experimental setup used (Tri scan 50 triaxial press) ....................................... 54 

Figure 3-4. Some of the cycles performed to validate press displacement accuracy. .............. 54 



L 

 

Figure 3-5. Testing process of displacement sensors. The non-contact Eddy sensor is seen in the 

middle. ...................................................................................................................................... 55 

Figure 3-6. The selected LVDT sensors have a measurement range of a) 4.5mm and b) 25 mm 

respectively. .............................................................................................................................. 55 

Figure 3-7. The S-cell force sensor selected. ............................................................................ 55 

Figure 3-8. Thermal isolation box surrounding the experiment. .............................................. 56 

Figure 3-9. The used data acquisition unit. ............................................................................... 56 

Figure 3-10. The b) type J thermocouple placed a) inside the setup to monitor temperature during 

experiments. .............................................................................................................................. 56 

Figure 3-11. The definitive experimental setup (without the thermal box to see it) ................ 57 

Figure 3-12. All system components. ....................................................................................... 57 

Figure 3-13. Sample preparation procedure. ............................................................................. 58 

Figure 3-14. Simplified schema of the experimental procedure of each test. ........................... 59 

Figure 3-15. Base model with actual sample dimensions of the container. .............................. 60 

Figure 3-16. The model built with discretized fine soil layers. ................................................ 60 

Figure 3-17. Several void ratio functions evaluated for Fontainebleau sand. .......................... 61 

Figure 3-18. Shear moduli for Fontainebleau sand predicted in terms of stress. ...................... 61 

Figure 3-19 InSight NASA lander concept and main instruments. Image credit JPL/NASA: 

https://mars.nasa.gov/insight/spacecraft/instruments/summary/ .............................................. 64 

Figure 3-20. IDC photograph showing the scoop of the instrument deployment arm (IDA) 

compressing the regolith above a hole developed around the self-penetrating mole during 

hammering. The scoop width is 7·6 cm (image credit JPL-NASA. IDC image acquired on Sol 

550, imageD000M0550_645359459EDR_F0000_0800M3) ................................................... 65 

Figure 3-21. Interpretative cross-section of the shallow surface beneath the InSight lander 

(Golombek et al., 2020, Creative Commons CC BY license) 1, fractured basalt flow; 2, blocky 

ejecta; 3, fine-grained impact generated regolith; 4, 5, overlapping craters; 6, rockier area; 7, 

rocks embedded in regolith; 8, pits opened by retro rockets during landing; 9, surface divots; 

10, lens of ejecta from other craters. ......................................................................................... 66 

Figure 3-22. The shape of the SEIS foot. The conical spike has a maximum diameter of 10 mm.

 ................................................................................................................................................... 66 

Figure 3-23. NE 34 Fontainebleau sand: (a) grain size distribution; (b) scanning electron 

microscope photograph showing the subrounded grains (after Andria-Ntoanina, 2011) ......... 67 

Figure 3-24. Experimental set-up, showing more details of the fixation of the mass to the force 

gauge and the LVDTs providing the vertical displacement. ..................................................... 68 

Figure 3-25. Elastic calculations of the vertical and shear stress (presented as percentages of the 

applied vertical stress) and of the vertical strain below the foot under the SEIS weight, based on 

the elastic solution by Sneddon (1946) ..................................................................................... 68 

Figure 3-26. (a) Thermal insulation of the device; (b) temperature stabilisation is reached after 

10 h for tests DS1, DS2 and DS3 (see Table 3-2) .................................................................... 70 



M 

 

Figure 3-27 Temperature stabilisation in tests DS1, DS2 and DS3 (see Table 3-2) made possible 

by the thermal insulation of the device, is of the order of 0.1°C. ............................................. 71 

Figure 3-28. Force–penetration curves for the ten tests performed with the disc. .................... 73 

Figure 3-29 Load–unload cycle performed between 8·98 and 6·37 N in test 10 (disc only). The 

stiffness coefficient given by the slope is k= 1·47× 106 N/m .................................................. 73 

Figure 3-30. (a) Force–penetration curves for the three tests performed with the foot (disc+ 

spike). Note that the force significantly increases once the disc contacts the sand surface. The 

start of the disc/sand contact is taken as 0 for the x-axis, and the curves are started at a point 

obtained by subtracting the length of the spike (−20 000 μm). (b) Detailed force–penetration 

curve of the spike alone for test DS1, with a maximum force of 0·14 N reached just before 

sand/disc contact. Two stick–slips are observed at around 4800 and 8600 μm........................ 75 

Figure 3-31 Force–penetration curves for the three tests carried out with the foot (disc + spike) 

once the spike had fully penetrated the sand and the disc was in contact with the sand. ......... 75 

Figure 3-32. Changes in Young’s modulus with respect to the average vertical stress at the 

surface. Data are derived from load cycles tests and from the final unloading step. ................ 77 

Figure 4-1. Strain ranges and associated applications (After Atkinson, 2000) ........................ 85 

Figure 4-2. Correspondence of moduli by using Bender elements and Resonant column. (Dyvik 

&Madshus,1985) ....................................................................................................................... 86 

Figure 4-3. Void ratio functions for Fontainebleau sand. ......................................................... 87 

Figure 4-4. Initial shear moduli estimated for Fontainebleau sand. ......................................... 88 

Figure 4-5. Limited hysteresis of sample wave velocities was observed during the unloading-

reloading cycle. ......................................................................................................................... 94 

Figure 4-6. Compression wave velocity measurements of Fontainebleau sand compared with 

previous regolith analogues. ..................................................................................................... 96 

Figure 4-7. Shear wave velocity measurements of Fontainebleau sand compared with previous 

regolith analogues. .................................................................................................................... 96 

Figure 4-8 Image taken on Sol 1770 (i.e., the 1770th martian day of the mission) by the 

Instrument Context Camera of the Lander showing the hemispherical Wind and Thermal Shield 

(WTS, diameter 720 mm) covering the SEIS instrument, with the Instrument Deployment Arm 

vertically pushing on the soil at the right of the SEIS. A flat footprint made by a former push 

test by the IDA can also be observed. These push tests were carried out to estimate the surface 

elastic properties based on the sstrain derived from the SEIS response. The (black) HP3 support 

system is observed on the left side, close to the place where the self-driving penetrometer has 

been buried. Some scraps made by the IDA scoop to cover the regolith tether for better thermal 

insulation can also be seen at the left of the WTS. All instruments are covered by a dust layer 

progressively brought by the Martian winds (Image Credit: NASA-JPL). .............................. 99 

Figure 4-9 NE34 Fontainebleau Sand: (a) grain size distribution curve, and (b) SEM image.

 ................................................................................................................................................. 102 

Figure 4-10. a) Sample preparation (vertical); b) Sample tested (horizontal). ....................... 103 



N 

 

Figure 4-11. (a) Setup used for measuring the membrane stiffness; (b) Force/vertical strain 

elongation curve of the membrane; (c) Schematic drawing for computing the stress on a 

cylinder. .................................................................................................................................. 104 

Figure 4-12. FEM (Plaxis 3D) elastic analyses of the sample self-weight to estimate the 

horizontal stress σgh on the sample axis. ................................................................................. 104 

Figure 4-13. P and S waves under 70.75 kPa, with good correspondence between both: the S 

wave arrival can also be detected in the P wave signal; the arrival of the P wave creates some 

slight perturbations in the S wave signal (time is in milliseconds). ........................................ 106 

Figure 4-14. P (pink) and S (grey) waves detected under smaller stresses below 10 kPa. ..... 107 

Figure 4-15. Measured wave velocities obtained using bender elements compared with those 

measured by Brinkman et al. (2022) on Mars (red and blue points). ..................................... 107 

Figure 4-16. Changes in Poisson ratio with respect to confining stress determined from bender 

element measurements (points) and from the fitted curves of Figure 4-15 (curve). ............... 108 

Figure 4-17. Change in Poisson ratio of an assembly of identical spheres with respect to the 

proportion of no-slip contacts . ............................................................................................. 123 

Figure 4-18 Schematic drawing of grains in contact with asperities, with contact radius Rc 

significantly smaller than Rg. ................................................................................................. 125 

Figure 4-19. Schematic drawing of a sphere resting on a deformable rough surface for the 

Bahrami et al. (2005) model. .................................................................................................. 126 

Figure 4-20 Ratio between the theoretical stiffness Sn
Rough/ Sn

HM of rough and smooth quartz 

spheres as a function of the RMS height of the asperities. The data were computed for particles 

with Rg=110 m subjected to isotropic stresses 3 (calculated using Eq. 3 and Eq. 4, which 

relates force to stress) between 1 kPa to 10 MPa, and asperities microhardness Hmic=8.2 GPa, 

as suggested in Yovanovich (2006) for quartz. ...................................................................... 128 

Figure 4-21. Grain topography measured with the AFM AC tapping mode: a) 3D image; b) 

Greyscale image. ..................................................................................................................... 129 

Figure 4-22 AFM investigation of a Fontainebleau sand grain: a) Cross profiles on the AFM 

measured area; b) Histogram of contact radius along the 6 profiles; c) to h) Roughness plotted 

along the profiles displayed in a). ........................................................................................... 131 

Figure 4-23. Comparison between measured (Castillo-Betancourt et al. 2023) and theoretical 

values of wave velocities. ....................................................................................................... 133 

Figure 4-24. Comparison between measured and theoretical Poisson ratio. .......................... 133 

Figure 5-1. Dimensions and model of the experimental setup (units in mm). ........................ 139 

Figure 5-2 a) original container for clay consolidation, which was extensively modified for this 

experiment. In b), the bender elements used for the initial stages of the setup. ..................... 139 

Figure 5-3. Comparison of the composition of Earth’s and Mars’s atmospheres. The terrestrial 

atmosphere is almost entirely made of Nitrogen and Oxygen, while Carbon Dioxide is the 

prevalent component for the case of Mars (Image credit: European Space Agency, n.d.). .... 140 



O 

 

Figure 5-4. Mars InsSight data for atmospheric pressure during three Sols. (Image credit: NASA 

JPL, n.d.). ................................................................................................................................ 141 

Figure 5-5. Mars InsSight data for atmospheric pressure for two years. (Image credit: NASA 

JPL, n.d.). ................................................................................................................................ 141 

Figure 5-6 The a) VarioSelect pump and its b) digital controller while applying 7 mbar. ..... 142 

Figure 5-7. CO2 supply and control system, including two valves and the hose connection to 

the inside of the sample. .......................................................................................................... 143 

Figure 5-8. The results of other tests on thermal conductivity displayed no effect on the 

measured values for measurements done at room temperature (Nagihara et. al, 2022). ........ 143 

Figure 5-9 a) The Cedrat Piezoactuators were used to generate P and S waves by installing them 

into one of the acrylic covers of the setup. A trench was made into the cover to install the S 

wave actuator transversally. B) The accelerometers were set directly facing them to register the 

arriving waves in the opposite wall. ....................................................................................... 144 

Figure 5-10. The TEM TG5011A signal generator was used to generate the signals driving the 

piezoactuators. It allows work with rectangular and sinusoidal signals in single and burst 

configurations. ........................................................................................................................ 144 

Figure 5-11 The data of the accelerometers was collected using a pair of a) Fluke 99 and b) 

Fluke 99B oscilloscopes, and the sensors were powered with the c) SPD3303X-E power source.

 ................................................................................................................................................. 145 

Figure 5-12 a) The container, Peltier plates, and b) thermal camera used for the b) preliminary 

thermal propagation test. ......................................................................................................... 146 

Figure 5-13 The more potent Peltier plates of the definitive setup with all their electronic 

equipment. ............................................................................................................................... 147 

Figure 5-14. Predominant direction for the envisioned heat conduction experiments. .......... 147 

Figure 5-15 Schema displaying the thermocouples’ arrangement in the amples’ back cover.

 ................................................................................................................................................. 147 

Figure 5-16. Considerable amount of instrumentation posed a practical challenge. A) 

ADAM2019+ modules for most thermal sensors alongside the air pressure valve control, and b) 

data acquisition card for the other thermocouple sensors. ...................................................... 148 

Figure 5-17. a) Experimental setup for the calibration of the thermocouple sensors. It was 

achieved with a well-calibrated b) PT100 probe. ................................................................... 148 

Figure 5-18. Calibration test during a test carried out under atmospheric pressure, with T1-T4 

measuring consistent values and T5 misfunctioning. ............................................................. 149 

Figure 5-19. Test where the Peltier plates are turned off and the temperature is allowed to return 

to initial values. Notice that all sensors return to the same initial values after 10 hours with 

minimal fluctuations. .............................................................................................................. 149 

Figure 5-20. Linearity and reversibility testing of the temperature sensors. Satisfactory 

performance was observed during three different tests, although it seems to decrease slightly for 

the lowest temperatures, particularly for the a) T1 to c) T3 sensors. ...................................... 150 



P 

 

Figure 5-21. Thermal grease applied to the container’s metallic wall to ensure adequate thermal 

contact. .................................................................................................................................... 150 

Figure 5-22. A piston a) with a square plate is used to contact the soil surface and is supported 

by a b) metallic frame which connects it to the pneumatic jack. The reference plate is used to 

measure the vertical displacement. ......................................................................................... 151 

Figure 5-23 a) The loading cell and the b) pneumatic actuator. ............................................. 151 

Figure 5-24 a) The loading cell is installed between the piston and the plate contacting the soil.

 ................................................................................................................................................. 152 

Figure 5-25. The Type 3110 Bellofram transducer was used to control the air pressure acting on 

the jack. ................................................................................................................................... 152 

Figure 5-26. The material was dried in an oven for two days before the sample was prepared.

 ................................................................................................................................................. 153 

Figure 5-27. Vacuum chamber to preserve the soil dry as the material cools down. ............. 153 

Figure 5-28. Care must be taken during the pluviation process with the a) funnel so that the b) 

thermocouple wires remain at the intended horizontal position. ............................................ 154 

Figure 5-29. Seal placed at the top to ensure no leaks beneath the cover. .............................. 154 

Figure 5-30. The sample ready for testing. Notice the a) vacuum seals and their fixation between 

the Peltier plates. The container is b) barely visible during testing once it is surrounded by the 

thermal isolation polystyrene. ................................................................................................. 155 

Figure 5-31. The desired pressure is applied in two steps to avoid disturbing the sample. .... 156 

Figure 5-32 The full setup ready for an experiment. .............................................................. 158 

Figure 5-33 Schema of the experimental protocol. ................................................................. 159 

Figure 5-34. Side and top views of the model geometry. ....................................................... 160 

Figure 5-35. Cross section of the model as the thermal pulse propagates. ............................. 162 

Figure 5-36. The model was first tested with a considerable cooling step to see the effect of 

thermal conductivity. .............................................................................................................. 163 

Figure 5-37. A very good fit was observed for sensors 1-4 with the numerical model for a test 

carried out under terrestrial atmospheric conditions (with no vacuum in the chamber). ....... 164 

Figure 5-38. A very good fit was observed for sensors 1-4 with the numerical model for a test 

with 6 mbar atmospheric pressure in the chamber. ................................................................. 164 

Figure 5-39. The experimental setup during the definitive experimental program. ............... 165 

Figure 5-40. Cooling process for different stresses of sample 1, worked at 4 mbar. ............. 167 

Figure 5-41. Cooling process for different stresses of sample 2, worked at 6 mbar. ............. 167 

Figure 5-42. Cooling process for different stresses of sample 3, worked at 8 mbar. ............. 168 

Figure 5-43. Cooling process for different stresses of sample 4, worked at 10 mbar. ........... 168 

Figure 5-44. The first group of numerical results. .................................................................. 169 

Figure 5-45 The second group of numerical results. .............................................................. 169 

Figure 5-46. All the experimental results presented in the same coordinate space. ............... 170 



Q 

 

Figure 5-47. Experimental results of sample 1 (4 mbar) superposed with the curves obtained 

from the finite differences numerical calculations. ................................................................. 171 

Figure 5-48. Experimental results of sample 2 (6 mbar) superposed with the curves obtained 

from the finite differences numerical calculations. ................................................................. 171 

Figure 5-49. Experimental results of sample 3 (8 mbar) superposed with the curves obtained 

from the finite differences numerical calculations. ................................................................. 172 

Figure 5-50. Experimental results of sample 4 (10 mbar) superposed with the curves obtained 

from the finite differences numerical calculations. ................................................................. 172 

Figure 5-51. All the experimental results presented in the same coordinate space. ............... 173 

Figure 5-52. All the experimental results presented in the same coordinate space. ............... 174 

Figure 5-53. All the experimental results presented in the same coordinate space. ............... 174 

Figure 5-54. The effect of atmospheric pressure and sample stress on thermal conductivity is 

directly proportional and appears to be rather significant. ..................................................... 175 

Figure 5-55. Linear dependency of thermal conductivity from sample stress. ....................... 175 

Figure 5-56. Parameters for the linear models as a function of atmospheric stress. ............... 176 

Figure 5-57. Variations of the height of the sample through the testing program. ................. 177 

Figure 5-58. Void ratio variations in the sample. ................................................................... 178 

Figure 5-59. Void ratio variations in the sample. ................................................................... 178 

Figure 5-60. Relative density variations in the sample. .......................................................... 179 

Figure 5-61. Waves measured in the Sample 1 (4 mbar). The waves produced by the ‘P’ actuator 

are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is 

displayed in blue. .................................................................................................................... 180 

Figure 5-62. Waves measured in the Sample 2 (6 mbar). The waves produced by the ‘P’ actuator 

are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is 

displayed in blue. .................................................................................................................... 181 

Figure 5-63. Waves measured in the Sample 3 (8 mbar). The waves produced by the ‘P’ actuator 

are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is 

displayed in blue. .................................................................................................................... 181 

Figure 5-64. Waves measured in the Sample 4 (10 mbar). The waves produced by the ‘P’ 

actuator are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal 

is displayed in blue. ................................................................................................................. 182 

Figure 5-65. Waves measured in the Sample 1 (4 mbar). The waves produced by the ‘P’ actuator 

are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is 

displayed in blue. .................................................................................................................... 182 

Figure 5-66. Waves measured in the Sample 2 (6 mbar). The waves produced by the ‘P’ actuator 

are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is 

displayed in blue. .................................................................................................................... 183 



R 

 

Figure 5-67. Waves measured in the Sample 3 (8 mbar). The waves produced by the ‘P’ actuator 

are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is 

displayed in blue. .................................................................................................................... 183 

Figure 5-68. Waves measured in the Sample 4 (10 mbar). The waves produced by the ‘P’ 

actuator are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal 

is displayed in blue. ................................................................................................................. 184 

Figure 5-69. Zoom in of the waves measured in the sample 1 (4 mbar). The waves produced by 

the ‘P’ actuator are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The 

input signal is displayed in blue. ............................................................................................. 185 

Figure 5-70. Frequency content of an acquired P-wave. The frequency content shows only P-

waves are involved. ................................................................................................................. 187 

Figure 5-71. Frequency content of an acquired P-wave. The frequency content shows both P 

and S-waves are involved. ...................................................................................................... 187 

Figure 5-72. The waves recorded included not only a) the waves recorded by the corresponding 

accelerometer but also b) the ones recorded in the accelerometer intended to record the other 

type of wave. ........................................................................................................................... 188 

Figure 5-73. Frequency content of an acquired S-wave on the p-plane. S-wave excluded. ... 189 

Figure 5-74. Frequency content of an acquired S-wave on the p-plane. P-wave excluded. ... 189 

Figure 5-75. Interpretation of arrival times for sample 1. ....................................................... 190 

Figure 5-76. The use of the chosen interpretation criterion for both waves. .......................... 190 

Figure 5-77. The use of the chosen interpretation criterion for both waves. .......................... 191 

Figure 5-78. The use of the chosen interpretation criterion for both waves. .......................... 191 

Figure 5-79. The use of the chosen interpretation criterion for both waves. .......................... 192 

Figure 5-80. The use of the chosen interpretation criterion for both waves. .......................... 192 

Figure 5-81. The use of the chosen interpretation criterion for both waves. .......................... 193 

Figure 6-1. Atmospheric pressure of Mars after Viking descent data. ................................... 197 

Figure 6-2. Atmospheric temperature of Mars after Viking descent data. ............................. 197 

Figure 6-3. Atmospheric density of Mars after Viking descent data. ..................................... 198 

Figure 6-4. Atmospheric viscosity of Mars after Viking descent data. .................................. 198 

Figure 6-5 Vertical stress below the ground surface due to a pressure wave. ........................ 201 

Figure 6-6 Layout of the Boussinesq solution for the stress increment induced by a strip load 

(Braja, 2011). .......................................................................................................................... 202 

Figure 6-7. Values of intrinsic permeability for several materials (data from Berhane, 2006).

 ................................................................................................................................................. 204 

Figure 6-8. Mars InsSight data for atmospheric pressure for two years. (Image credit: NASA 

JPL, n.d.). ................................................................................................................................ 205 

Figure 6-9. Kinematic Viscosity dependence on Temperature after Sutherland law. ............ 205 

Figure 6-10. Conditions for the Sorrells scenario, under the passage of a periodic wave. ..... 206 

Figure 6-11 Increments of the total stress for the evaluated values of T. ............................... 208 



S 

 

Figure 6-12 The pressure penetrates up to around 60 meters into the soil under the considered 

conditions and the highest utilised permeability value. .......................................................... 208 

Figure 6-13. The pressure penetrates up to around 8 meters into the soil under the considered 

conditions and an intermediate selected permeability value. .................................................. 209 

Figure 6-14. The pressure penetrates up to around 2 meters into the soil under the considered 

conditions and the lowest utilised permeability value. ........................................................... 209 

Figure 6-15. Effect of the permeability on material pore pressure for the lowest period of 10 

seconds. ................................................................................................................................... 210 

Figure 6-16. Effect of the permeability on material pore pressure for the highest period of 200 

seconds. ................................................................................................................................... 210 

Figure 6-17. Effective stress profiles for the lowest period case presented for the evaluated 

intrinsic permeability, for the lowest period value of 10 seconds. ......................................... 211 

Figure 6-18. Effective stress profiles for the lowest period case presented for the evaluated 

intrinsic permeability, for the lowest period value of 10 seconds. ......................................... 211 

Figure 6-19. Vertical strain profiles for the lowest period case presented for the evaluated 

intrinsic permeability, for the lowest period value of 10 seconds. ......................................... 212 

Figure 6-20. Vertical strain profiles for the lowest period case presented for the evaluated 

intrinsic permeability, for the highest period value of 200 seconds. ...................................... 212 

Figure 6-21. Compliance cycles for the lowest and highest values of permeability evaluated.

 ................................................................................................................................................. 213 

Figure 6-22. Compliance cycles for the lowest and highest values of period evaluated. ....... 213 

Figure 6-23. Global summary of the terrestrial scenario for the compliance model. ............. 214 

Figure 6-24. Comparison of the results with Sorrells data. .................................................... 214 

Figure 6-25. Model parameters used for the preliminary evaluation of the Mars scenario. ... 215 

Figure 6-26. Pore pressure in the material for different permeabilities with the simplified Mars 

scenario. .................................................................................................................................. 216 

Figure 6-27. Compliance results for the Mars scenario. ......................................................... 216 

Figure 6-28. Compliance results for the Mars scenario as a percentage of a total stress 

calculation. .............................................................................................................................. 217 

Figure 6-29: Schematic description of the space discretisation for gas flow. ........................ 223 

Figure A-1. Interface of the originally developed GUIDE tool for single wave data analysis. .. E 

Figure A-2. Aspect of the second iteration of the result interpretation program. ....................... F 

Figure A-3. Simultaneous visualization of the P and S waves using the result software. ......... G 

Figure A-4 Waves acquired during the 23/09 experimental program. Depart an arrival times are 

signaled both for P and S waves. ............................................................................................... G 

Figure B-1. Reference system for finite differences. ................................................................... I 

 

  



T 

 

List Of Tables 

 

Table 1-1. History of Missions to Mars outside the United States ............................................. 6 

Table 1-2. Planned missions to Mars for the current decade. ................................................... 10 

Table 1-3. History of NASA missions to Mars ......................................................................... 12 

Table 1-4. Past, active, and future Discovery missions summarized. ....................................... 16 

Table 1-5. Past, active, and future Discovery missions summarized. ....................................... 17 

Table 1-6. Main Planetary Regolith Simulants used. ............................................................... 24 

Table 1-7. Sedimentary cycles of the Paris Basin during the Paleogene .................................. 25 

Table 1-8. Results of weight composition by element. ............................................................. 27 

Table 1-9. Characteristics of Fontainebleau sand in different studies. ..................................... 27 

Table 3-1. Module values for each model layer. ...................................................................... 62 

Table 3-2. Experimental program carried out. .......................................................................... 72 

Table 4-1 Sample densities of the 4 samples tested. ............................................................... 105 

Table 5-1. Model parameters used for the materials. .............................................................. 161 

Table 5-2. Experimental program ........................................................................................... 165 

Table 6-1. Parameters involved in the model. ........................................................................ 203 

Table 6-2. Material parameters adapted for the model. .......................................................... 206 

 

 



U 

 

CONTENTS 

 
ACKNOWLEDGEMENTS ....................................................................................................... C 

MOTS CLÉS ............................................................................................................................... F 

KEYWORDS .............................................................................................................................. F 

RESUME ................................................................................................................................... G 

ABSTRACT ................................................................................................................................. I 

LISTS OF TABLES AND FIGURES ......................................................................................... J 

List Of Figures ..................................................................................................................... J 

List Of Tables ..................................................................................................................... T 

CONTENTS ............................................................................................................................... U 

INTRODUCTION ...................................................................................................................... 1 

1. SOIL MECHANICS IN SPACE EXPLORATION ........................................................... 4 

1.1. The exploration of Mars ............................................................................................... 4 

1.2. The NASA exploration of Mars ................................................................................. 11 

1.3. The NASA Discovery program .................................................................................. 16 

1.4. The Mars InSight Lander ........................................................................................... 18 

1.5. Soil mechanics outside of earth .................................................................................. 22 

1.6. Martian Regolith Simulants ....................................................................................... 23 

1.7. Fontainebleau sand ..................................................................................................... 24 

Geological origin .............................................................................................................. 25 

Material description .......................................................................................................... 26 

1.8. Fontainebleau sand as a Martian regolith simulant .................................................... 28 

1.9. Lessons learned from the Mars InSight mission ........................................................ 30 

1.10. References .............................................................................................................. 32 

2. SAMPLE PREPARATION AND HOMOGENEITY ...................................................... 37 

2.1. X-ray micro-tomography investigation of the effects of funnel pluvation on sample 

homogeneity (Article 1: Manuscript in process) .................................................................. 38 

Abstract ............................................................................................................................. 38 

Introduction ....................................................................................................................... 38 



V 

 

Sample preparation ........................................................................................................... 39 

X-Ray tomography ............................................................................................................ 40 

Preparation and processing of the data ............................................................................. 41 

Discussion ......................................................................................................................... 48 

Conclusions ....................................................................................................................... 49 

References ......................................................................................................................... 49 

3. THE INTERACTION BETWEEN THE FOOT OF SEIS AND THE MARTIAN 

REGOLITH ............................................................................................................................... 52 

3.1. The feet of the SEIS instrument ................................................................................. 52 

3.2. Experimental setup ..................................................................................................... 54 

3.3. The experimental procedure ....................................................................................... 58 

3.4. Experimental program results, analysis, and interpretation ....................................... 59 

3.5. Finite element verification ......................................................................................... 59 

3.6. Conclusions ................................................................................................................ 62 

3.7. The interaction between the SEIS seismometer of the InSight Martian mission and a 

regolith simulant (Article 2: Published) ................................................................................ 63 

Introduction ....................................................................................................................... 63 

Materials and methods ...................................................................................................... 66 

Experimental results .......................................................................................................... 72 

Interpretations and discussion ........................................................................................... 75 

Conclusions ....................................................................................................................... 79 

Acknowledgements ........................................................................................................... 80 

Appendix ........................................................................................................................... 80 

Notation ............................................................................................................................. 81 

References ......................................................................................................................... 81 

4. WAVE VELOCITY MEASUREMENTS ON THE REGOLITH SIMULANT .............. 85 

4.1. Characterization of soil behaviour at very low strains ............................................... 85 

4.2. Bender Elements and soils: an ongoing story ............................................................ 88 

Interpretation of the Bender Element Test ........................................................................ 90 

Study with Bender Elements on different soil types ......................................................... 92 



W 

 

4.3. Work on bender elements (and wave velocity to determine stiffness or Poisson ratio)

 93 

4.4. Wave Velocities and Poisson Ratio in a Loose Sandy Martian regolith  Simulant under 

Low Stresses. Part 1: Laboratory Investigation (Article 3: Published, JGR-Planets) .......... 97 

Key Points ......................................................................................................................... 97 

Abstract ............................................................................................................................. 97 

Plain Language Summary ................................................................................................. 98 

Keywords .......................................................................................................................... 98 

Introduction ....................................................................................................................... 98 

Wave velocity and Poisson ratio in sands ....................................................................... 100 

Materials and Methods .................................................................................................... 101 

Experimental results ........................................................................................................ 105 

Discussion ....................................................................................................................... 108 

Conclusions ..................................................................................................................... 109 

Acknowledgments ........................................................................................................... 110 

References ....................................................................................................................... 111 

Open Research ................................................................................................................ 114 

Appendix A: Methodology for travel time determination .............................................. 114 

4.5. Wave velocities and Poisson Ratio in a loose sandy Martian regolith simulant under 

low stresses.  Published, JGR-Planets) ............................................................................... 120 

Abstract ........................................................................................................................... 120 

Plain Language Summary ............................................................................................... 120 

Introduction ..................................................................................................................... 121 

Theoretical background .................................................................................................. 121 

Slippage between particles .............................................................................................. 123 

Effect of particle’s roughness on the elastic properties .................................................. 124 

AFM roughness assessment of the Fontainebleau sand as a Martian Regolith Simulant

 ......................................................................................................................................... 129 

Discussion ....................................................................................................................... 131 

Conclusions ..................................................................................................................... 134 

References ....................................................................................................................... 135 



X 

 

Acknowledgements ......................................................................................................... 136 

Open Research ................................................................................................................ 137 

5. THERMAL CONDUCTIVITY AND WAVE VELOCITY MEASUREMENTS ......... 138 

5.1. Basic concept for the experimental setup ................................................................. 138 

5.2. Vacuum pump and CO2 supplying ........................................................................... 140 

5.3. Experimental setup for wave velocity measurements .............................................. 144 

5.4. Experimental setup for thermal conductivity measurements ................................... 145 

5.5. Stress control in the sample and height variation monitoring .................................. 150 

5.6. Experimental protocol .............................................................................................. 152 

Previous drying of the sample material .......................................................................... 153 

Preparation of the sample in the container ...................................................................... 153 

Thermal conductivity test ............................................................................................... 155 

Wave velocity measurement procedure .......................................................................... 157 

5.7. Interpretation of the experimental results ................................................................. 159 

Formulation of the finite differences for the heat conduction ........................................ 160 

5.8. Experimental program .............................................................................................. 165 

5.9. Thermal conductivity measurements ....................................................................... 166 

5.10. Wave velocity measurements ............................................................................... 180 

5.11. Conclusion ............................................................................................................ 193 

5.12. References ............................................................................................................ 195 

6. ATMOSPHERIC PRESSURE AND GROUND COMPLIANCE ................................. 196 

6.1. The atmosphere of Mars ........................................................................................... 196 

6.2. Assessment of the compressibility of sand deposits by coupling seismic and 

meteorological measurements. (Article 5: Manuscript in process) .................................... 199 

Introduction ..................................................................................................................... 199 

Part A: Ground compliance model in effective stress .................................................... 200 

Part B: Analysis of compliance, effective and total stress. Case of Earth. ..................... 206 

Part C: Application of the ground compliance model to Mars Insight landing site ....... 215 

Conclusions ..................................................................................................................... 217 

References ....................................................................................................................... 218 

Appendix A: Demonstration of the compliance model .................................................. 220 



Y 

 

LESSONS LEARNED FROM INSIGHT .............................................................................. 227 

GENERAL CONCLUSIONS ................................................................................................. 229 

PERSPECTIVES .................................................................................................................... 232 

LIST OF PUBLICATIONS .................................................................................................... 234 

REFERENCES ....................................................................................................................... 236 

A. Appendix A: Wave velocity software ................................................................................ A 

1.1. General concept and purpose of the tool ..................................................................... A 

1.2. Versions of the tool ..................................................................................................... A 

Version 1.0 ......................................................................................................................... A 

Version 2.0 ......................................................................................................................... B 

Version 3.0 ......................................................................................................................... B 

1.3. Software architecture of the tool ................................................................................. B 

1.4. User interface of the tool ............................................................................................. B 

1.5. Utilization of the tool .................................................................................................. C 

1.6. The future of the tool ................................................................................................... D 

B. Appendix B: Original expressions for the boundary condition ........................................... I 

 

 

 



SOIL MECHANICS IN SPACE EXPLORATION 

1 

 

INTRODUCTION 

t he NASA InSight Lander reached the surface of Mars on November 26th, 2018. It is part 

of the Discovery program (launched in 1996) for planetary operation and aims to widen 

the existing knowledge concerning the formation and evolution history of the terrestrial 

planets (ScienceNASA, 2020). Shortly after its landing, the lander has succeeded in deploying 

the Seismic Experiment for Interior Structure (SEIS), the first ever seismometer to ever be 

deployed on direct contact with the surface of the red planet (Lognonné et al., 2019).  The 

payload of the spacecraft includes SEIS (regarded as the main instrument), along other two 

instruments, namely the Heat Flow and Physical Properties Package (HP3) (Spohn et al., 2018), 

and finally the Rotation and Interior Structure Experiment (RISE) antenna (Folkner et al., 2018). 

The lander used a robotic arm to safely descend the SEIS and HP3 devices from its deck to the 

surface once a safe and adequate location was selected for them (Trebi-Ollennu et al., 2018). 

The landing site is in the Elysium Planitia region (Banerdt et al., 2018). A landing ellipse was 

chosen after several proposals were considered to meet both the operational and scientific 

requirements (Morgan et al., 2018). This region is located near the equatorial zone and the 

dichotomy that separates in the Martian topography the flat north hemisphere and the 

mountainous south hemisphere. The geology of the landing site has been studied by Golombek 

et al., 2020. 

SEIS is the first seismometer placed in direct contact with the Martian regolith. In 1976, the 

Viking 1 lander made use of a three-axis seismometer that was placed in the lander and the 

measurements were heavily affected by the wind (Mimoun et al., 2018). It was deemed 

necessary to protect SEIS from both the atmospheric noise and the considerable temperature 

changes that take place every sol (Martian day, around 90°C). Consequently, a thermal shield 

was designed and built to isolate the instrument from its environment. This shield is a white 

dome-shaped structure, mechanically isolated from SEIS (Lognonné et al., 2019). 

The Very Broad Band sensors (VBB) of SEIS have been developed and made through a 

cooperation between the Centre National des Études Spatiales (CNES) and the Institut de 

Physique du Globe de Paris (IPGP). The German Max Planck Institute designed the LVL 

levelling system, the British Imperial College London provided the Short Period (SP) sensors, 

and JPL developed in the US the tether that provides energy and transmits data to the lander. As 

a result of this joint effort and after nearly 20 years of work, the SEIS instrument boasts very 

accurate levels of measurement; it is capable of detecting movements smaller than a hydrogen 

atom (SEIS - InSight, 2017). 

As part of the Science Team analysing the data from the mission, the Near Surface Working 

Group (NSWG) is dedicated to investigating the properties and structure of the surface layer, 

T 
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providing data useful for the rest of the team to process SEIS signals or any other data from the 

mission, as well as serving for future work with Martian and other extra-terrestrial materials. 

Since no Martian regolith is available on Earth, experimental work is carried out on Martian 

regolith simulants. Several simulants have been utilised by NASA and other institutions for 

testing some responses of the SEIS instrument. For instance, three different sands were 

considered when designing the supports for the LVL levelling system. A real-size testing bed 

has been installed at JPL to previously test some activities to be done on Mars. In this work, a 

new simulant was chosen for experimental activities carried out both in ENPC and in 

Universidad de los Andes.  

This thesis report is structured in several chapters dealing with the different activities carried 

out to investigate the regolith properties at Mars InSight landing site. 

The first chapter presents the general context surrounding the exploration of Mars, clarifying 

the main objectives of different Martian missions. After presenting the Mars InSight mission, 

the focus shifts to an overview of the study of extra-terrestrial soils, with particular emphasis on 

Mars and the use of regolith simulants. The chapter ends by presenting the selected sandy 

simulant, comparing it with other simulants of other works to justify its choice and assess its 

possibilities and limitations. 

The second chapter concerns the key question of preparing homogeneous sand samples, 

evaluating its homogeneity with the help of X-ray microtomography. 

After reviewing some of the key characteristics relevant to the soil mechanics activities of the 

InSight mission, the third chapter contains a published paper (Géotechnique) devoted to the 

measurement of the stiffness governing the interaction between the SEIS foot and the soil. To 

do so, a significantly improved version of the experimental setup used at the ENPC when 

designing the SEIS foot (Karakostas et al. 2013) is used.  

Chapter four presents experimental investigation of the dynamic low stiffness - low strain 

response of the regolith, based on the use of an original setup utilising bender elements in low 

stress conditions to determine wave velocities, with particular attention devoted to accurately 

calculate the stress applied in the axis to of a horizontal triaxial sample submitted to various 

levels of vacuum. The obtained data are analysed through a theoretical approach based on the 

micro-scale analysis of the inter-grain contacts. This work has been presented in two 

companions papers submitted to the Journal of Geophysical Research: planets (already accepted 

for publication).  

Chapter five presents the concept, setup and results obtained in a new device built at the 

laboratory of Universidad de los Andes for the simultaneous investigation of wave velocities 

and thermal conductivity on a sand simulant under Mars atmospheric conditions. This work is 

related with the surface thermal conduction measurements carried out by using the HP3 device 
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(Grott et al., 2023). The idea evolved as challenges were met and solved, and this section 

presents this process as well as the results obtained once the setup was fully operational. 

The sixth and final chapter deals with numerical modelling activities done to link atmospheric 

pressure variations to surface displacements, a work concerning Mars and other rocky planets 

including the Earth. Calculations, based on the Finite Differences method, provide an estimation 

of the ground compliance under changes in atmospheric pressure due to wind and dust devils. 

Compared to common calculations that are carried out in total stress conditions, these 

calculations, carried out in effective stress, account for the effects of gas penetration within the 

regolith. 

Finally, some general conclusions are presented and some potential prospects for future work 

are stated.
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1. SOIL MECHANICS IN SPACE EXPLORATION 

“To boldly go, where no one has gone before”. 

Star trek Intro, 1966 

his chapter serves the purpose of explaining the relevance of applying soil mechanics 

knowledge to the questions encountered during space exploration, in particular for the 

case of the planet Mars. To begin, the basic information and history of Mars exploration 

context is presented; the purpose and relevance of this exploration is emphasized. The initiatives 

of the different countries having attempted and or succeeded at undertaking Mars exploration 

missions are mentioned, in hope of clarifying the gargantuan complexity and considerable 

difficulty of such endeavours. Given the emphasis on the InSight mission for the scope of this 

work, the NASA Mars exploration history, and the Discovery Program for the exploration of 

the solar system are given the main focus. The concepts for future missions are also mentioned. 

Then, the main relevant information about the InSight mission is summarized, including the 

instrument payload, the scientific goals and the characteristics of the landing area. The context 

is then connected to the use of soil mechanics activities to help in the study of the surface 

material at the landing site, departing from presenting the potential contributions and 

emphasizing the use of regolith simulants for experimental activities to obtain or estimate key 

parameters. The chapter finishes presenting the choice of regolith simulant for this work. 

 

Figure 1-1. Mars as seen by the Hubble telescope. (Image credit: 

https://www.jpl.nasa.gov/spaceimages/details.php?id=PIA01249) 

1.1. The exploration of Mars 

After the Moon, Mars is the most accessible planet for humankind in the solar system. While 

the interest in studying the red planet dates to ancient times, it is only since the early 1960s that 

missions have been sent to Mars by different space agencies around the world. Since then, the 

exploration of the system formed by Mars and its two satellites Deimos and Phobos has acquired 

key relevance to several Space Agencies around the globe. In addition to its relative proximity, 

the remarkable similarities of the history of Mars with that of the Earth have contributed to the 

T 



SOIL MECHANICS IN SPACE EXPLORATION 

5 

 

increase of this interest (since both are rocky planets, like Mercury and Venus). This means that 

a better comprehension of the history of the red planet may provide valuable insights into the 

understanding of the interior structure and the key questions still surrounding the formation 

history of the Earth. 

The extensive US NASA Mars Exploration Program will be detailed separately in the next 

section, but the most relevant missions of spatial agencies from other countries span over several 

decades and are summarised in Table 1-1. During the XXth century, the main participants were 

the Soviet Union (and after 1991 the Russian Federation) and the United States, with only Japan 

sending an orbiter with the failed Nozomi mission in the late 1990s. 

The XXIst century has seen further efforts from NASA, while several other countries and their 

space agencies launch towards Mars. The first new participant was the European Space Agency 

(ESA), with Mars Express sending an orbiter and the Beagle 2 lander. While Russia did not 

launch for Mars during the first decade of the century, while the failed Fobos-Grunt 2011 

mission included what was to be the first Chinese probe. India and the United Arab Emirates 

also sent their first missions to the red planet in the late 2010s and early 2020s, while China 

obtained its first success in 2022 with Tianwen-1. 

 

Figure 1-2. Mars Odyssey (2001) and its instruments. (Image credit: 
https://www.researchgate.net/profile/William-

Boynton/publication/226827726/figure/fig2/AS:302384489222149@1449105488554/2001-Mars-Odyssey-

Spacecraft-in-Mapping-Configuration-The-Odyssey-spacecraft-as.png) 

The vehicles sent are varied in type and instrument payload. They range from orbiters which do 

not land but provide valuable information on a planetary scale, such as Mars Odyssey seen in 

Figure 1-2; they can also act as information transmitting relays. They allowed great advances in 

the exploration of Mars such as mapping and landing site selection for other missions. Other 

vehicles do land and may be split on two different categories: stationary landers such as Phoenix, 

seen in Figure 1-3, and moving rovers, such as Perseverance (see Figure 1-4). Some missions 

use a combination of landing vehicles and permanent orbiters. 



SOIL MECHANICS IN SPACE EXPLORATION 

6 

 

 

Figure 1-3. Artist representation of the Phoenix lander. 

(https://www.nasa.gov/multimedia/imagegallery/image_feature_857.html) 

 

Figure 1-4. The Mars 2020 perseverance Rover (https://mars.nasa.gov/resources/24716/some-differences-

between-mars-2020-and-curiosity/). 

 

Table 1-1. History of Missions to Mars outside the United States 

Period 
Mission and 

Country 
Type Purpose Status 

1960-1960 
URSS-Marsnik 1 

(Mars 1960A) 
Flyby 

First flyby of Mars, study space in travel to Mars, 

return images. 

Lost before 

achieving 

Earth orbit. 

1960-1960 
URSS-Marsnik 2 

(Mars 1960B) 
Flyby 

First flyby of Mars, study space in travel to Mars, 

return images. 

Lost before 

achieving 

Earth orbit. 
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Period 
Mission and 

Country 
Type Purpose Status 

1962-1962 URSS-Mars 1 Orbiter 

Designed to image the surface and send back data 

on cosmic radiation, micrometeoroid impacts and 

Mars' magnetic field, radiation environment, 

atmospheric structure, and possible organic 

compounds. 

Failure 

1971-1972 URSS-Mars 2 
Orbiter + 

Lander 

The orbiter's primary scientific objectives were to 

provide images of the Martian surface and clouds, to 

determine the temperature on Mars, to study the 

topography, composition and physical properties of 

the surface, to measure properties of the 

atmosphere, to monitor the solar wind and the 

interplanetary and Martian magnetic fields, and to 

act as a communications relay for the lander. The 

lander was equipped with two television cameras 

with a 360° view of the surface, a mass 

spectrometer to study atmospheric composition, 

temperature, pressure, and wind sensors and devices 

to measure mechanical and chemical properties of 

the surface, including a mechanical scoop to search 

for organic materials and signs of life. 

Partial 

success 

1972-1972 URSS-Mars 3 
Orbiter + 

Lander 

The primary scientific objective of the Mars 3 

descent module was to perform a soft landing on 

Mars, return images from the surface, and return 

data on meteorological conditions, atmospheric 

composition, and mechanical and chemical 

properties of the soil. 

Partial 

success 

1973-1974 URSS-Mars 4 Orbiter 

Mars 4 was equipped with a television imaging 

system consisting of two cameras. The spacecraft 

was also equipped with a Lyman-Alpha photometer 

to search for hydrogen in the upper atmosphere, a 

magnetometer, plasma ion traps and a narrow angle 

electrostatic plasma sensor to study the solar wind, 

an infrared radiometer (8-40 microns) to measure 

surface temperature, a radio telescope polarimeter 

(3.5 cm) to probe the subsurface dielectric constant, 

two polarimeters (0.32-0.70 microns) to characterize 

surface texture, and a spectrometer (0.3 - 0.8 

microns) to study emissions in the upper 

atmosphere. 

Failure 

1973-1974 URSS-Mars 5 Orbiter 

The Mars 5 automatic station was designed to orbit 

Mars and return information on the composition, 

structure, and properties of the Martian atmosphere 

and surface. 

Partial 

success 
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Period 
Mission and 

Country 
Type Purpose Status 

1973-1974 URSS-Mars 6 Lander 

There were four photometers on board: one for 2 

carbon dioxide bands to obtain altitude profiles, one 

at 0.35 - 0.7 microns for albedo and colour studies, 

one in the water vapor band (1.38 microns) to study 

water in the atmosphere, and a UV photometer (0.26 

and 0.28 microns) to measure ozone. The probe was 

equipped with a radio-occultation experiment to 

profile atmospheric density and a dual-frequency 

radio occultation experiment to profile ionospheric 

density. The spacecraft also carried French 

experiments, one called Zhemo to study the 

distribution and intensity of fluxes of solar protons 

and electrons and one known as Stereo-2 to study 

solar radio emissions. 

Partial 

success 

1973-1974 URSS-Mars 7 Lander 

The flyby module contained a telephotometer to 

image Mars, a Lyman alpha sensor to search for 

hydrogen in the upper atmosphere, a magnetometer, 

an ion trap and narrow angle electrostatic plasma 

sensor to study the solar wind and its interaction 

with Mars, solar cosmic ray sensors, micrometeorite 

sensors, and a French-supplied solar radiometer to 

measure solar long-wavelength radio emissions. It 

was also equipped to perform a radio occultation 

experiment to profile the atmosphere and 

ionosphere. The lander carried a panoramic 

telephotometer to image the Martian surface around 

the lander, atmospheric temperature, pressure, 

density, and wind sensors, an accelerometer to 

measure atmospheric density during the descent, a 

mass spectrometer to estimate atmospheric 

composition, a radio altimeter, an activation analysis 

experiment to study soil composition, and 

mechanical properties soil sensors. 

Partial 

success 

1988-1988 URSS-Phobos 1 Orbiter 

The objectives of the Phobos missions were to: (1) 

conduct studies of the interplanetary environment; 

(2) perform observations of the Sun; (3) characterize 

the plasma environment in the Martian vicinity; (4) 

conduct surface and atmospheric studies of Mars; 

and, (5) study the surface composition of the 

Martian satellite Phobos. 

Partial 

success 

1988-1989 URSS-Phobos 2 
Orbiter + 2 

Landers 

The objectives of the Phobos missions were to: (1) 

conduct studies of the interplanetary environment; 

(2) perform observations of the Sun; (3) characterize 

the plasma environment in the Martian vicinity; (4) 

conduct surface and atmospheric studies of Mars; 

and, (5) study the surface composition of the 

Martian satellite Phobos. 

Partial 

success 

1996-1996 
Russian Federation-

Mars 96 
  

The Russian Mars 96 mission was designed to send 

an orbiter, two small autonomous stations, and two 

surface penetrators to Mars to investigate the 

evolution and contemporary physics of the planet by 

studying the physical and chemical processes which 

Failure 
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Period 
Mission and 

Country 
Type Purpose Status 

took place in the past and which currently take 

place. 

1998-2003 Japan-Nozomi Orbiter 

was planned as a Mars orbiting aeronomy mission 

designed to study the Martian upper atmosphere and 

its interaction with the solar wind and to develop 

technologies for use in future planetary missions. 

Specifically, instruments on the spacecraft were to 

measure the structure, composition and dynamics of 

the ionosphere, aeronomy effects of the solar wind, 

the escape of atmospheric constituents, the intrinsic 

magnetic field, the penetration of the solar-wind 

magnetic field, the structure of the magnetosphere, 

and dust in the upper atmosphere and in orbit 

around Mars. 

Failure 

2011-2011 
Russian Federation-

Fobos - Grunt 
Lander Landing on Phobos Failure 

2011-2011 China-Yinghuo-1 Orbiter 

The primary scientific objectives of the mission are 

to study Martian space environmental structure, 

plasma distribution and other characteristics; the 

solar wind-atmosphere coupling and energy 

deposition processes, Martian ion escape processes 

and mechanisms, the regional gravity field of Mars, 

and to perform Martian and Phobos surface 

imaging. 

Failure 

2003-

Active 
EU-Mars Express 

Orbiter + 

Lander 

The scientific objectives of the Mars Express 

Orbiter are to obtain global high-resolution photo-

geology (10 m resolution), mineralogical mapping 

(100 m resolution) and mapping of the atmospheric 

composition, study the subsurface structure, the 

global atmospheric circulation, and the interaction 

between the atmosphere and the subsurface, and the 

atmosphere and the interplanetary medium. The 

Beagle 2 lander objectives were to characterize the 

landing site geology, mineralogy, and geochemistry, 

the physical properties of the atmosphere and 

surface layers, collect data on Martian meteorology 

and climatology, and search for possible signatures 

of life. 

Active 

2013-2022 India-Mangalyaan Orbiter 

The science payload has a total mass of 15 kg and 

comprises five instruments. The Mars Color 

Camera, the Lyman Alpha Photometer, the Thermal 

Imaging Spectrometer, the Mars Exospheric Neutral 

Composition Analyzer, and the Methane Sensor for 

Mars. 

Success 

2016-

Active 

EU-ExoMars 2016. 

TraceGasOrbiter. 

Orbiter + 

Lander 

The Trace Gas Orbiter contains a 112 kg science 

payload to characterize and study the behaviour of 

trace gases on Mars. The three primary objectives of 

Active 
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Period 
Mission and 

Country 
Type Purpose Status 

the orbiter are to conduct investigations into the 

biological or geological origin of trace gases on 

Mars with a scientific payload of 4 instruments; 

deliver Schiaparelli and support part of the data 

transmission during its descent and surface 

operations; and serve as a data relay to support 

communications for the ExoMars 2018 rover and 

the surface science platform. Its trace gas 

investigations will include monitoring seasonal 

changes in atmospheric composition and 

temperature and mapping subsurface hydrogen. 

2020-

Active 

United Arab 

Emirates-HOPE 
Orbiter 

It carries three scientific instruments mounted on 

one side of the spacecraft. The Emirates eXploration 

Imager (EXI) is a high resolution multiband (visible 

and UV) camera, the Emirates Mars Ultraviolet 

Spectrometer (EMUS), a far-UV imaging 

spectrograph, and the Emirates Mars InfraRed 

Spectrometer (EMIRS), and FTIR scanning 

spectrometer. 

Active 

2020-

Active 
China-Tianwen 1 

Orbiter, 

lander and 

rover 

The scientific objectives of the mission are to study 

Martian topography and geology, characterize the 

soil and its water-ice content, determine the 

composition of the surface material, profile the 

Martian ionosphere, climate, and environment, and 

constrain the gravity and magnetic fields and the 

interior structure. 

Active 

The future looks promising for the exploration of Mars with Spatial Agencies from several new 

countries getting involved and being capable of cooperating with each other and building upon 

the lessons learned through the successes and failures of every mission that has already taken 

place. The most promising projected missions for the immediate future are summarized in Table 

1-2. It can be noticed that the focus is for the return of samples to the Earth, which should be 

attained by the early 2030s. 

Long term proposals also aim towards human crewed missions on Mars, and cooperation with 

the private sector such as the envisioned for the operation model of the NASA Artemis program 

adds further support towards this ambitious goal. 

Table 1-2. Planned missions to Mars for the current decade. 

Launch 

planned 

Mission and 

Country 
Type Purpose 

Planned 

duration 

2024 Japan-MMX 
Orbiter + 

Lander 

Determine origin of Phobos. Sample return mission to the 

satellite. 

Planned, 5 

years 

2024 
India-

Mangalyaan 2 
Orbiter 

The mission will include a hyperspectral camera, a high-

resolution panchromatic camera and a radar to understand 

early Martian crust, recent basalts and boulder falls. 

Planned, 1 

year 
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Launch 

planned 

Mission and 

Country 
Type Purpose 

Planned 

duration 

2025 
Tianwen 2 

China 

Orbiter + 

Lander 
Asteroid sample return with a flyby of Mars 

Planned, 10 

years 

2028 
Tianwen 3 

China 

Orbiter + 

Lander + 

rover 

Sample return mission, consisting of the vehicles 

necessary to prepare and return the sample to Earth. 

Planned, 3 

years 

2023 
ESCAPADE 

COUNTRY 
2 orbiters 

The Escape and Plasma Acceleration and Dynamics 

Explorers (EscaPADE) are a dual-spacecraft mission to 

study ion and sputtered escape from Mars. The two 

identical spacecraft were scheduled for launch as 

secondary satellites on the Psyche mission in August 

2022, but were removed due to problems with the 

required trajectory. 

Planned, 1.5 

years 

2028 

Rosalind 

Franklin Rover 

US 

Rover 

It will collect samples with a drill down to a depth of 2 m 

and analyse them with next-generation instruments in an 

onboard laboratory. Underground samples are more 

likely to include biomarkers, since the tenuous Martian 

atmosphere offers little protection from radiation and 

photochemistry at the surface. 

 

The primary objective is to land the rover at a site with 

high potential for finding well-preserved organic 

material, particularly from the very early history of the 

planet. 

Planned 1 

year 

 

1.2. The NASA exploration of Mars 

The general idea of the Mars Exploration Program is presented in its mission statement: 

“The goal of the Mars Exploration Program is to explore Mars and to provide a continuous 

flow of scientific information and discovery through a carefully selected series of robotic 

orbiters, landers and mobile laboratories interconnected by a high-bandwidth Mars/Earth 

communications network”. (NASA, n.d.) 

 

Figure 1-5. The NASA Opportunity rover mission lasted between 2014 and 2018 and was among the most 

successful missions on the red planet. (Credit: https://mars.nasa.gov/msl/multimedia/raw-
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images/?order=sol+desc%2Cinstrument_sort+asc%2Csample_type_sort+asc%2C+date_taken+desc&per_page=5

0&page=0&mission=msl). 

To guide the key aspects of the exploration program, NASA has established four main scientific 

goals for its Mars exploration program (NASA, n.d.). These are: 

• Life: To determine if there ever was life on Mars. 

• Climate: To properly understand the Processes and History of Climate on Mars. 

• Geology: To study the planet seeking to understand its origin and evolution through time 

as a geological system. 

• Humans: To prepare for the future human exploration of Mars. 

NASA missions to Mars have been quite successful including the landing of numerous and 

increasingly complex rovers such as the Curiosity – Opportunity duo (see Figure 1-5), which 

considerably outlasted their expected mission lengths and made key findings such as clay 

materials supporting the ideas about the history of water in the planet. One of the most recent 

achievements was the successful completion of the first controlled flight outside of Earth, 

achieved by the small helicopter deployed by Mars 2020, called Ingenuity (see Figure 1-6); as 

of September 2023, this helicopter has completed 60 flights (flights last about 120 – 180 

seconds). 

 

Figure 1-6. Shadow of Mars helicopter Ingenuity during its 60th flight, Sol 924. (Image credit: NASA/JPL-

Caltech). 

The history of the NASA missions launched to Mars is summarized on Table 1-3. 

Table 1-3. History of NASA missions to Mars 

Launch 

date 
Mission name Type Purpose Status 

August 4, 

2007, UTC 
Mars Phoenix 

Stationary 

Lander 

to study the history of water in the Martian 

arctic, search for evidence of a habitable zone 

and assess the biological potential of the ice-soil 

boundary. 

Success 
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Launch 

date 
Mission name Type Purpose Status 

June 10, 

2003, UTC 

Mars 

Exploration 

Rovers - Spirit 

Rover 

Spirit landed in a region called Gusev Crater, to 

explore the crater because they thought it could 

have held water long ago. From pictures taken 

by satellites, it looked like several large rivers 

flowed into Gusev Crater. 

Success 

July 8, 

2003, UTC 

Mars 

Exploration 

Rovers - 

Opportunity 

Rover 

Opportunity was the second of the two rovers 

launched in 2003 to land on Mars and begin 

traversing the Red Planet in search of signs of 

ancient water 

Success 

January 3, 

1999, UTC 

Mars Polar 

Lander/Deep 

Space 2 

Lander 

Mars Polar Lander was an ambitious mission to 

set a spacecraft down on the frigid terrain near 

the edge of Mars' south polar cap and dig for 

water ice with a robotic arm. 

Failure 

December 

11, 1998, 

UTC 

Mars Climate 

Orbiter 
Orbiter 

Mars Climate Orbiter was designed to function 

as an interplanetary weather satellite and a 

communications relay for Mars Polar Lander. 

The orbiter carried two science instruments: a 

copy of an atmospheric sounder on the Mars 

Observer spacecraft lost in 1993, and a new, 

lightweight colour imager combining wide- and 

medium-angle cameras. 

Failure 

November 

7, 1996, 

UTC 

Mars Global 

Surveyor 
Orbiter 

The mission has studied the entire Martian 

surface, atmosphere, and interior. One of the 

most exciting observations of the spacecraft's 

wide-angle camera system, known as the Mars 

Orbital Camera, is that the red planet has very 

repeatable weather patterns. Each day the 

camera operates, it collects images that are used 

to build up a daily global map. These maps 

provide a record of changing meteorological 

conditions on Mars. Weather patterns observed 

by the spacecraft include some dust storms that 

repeat in the same location within a week or two 

of the time they occurred in the previous year. In 

addition, local disturbances and dust devils may 

start up at any time after the first day of spring 

and continue until Martian autumn 

Success 

December 

4, 1996, 

UTC 

Mars 

Pathfinder 
Lander 

It was designed as a technology demonstration 

of a new way to deliver an instrumented lander 

and the first-ever robotic rover to the surface of 

the red planet. Pathfinder not only accomplished 

this goal but also returned an unprecedented 

amount of data and outlived its primary design 

life. 

Success 

September 

25, 1992, 

UTC 

Mars Observer Orbiter 

The payload of science instruments was 

designed to study the geology, geophysics and 

climate of Mars. 

Failure 
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Launch 

date 
Mission name Type Purpose Status 

August 20, 

1975, UTC 

Viking 1 

Orbiter & 

Lander 

Lander 

NASA's Viking Project found a place in history 

when it became the first U.S. mission to land a 

spacecraft safely on the surface of Mars and 

return images of the surface. Two identical 

spacecraft, each consisting of a lander and an 

orbiter, were built. Each orbiter-lander pair flew 

together and entered Mars orbit; the landers then 

separated and descended to the planet's surface. 

Success 

September 

9, 1975, 

UTC 

Viking 2 

Orbiter & 

Lander 

Lander 

Besides taking photographs and collecting other 

science data on the Martian surface, the two 

landers conducted three biology experiments 

designed to look for possible signs of life. These 

experiments discovered unexpected and 

enigmatic chemical activity in the Martian soil 

but provided no clear evidence for the presence 

of living microorganisms in soil near the landing 

sites. According to scientists, Mars is self-

sterilizing. They believe the combination of 

solar ultraviolet radiation that saturates the 

surface, the extreme dryness of the soil and the 

oxidizing nature of the soil chemistry prevent 

the formation of living organisms in the Martian 

soil. 

Success 

May 8, 

1971 
Mariner 8 Orbiter 

Both were designed to be the first Mars orbiters, 

marking a transition in our exploration of the red 

planet from flying by the planet to spending time 

in orbit around it. 

Failure 

May 30, 

1971, UTC 
Mariner 9 Orbiter 

Both were designed to be the first Mars orbiters, 

marking a transition in our exploration of the red 

planet from flying by the planet to spending time 

in orbit around it. 

Success 

February 

24, 1969, 

UTC 

Mariner 6 Flyby 

Mariner 6 and 7 were the second pair of Mars 

missions in NASA's Mariner series of solar 

system exploration in the 1960s and early 1970s. 

Success 

March 27, 

1969, UTC 
Mariner 7 Flyby 

As with the other Mariners, each launched on an 

Atlas rocket with either an Agena or Centaur 

upper-stage booster and weighed less than half a 

ton (without onboard rocket propellant). 

Success 

November 

5, 1964, 

UTC 

Mariner 3 Flyby 

Between 1962 and 1973, NASA's Jet Propulsion 

Laboratory designed and built 10 spacecraft 

named Mariner to explore the inner solar system 

-- visiting the planets Venus, Mars and Mercury 

for the first time, and returning to Venus and 

Mars for additional close observations. The 

Mariners were all relatively small robotic 

explorers, each launched on an Atlas rocket with 

either an Agena or Centaur upper-stage booster, 

and weighing less than half a ton (without 

onboard rocket propellant). 

Failure 
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Launch 

date 
Mission name Type Purpose Status 

November 

28, 1964, 

UTC 

Mariner 4 Flyby 

Mariner 3 and 4 were identical spacecraft 

designed to carry out the first flybys of Mars. 

Mariner 3 was launched on November 5, 1964, 

but the shroud encasing the spacecraft atop its 

rocket failed to open properly, and Mariner 3 did 

not get to Mars. Three weeks later, on 

November 28, 1964, Mariner 4 was launched 

successfully on an eight-month voyage to the 

red planet. 

Success 

April 7, 

2001, UTC 

2001 Mars 

Odyssey 
Orbiter 

Its mission includes making the first global map 

of the amount and distribution of many chemical 

elements and minerals that make up the Martian 

surface. Measurements by Odyssey have 

enabled scientists to create maps of minerals and 

chemical elements and identify regions with 

buried water ice. Images that measure the 

surface temperature have provided spectacular 

views of Martian topography. Early in the 

mission, Odyssey determined that radiation in 

low-Mars orbit -- an essential piece of 

information for eventual human exploration 

because of its potential health effects -- is twice 

that in low-Earth orbit. 

Active 

June 2, 

2003, UTC 

Mars Express 

(ESA) 
Orbiter 

The mission's main objective is to search for 

sub-surface water from orbit. Seven scientific 

instruments on the orbiting spacecraft have 

conducted rigorous investigations to help answer 

fundamental questions about the geology, 

atmosphere, surface environment, history of 

water, and potential for life on Mars. 

Active 

November 

26, 2011, 

UTC 

Mars Science 

Laboratory 
Rover 

Curiosity set out to answer the question: Did 

Mars ever have the right environmental 

conditions to support small life forms called 

microbes? Early in its mission, Curiosity's 

scientific tools found chemical and mineral 

evidence of past habitable environments on 

Mars. It continues to explore the rock record 

from a time when Mars could have been home 

to microbial life.Curiosity explores Gale Crater 

and acquires rock, soil, and air samples for 

onboard analysis. The car-size rover is about as 

tall as a basketball player and uses a 7-foot-long 

arm to place tools close to rocks selected for 

study. Curiosity's large size allows it to carry an 

advanced kit of 10 science instruments. It has 

tools including 17 cameras, a laser to vaporize 

and study small pinpoint spots of rocks at a 

distance, and a drill to collect powdered rock 

samples. It hunts for special rocks that formed in 

water and/or have signs of organics. 

Active 
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Launch 

date 
Mission name Type Purpose Status 

August 12, 

2005, UTC 

Mars 

Reconnaissance 

Orbiter 

Orbiter 

Carries the most powerful camera ever flown on 

a planetary exploration mission for homing in on 

details of Martian terrain with extraordinary 

clarity. While previous cameras on other Mars 

orbiters were able to identify objects no smaller 

than a dinner table, this camera is able to spot 

something as small as a dinner plate. This 

capability provides not only an astoundingly 

detailed view of the geology and structure of 

Mars but helps identify obstacles that could 

jeopardize the safety of future landers and 

rovers. 

Active 

November 

18, 2013 

Mars 

Atmospheric 

and Volatile 

EvolutioN 

Orbiter 

MAVEN is obtaining critical measurements of 

the Martian atmosphere to help understand 

dramatic climate change on the red planet over 

its history. 

Active 

March 14, 

2016 

ExoMars 2016 

Mission 

Orbiter/Lander 

Pair 

The European Space Agency's (ESA) ExoMars 

program (Exobiology on Mars) is a series of 

missions designed to understand if life ever 

existed on Mars. ESA's Trace Gas Orbiter 

studies the Martian atmosphere for the presence 

of methane and other gases that may be present 

in small concentrations. 

Active 

May 5, 

2018 

Interior 

Exploration 

using Seismic 

Investigations, 

Geodesy and 

Heat Transport 

Lander 

By using sophisticated geophysical instruments, 

InSight will delve deep beneath the surface of 

Mars, detecting the fingerprints of the processes 

of terrestrial planet formation, as well as 

measuring the planet's "vital signs": Its "pulse" 

(seismology), "temperature" (heat flow probe), 

and "reflexes" (precision tracking). 

Active 

July 30, 

2020 

Mars 2020 

Perseverance 

Rover 

Helicopter 

Rover 

Seek signs of ancient life (Jezero Crater) and 

collect samples of rock and regolith (broken 

rock and soil) for possible return to Earth. Also 

carries Mars Ingenuity helicopter. 

Active 

 

1.3. The NASA Discovery program 

Following the success of the Apollo program on the Moon and other scientific endeavours 

throughout the 20th century, NASA launched the Discovery program in 1992, radically 

reforming space exploration. The program seeks to explore the solar system at what could be 

considered a “low-cost” scale for spatial exploration, to explore planets, their moons and smaller 

bodies such as comets and asteroids. 

The main missions of the NASA Discovery program are summarized in Table 1-5. 

Table 1-4. Past, active, and future Discovery missions summarized. 
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Table 1-5. Past, active, and future Discovery missions summarized. 

Launch 

date: 

Short 

Name 
Mission name Objective Goal Status 

 February 

17, 1996 
NEAR 

Near-Earth 

Asteroid 

Rendezvous 

433 

EROS 

first spacecraft to orbit and land on an 

asteroid, 433 EROS 
Success 

 December 

4, 1996 
Pathfinder 

Mars 

Pathfinder 
Mars 

lander + rover, paving the way for 

future NASA Mars rovers 
Success 

 January 6, 

1998 
  

Lunar 

Prospector 
Moon 

low polar orbit investigation of the 

Moon, including mapping of surface 

composition and possible polar ice 

deposits, measurements of magnetic and 

gravity fields, and study of lunar 

outgassing events 

Success 

 February 

7, 1999 
Stardust Stardust 

comet 

Wild-2 

 first spacecraft to make a close 

encounter with comet Wild-2 and return 

samples to Earth. 

Success 

 August 8, 

2001 
Genesis 

Genesis orbiter 

spacecraft 
  

collecting solar wind samples and return 

them to Earth for study. 
Success 

 July 3, 

2002 

CONTOU

R 

Comet Nucleus 

TOUR 
   Intended to visit and study two comets Failure 

 August 3, 

2004 

MESSEN

GER 

Mercury 

Surface, Space 

Environment, 

Geochemistry 

and Ranging 

Mercury 

orbited Mercury for more than four 

years, but not before doing two flybys 

of Venus and three flybys of Mercury as 

well 

Success 

 January 

12, 2005 
  Deep Impact 

Comet 

Tempel 

 to send an “impactor” probe which 

would collide with Comet Tempel 1 on 

July 3, 2005 

Success 

 September 

27, 2007 
  Dawn   

Ceres and Vesta--the two largest objects 

in the main asteroid belt between Mars 

and Jupiter 

Success 

 March 7, 

2009 
  Kepler 

star field 

in the 

Cygnus-

Lyra 

region 

To explore the structure and diversity of 

planetary systems 
Success 

 September 

10, 2011 
GRAIL 

Gravity 

Recovery and 

Interior 

Laboratory, 

Moon 

To map lunar gravity and use that 

information to increase understanding of 

the Moon's interior and thermal history 

Success 

Active 

 June 18, 

2009 
LRO 

Lunar 

Reconnaissanc

e Orbiter 

Moon set out to map the lunar surface Success 
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Launch 

date: 

Short 

Name 
Mission name Objective Goal Status 

 May 5, 

2018 
InSight 

Interior 

Exploration 

using Seismic 

Investigations, 

Geodesy and 

Heat Transport 

Mars 

first outer space robotic explorer to 

study in-depth the "inner space" of 

Mars: its crust, mantle and core. 

Success 

 October, 

2021 
Lucy Lucy 

A unique 

family of 

asteroids 

that orbit 

the Sun in 

front of 

and 

behind 

Jupiter 

These asteroids are very different from 

one another. Understanding the causes 

of the differences will provide unique 

and critical knowledge on planetary 

origins, the source of volatiles and 

organics on the terrestrial planets, and 

the evolution of the planetary system. 

  

Future 

 August, 

2022 
  Psyche 

a giant 

metal-rich 

asteroid, 

known as 

16 Psyche 

Unlike most other asteroids that are 

rocky or icy bodies, it appears to be the 

exposed nickel-iron core of a 

protoplanet.   

 September, 

2024 

 MEGAN

E 
 Phobos 

ability to "see" the elemental 

composition of the Martian moon 

Phobos by measuring gamma rays and 

neutrons.   

 2028-2030 
DAVINCI

+ 

Deep 

Atmosphere 

Venus 

Investigation of 

Noble gases, 

Chemistry, and 

Imaging 

Venus 

To measure the composition of Venus’ 

atmosphere to understand how it formed 

and evolved, as well as determine 

whether the planet ever had an ocean 

  

 2028-2030 VERITAS 

Venus 

Emissivity, 

Radio Science, 

InSAR, 

Topography, 

and 

Spectroscopy 

Venus 

To determine the planet’s geologic 

history and understand why it developed 

so differently than Earth 

  

 

1.4. The Mars InSight Lander 

The NASA InSight Lander (see Figure 1-7) reached the surface of Mars on November 26th, 

2018. It is part of the Discovery program (launched in 1996) for planetary operation and aims 
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to widen the existing knowledge about the formation and evolution history of the rocky planets 

(NASA Science, 2017). Shortly after landing (November 2018), the lander succeeded in 

deploying the Seismic Experiment for Interior Structure (SEIS), the first seismometer ever 

deployed in direct contact with the surface of the red planet (Lognonné et al., 2019).  The 

payload of the spacecraft includes SEIS (the main instrument) along with other two instruments, 

namely the Heat Flow and Physical Properties Package (HP3) (Spohn et al., 2018) and the 

Rotation and Interior Structure Experiment (RISE) antenna (Folkner et al., 2018).  

The lander used a robotic arm to safely move the SEIS and HP3 devices from its deck to the 

surface once a safe and adequate location has been selected (Trebi-Ollennu et al., 2018). 

 

Figure 1-7. Artist concept of the Mars InSight Lander with its main instruments 

(https://mars.nasa.gov/insight/spacecraft/instruments/summary/). 

The landing site is in the Elysium Planitia region (Golombek et al. 2018, Banerdt et al., 2018). 

This location has been selected after several proposals having to meet both the operational and 

scientific requirements (Morgan et al., 2018). This region is located near the equatorial zone 

(see Figure 1-8) and near the discontinuity that characterises the dichotomy in the Martian 

topography, between the flat lower north hemisphere and the mountainous higher south 

hemisphere. The geology of the landing site has been studied by Golombek et al. (2020). 
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Figure 1-8. Coordinates of Elysium Planitia, location of the landing site of Mars InSight (SEIS: Insight’s Seismic 

Experiment for Internal Structure of Mars (2019)). 

Although SEIS is not the first seismometer placed on Mars, it is the first one placed in direct 

contact with the surface regolith. In 1976, the Viking 1 lander made use of a three-axis 

seismometer to study the seismic activity of the planet; but the instrument was mounted on the 

top of the landing vehicle, and the measurements were heavily affected by the wind (Mimoun 

et al., 2017). 

 

Figure 1-9. Instrument payload on the landing deck. From left to right, the HP3 probe, the thermal shield of SEIS 

and the SEIS instrument (red) 

These lessons were taken into consideration during the design of SEIS. It was deemed necessary 

to protect the instrument from both the atmospheric noise the considerable temperature changes 

between day and night (around 90°C). Consequently, a thermal shield was designed and built 

to insulate the instrument from its environment. This shield (Figure 1-9) is a white dome-shaped 

structure, mechanically isolated from the instrument (Lognonné et al., 2019). 
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SEIS is the result of several decades worth of work and international cooperation. In France, the 

Centre National des Études Spatiales (CNES) and the Institute de Physique du Globe de Paris 

(IPGP) lead the development of the Very Broad Band sensors (VBB). The German Max Planck 

Institute contributed with the LVL levelling system, the British Imperial College London with 

the Short Period sensors, and the JPL developed in the US the scientific tether that provides 

energy and transmits data to the lander (CNES, 2018). The SEIS instrument boasts very accurate 

levels of measurement; it is capable of detecting movements smaller than a hydrogen atom 

(SEIS - InSight, 2017). 

The results of the mission have been multiple and include detailed observations based on the 

sources of the seismicity on Mars (Giardini et al. 2020), the geologic history of the area 

(Golombek et al. 2020) and the interior structure of the planet based on seismic data (Lognonné 

et al., 2020), even from the earliest stages (Banerdt et al. 2020). The accurate size of the core 

was also determined (Witze et al. 2021). Models have been obtained for the surface structure 

properties (Kenda et al. 2020), based on the utilisation of single station methods (Panning et al. 

2015). 

The lander has two cameras: the Instrument Deployment Camera (IDC) fixed on the robotic 

arm to help in deployment of the instrument, and the Instrument Context Camera placed on the 

lander, with a fish lens to monitor a wide area close to the lander. Views of the deployed 

instruments can be seen in Figure 1-10. 

  

Figure 1-10. a) The HP3 instrument and the b) SEIS instrument when deployed as seen by the IDC and ICC 

cameras respectively. 

 

Figure 1-11. The raw SEIS data (deglitched) for the event of Sol 1222 plotted with the obspy python library. 
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Figure 1-12. The plot of the Mars 1222 event after processing (Credit: NASA/JPL, 2022). 

While on Mars, the SEIS instrument detected a total of 1319 seismic events or Marsquakes 

during the 1440 sols (Martian days) of the mission. These events where classified in four types 

based on data quality and the ability to locate their origin (Banerdt et al., 2020). Most of the 

biggest Marsquakes were located close to a geological structure known as Cerberus Fossae 

(Stähler et al., 2022). Some level of tectonic activity exists in the region, including landslides. 

The magnitude of these events is relatively small, with the biggest one detected on May 5th, 

2020 (Sol 1222). The raw data for this event from the SEIS VBB sensors (after the deglitching 

process done by the science team) is seen in the Figure 1-11. After considerable processing, the 

seismogram for this biggest Masquake was obtained by NASA/JPL, which can be seen in Figure 

1-12. 

While initially planned to last 709 sols (equivalent to 728 Earth days), an Extended Mission 

proposal was approved, and the mission remained active until December 20th, 2022. Due to dust 

accumulation on the solar panels, an excessive decrease in power resulted in the closure of the 

mission. The system completed 1445 sols (4 years and 18 terrestrial days) on the red planet, far 

beyond the initial planned duration. 

1.5. Soil mechanics outside of earth 

The soils or rocks planets (or other extra-terrestrial bodies) that have been visited by either 

unmanned or manned missions have been investigated in various manners. Adequate knowledge 

of the soil is necessary for the selection of landing sites (Golombek et al. 2016) and considerable 

effort has been devoted to predicting surface properties from orbital measurements (Fernando 

et al. 2015, 2016). 

Examples of mechanical investigation on simulants include triaxial compression tests and cone 

penetration tests performed on a lunar regolith simulant in low gravity fields (Mo et al. 2019). 
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Effects of reduced gravity on stiffness and shear resistance were assessed. Some limited changes 

were observed, and novel similitude testing methods were conceived. 

The angle of repose of loose granular materials under varying levels of gravity has also been 

studied (Kleinhans et al., 2011) to check whether it was dependent on the gravity value. Rotating 

drums in parabolic flights were used in both dry and wet conditions. The angle of repose was 

observed to vary at low gravity values, decreasing both for dry and wet scenarios in materials 

with grain sizes between 0.2 mm to 2.4 mm (sand, glass beads and gravels).  

Mimicking extra-terrestrial conditions implies the use of instrumentations in extreme 

conditions, such as very low temperatures which may affect the performance of displacement 

sensors such as potentiometers. Strain gauge displacement sensors are less affected by 

temperature while being more vulnerable to the effect of strong magnetic fields (Milushev et 

al., 2004). 

Another soil mechanics problem is related to the cratering produced by rocket exhaust during 

landing. Lane et al. (2010) investigated shearing mechanisms and particle ejection by using 

Computational Fluid Dynamics simulations and checked their calculations with tests on dry 

cohesionless sand. Observations of gas propagation in porous soils has shown that soil removal 

from the crater was due to variations in gas pressure, reinforcing the need for proper studies of 

the effect of transient gas flow in such materials (Scott & Ko, 1968, Wu et al., 1998). Other 

examples include the cone penetration problem, that can be studied with DEM (Arroyo et al. 

2011) and applied for lunar regolith (Mo et al. 2019). 

1.6. Martian Regolith Simulants 

Since no samples have been returned from Mars to Earth, Martian regoliths simulants have to 

be used. Simulant have also been utilized for works on the Moon, even though some – small –

amount of Moon regolith have been available from the Apollo missions).  So far, a considerable 

number of simulants have been utilized to study the surface properties of Mars and the Moon 

(see https://ares.jsc.nasa.gov/projects/simulants/. A few additional materials have been used as 

simulants for asteroids since 2017. 

The first documented simulant is the MSL-1, aimed to mimick the mineralogy and texture of 

the Lunar Maria (or Mare), the youngest geologic units of the Lunar surface (Hill et al., 2007). 

For Mars, the earliest simulant is the JSC - Mars-1 based on the spectral similarity with the 

bright regions of Mars and developed by NASA in 1997 upon the findings of the Pathfinder and 

Viking missions. Other data on simulants may be found in Seiferlein et al. (2008). A summary 

of the main planetary regolith simulants is presented in Table 1-6. Several of these simulants 

including Mojave and Martian Dust Simulant (JMDS-1) were utilised for studying the thermal 

conductivity at the surface of the InSight landing site and other missions (Nagihara et al. 2022 

and Yu et al. 2022). Work on simpler material including glass beads and crushed quartz 
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particules have also been used to measure thermal conductivity (Presley & Christensen, 1997). 

Note that the websites “the Martian Garden” and “the Planetary Simulant database” contain 

detailed information for each simulant (some of them can be obtained through the Martian 

Garden). 

Table 1-6. Main Planetary Regolith Simulants used. 

Simulant used Year Reference D50 Type 

MLS-1 1988 Weiblen & Gordon, 1988 0.1 mm Lunar 

JSC-1 1991 Mc Kay et al., 1994 0.2 mm Lunar 

JSC Mars-1 1998 Allen et al., 1998 0.15 mm Martian 

MMS-1 Mojave 2007 Peters et al., 2008 0.05 mm Martian 

 

For this work, the Fontainebleau sand was selected as simulant. Its characteristics are further 

detailed below. 

1.7. Fontainebleau sand 

Fontainebleau sand is often utilised as a common reference sand and several theses have been 

completed studying in detail most aspects of the mechanical behaviour of this sand, (Andria-

Ntoanina, 2011, Benahmed, 2001) while other works have used it to explore more specific 

aspects of its mechanics. These studies range from relatively simple matters as the bearing 

capacity of the material for surface foundations (Combarieu, 1999) to the measurement of the 

material’s dynamic properties in medium dense and very dense arrangements (Dano& Hicher, 

2002) and its interaction as a fine matrix on coarser soils (El Dine et al., 2010). 

These works characterize the material in detail with the use of numerous triaxial tests (Latini & 

Zania, 2017), consolidation tests, and even some dynamic testing such as cyclic triaxial tests 

and resonant column tests. An example of these works studied the effects of grouting 

Fontainebleau sand (Delfosse-Ribay et al., 2004) on the shear modulus and damping ratio of the 

material; since the results include the pure sand as a benchmark, these results are a useful 

comparison for those obtained with dynamic testing on the material. Recent more specific work 

includes assessment of liquefaction with dynamic penetrometers such as Panda 3 (López, 2022) 

and the study of hydro-thermal behaviour of sandy soils subjected to freezing conditions (Hung, 

2022). 

It is worth noting that the subject of this work is not to focus on characterizing an already well 

studied sand, but rather to use it in experimental setups conceived to simulate the behaviour of 

a (considered to be) mechanically similar Martian regolith. Consequently, only the key aspects 

of the materials are now summarized; the reader may nevertheless consult the works mentioned 

above for further details on the material. 
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Geological origin 

As part of the Bassin Parisien, the Île-de-France region contains numerous maritime deposits 

from the early Paleogene (34-66 Million years ago) when it was recurrently subjected to several 

cycles of transgressions and regressions of the sea. The main cycles at the Bassin during this 

period are summarized on Table 1-7 in chronological order. 

Table 1-7. Sedimentary cycles of the Paris Basin during the Paleogene 

Cycle Millions of years ago Paleogene epoch Deposit type 

Dano-Montien 65.5-59 Paleocene 
Calcareous 

limestone 

Thanétien 59-56 Paleocene Bracheux sands 

Ypresian/Sparnacian 56-51 Eocene Soissonnais clays 

Ypresian/Cuisian 51-48 Eocene Cuise fine sands 

Lower, middle and upper 

Lutetian 
48-40 Eocene 

Calcareous 

limestone 

Bartonian / Auversien, 

Marinesian 
40-37 Eocene 

Auverss and 

Bauchamp sands 

Bartonian / Ludian 37-34 Eocene Gypsum deposit 

Stampien/ Sannoisien, 

Stampien and Aquitanian 
34-28 Oligocene 

Fontainebleau 

sand 

The deposits of these relatively recent formations remain shallow for the mostpart as can be 

seen in Figure 1-13; consequently, the material deposits have been used in numerous practical 

applications. The Lutetian calcarean limestone was used for construction materials during the 

19th and 20th centuries; the gypsum from the Bartonian for plaster, and the Stampian deposits of 

silica sands (Fontainebleau sand is composed almost purely of silica) were used for optical 

lenses. 

 

Figure 1-13. The geological formations of the Paris region. The Paleogene formations remain among the 

shallowest in the region (Image credit: Histoire-geologique-du-Bassin-parisien). 

Fontainebleau sand in particular results from the regression of the Stampien sea from about 30 

million years ago, during the late Paleogene (Oligocene). As seen in Figure 1-14, the different 
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hypotheses for the area occupied by this ancient sea includes what today is the Île-de-France 

region. This was the final sea incursion of the sea into the region. 

 

Figure 1-14. Different proposals for the area occupied by the Stampien sea (Credit: Baut et al., 2003) 

Material description 

The Fontainebleau sand is a uniform fine sand of a beige colour, which can be seen in Figure 

1-15. Its grains composed almost entirely of silica, which can be seen to be the prevalent element 

in the spectroscopy in Figure 1-16 and Table 1-8 (the other elements are a result of sample 

manipulation, the presence of air and the gold plating required for SEM microscopy). 

  

Figure 1-15. Aspect of Fontainebleau sand a) during an indentation test with a 6 cm diameter plate for reference. 

Note that grains and groups of grains are distinct to the eye. Some grains observed on b) SEM images. 

 

Figure 1-16. Results of spectroscopy on a Fontainebleau sample during SEM microscopy. 
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Table 1-8. Results of weight composition by element. 

Element Wt% 

C 4.65 

O 52.82 

Al 0.73 

Si 41.80 

Total: 100.00 

 

The 𝐷50 for the material is 220 μ𝑚, and the material can be considered uniform due to its 

coefficient of uniformity being 𝐶𝑢 = 1.52. The key characteristics for the material as indicated 

in different studies are presented in Table 1-9, and the granulometric curves available are 

presented in Figure 1-17. 

Table 1-9. Characteristics of Fontainebleau sand in different studies. 

Source 𝐷50(𝑚𝑚) 𝐶𝑢 𝑒𝑚𝑖𝑛 𝑒𝑚𝑎𝑥 ρ𝑠(𝑔/𝑐𝑚
3) 

Andria-

Ntoanina, 

2011 

0.223 1.48 0.545 0.866 2.65 

Georgiannou 

et al., 2008 
0.220 1.48 0.540 0.865 2.64 

López, 2022 0.21 1.52 0.55 0.85 2.65 

Benahmed, 

2001 
0.21 1.52 0.54 0.94 2.65 

 

Figure 1-17. Size distribution curve for Fontainebleau sand. 

The rounded shape of an individual typical grain can be appreciated in Figure 1-18a. Notice the 

100 μm spans slightly less than the grain diameter. A group of grains is seen through SEM 

microscopy in Figure 1-18b, where some variability in the shapes of the grains can be observed. 
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Figure 1-18. a) A typical grain of Fontainebleau sand, and b) a group of Fontainebleau sand grains seen on SEM 

microscopy. 

1.8. Fontainebleau sand as a Martian regolith simulant 

Much of the work carried out in this contribution comprises experimental activities in a new 

regolith simulant, chosen to recreate the soil present at Elysium Planitia. The material in 

question is the Fontainebleau sand. This material is presented in some detail now, and with some 

more detail at the beginning of the next sections. 

    

Figure 1-19. The previously used Martian Simulants. (Karakostas et al., 2013) 

When designing the feet for SEIS (Karakostas et al., 2013), work was done making use of the 

simulants chosen with the best information available at the time. These feet were designed by 

the Navier laboratory at the École des Ponts et Chaussées, after performing tests on the best 

available Martian regolith simulant materials at the time. Since information in the pre-landing 

was limited to relatively low-resolution orbital data, further redundancy was achieved by 

working on three different simulants. These materials can be appreciated in Figure 1-19 and 

were good enough choices, since thanks to this design, the SEIS instrument stands on three feet 

on the surface of Mars. They intended to guarantee that the instrument would be well supported 

by penetrating the surface layer. Therefore, these three feet have the form of a sharp cone in the 

middle of a 60 mm disk. The cone has 20 mm in height and 10 mm of diameter (Delage et al., 
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2017). Learning from the serious disruptions that the winds of the red planet posed to the Viking 

seismometer, the SEIS instrument was also deployed below a thermal shield, topped by a white 

hemisphere with 70 cm of diameter (Lognonné et al., 2019). 

However, since InSight landed in late 2018, the choice for adequate regolith simulant could now 

be based on proper knowledge of the material encountered at the site. For the case of Mars 

InSight, this material had been the objective of dedicated study from before the arrival of the 

lander (Morgan et al, 2018, Golombek et al, 2009). Microscopic observations such as those from 

Phoenix also play a key role (Goetz et al, 2010a). 

The most relevant factor in this regard is the choice of grain size based on thermal inertia 

(denoted as I), which has been studied with high detail for the landing site both before and after 

the landing (Piqueux & Christensen, 2009). This property is a measure of the resistance that the 

surface layer of a material poses for temperature to propagate inside of it, and its definition is 

as follows: 

𝐼 = √𝑘ρ𝑐  (1) 

Where 𝑘 is the thermal conductivity, ρ is the density and 𝑐 is the specific heat capacity of the 

material. 

As seen in Figure 1-20, for the expected value of 160 − 230𝐽𝑚−12𝐾−2𝑠−1/2, a proper choice 

is a clean sand with little to no cohesion and packed in as loose as density as possible, since the 

values of expected density are all but unknown for natural sand deposits on Earth. 

 

Figure 1-20. Thermal inertia and the expected properties of the soil at the landing site (Golombek et al., 2017). 

After these works, and by using the available measurements of the thermal inertia at the landing 

site, a better simulant has been chosen. Thermal inertia values were available for the site being 

obtained both from orbit and directly on the planet. 

As a result, since the reported value of 𝐼 at the landing site was verified to be consistent with 

the expected 160–230 𝐽𝑚−12𝐾−2𝑠−1/2 (Golombek et al., 2020), a material particle size close 

to 170 μm can be expected to be the case for the material encountered at the site. The 
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Fontainebleau sand, which is natural from deposits close to Paris and thus easily available at the 

ENPC, presents a good choice for a simulant. 

The utilisation of Fontainebleau sand also poses several practical advantages. It is a well 

characterized sand that has been employed for numerous studies already. Some of the most 

important aspects of its behaviour have been meticulously studied. For instance, it is well known 

that the behaviour of the soil is highly dependent on its void ratio, and so the evolution of strains 

at the materials compresses is also relevant. This aspect of the material studied by the 

oedometric tests has also been done for Fontainebleau sand (Schanz & Vermeer, 1999). 

Dynamic behaviour concerning this moduli degradation, but also the increase of the material 

dampening as it strains have also been researched to some extent (Delfosse-Ribay et al., 2004). 

Dynamic testing including the utilisation of bender elements has also taken place using the 

material (Dano & Hicher, 2002). 

1.9. Lessons learned from the Mars InSight mission 

The Mars InSight mission was successful, acquiring and processing over 4 years of data, far 

surpassing the projected 1-year lifespan. It provided quite unique geological insights into the 

red planet, concerning its interior structure and formation history. The SEIS instrument, as the 

first of its type to be deployed outside of Earth, was key to achieve this. Along the important 

SEIS contribution, significant results were obtained from the other two main instruments RISE 

and HP3, as well as from the auxiliary instruments and cameras. 

SEIS accomplished significant milestones for the study of Mars seismicity. The seismic activity 

recorded included numerous events (over 1300 events were registered processed and 

catalogued), particularly the 12 class A events with large and proper enough signals to trace 

their origin back to the formation known as Cerberus fossae (Stähler et al., 2022), where 

marginal activity of magma remains at depths of 30-50 km. The detected activity included a 

very large event (magnitude 5) on May the 4th, 2022, and another very large one (magnitude 

4.2) on August 25, 2021. Impacts were also detected, particularly a very large impact on 

Amazonis Planitia that took place in December 24th of 2021, melting ice layers on the surface 

near the equator. This was a remarkable achievement, given how unlikely it was to have such a 

large impact during the relatively limited timespan of the mission. This impact generated surface 

waves transmitted through the planetary crust, helping its characterisation. Additionally, some 

of the seismic activity detected by SEIS resulted from smaller meteor impacts, such as the one 

that took place on 5 September 2021, which was the first event to be confirmed as an impact 

(Garcia et al., 2022). 

The high sensibility of SEIS not only enabled to acquire signals from impacts on the planet, but 

also to record effects as subtle as the passage of the Phobos moon above Elysium Planitia. This 

effect (known as the Phobos tide), which was slightly delayed but visible on the SEIS data, also 

provided relevant scientific results (Pou et al., 2022a and 2022b). Studying this phenomena was 
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also key to assess the size and state of the planet’s core, resulting in a planet core size estimated 

to 1820+/-80 km (Pou et al., 2022b), similar to the liquid core size estimated from radio tracking 

of 1835+/-55 km obtained from the RISE instrument (Le Maistre et al., 2023). These 

contributions also suggested an entirely liquid core, in contrast to previous ideas, another key 

contribution of the mission. 

SEIS data showed periodical spikes, known as glitches, that were not anticipated from pre-

mission testing. Glitches are attributed to step-like dilations inside the instrument components 

due to thermal variations (Scholz et al., 2022). Some tilt also had a mechanical origin, such as 

that induced by the passage of dust devils, that could be observed on both VBB and SP data 

(Murdoch et al., 2017 ).  

Besides the successful geophysical results gained on the structure of the planet, the InSight 

mission on Mars also provided rich output in the field of meteorology (Spiga et al., 2018), spatial 

imagery, and even on the evolution of the magnetic field from the onboard magnetometer 

(Johnson et al., 2020, Mittelholz et al., 2023a, 2023b). The magnetometer founded the remnants 

of an ancient magnetic field larger than expected, and monitored continuous fluctuations 

attributed to solar wind interaction with the thin atmosphere of Mars. 

The effects of dust devils on the seismometer data (Kenda et al., 2020, Murdoch et al., 2017) 

were analysed in details, together with the seismic noise resulting from changes in atmospheric 

conditions. This was repeatedly observed through the contrast between quiet nights, with little 

seismic noise, in contrast to very active days, with convective vortices, noise generated by the 

interactions between the wind and the lander, and the large thermal cooling-heating cycle and 

other vortices that induced ground deformation at surface (Stutzmann et al., 2021). 

The HP3 hammering to penetrate the Martian soil did not attain the desired 5 m depth (Spohn 

et al., 2022a). Nevertheless, the HP3 provided valuable lessons, since it became clear that 

despite its penetration power, it was too light to penetrate the surface of a too stiff material 

(Spohn et al., 2022b). The hammering process resulted in small seismic signals that were 

detected by SEIS and analysed to determine the wave velocities of the surface layer (Brinkman 

et al. 2022). The HP3 also provided interesting data on the thermal conductivity at the surface 

(Grott et al. 2022, Spohn et al., 2022a). These data were coherent with lab estimation provided 

by Nagihara et al. (2022), and also with the results presented in this work. 

The properties of the surface material at the landing site were better known (Delage et al, 2022a). 

Interesting data were also obtained from the arm activities, including digging trenches, pushing 

down on the surface and measuring the SEIS tilt (Golombek et al., 2023, Marteau et al., 2023). 

The grain size distribution of the surface regolith was also better assessed by observing the 

effect of wind transportation during the pouring carried out with the robotic arm to cover the 

SEIS tether (Verdier et al, 2023). 
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2. SAMPLE PREPARATION AND HOMOGENEITY 

Plus ça change, plus c’est la même chose.”. 

“The more things change, the more they stay the same”. 

Jean-Baptiste Alphonse Karr, 1849 

omogeneity and density are key components for the mechanical behaviour of sands. 

Given the loose density of the regolith at the InSight landing site (Grott et al. 2010), it 

was necessary to obtain very loose sand assembly for the specimens to be tested. 

Consequently, special care was devoted to preparing loose sand samples and particular attention 

was devoted to homogeneity issues. To achieve this, X-ray tomography tests (Thiery 2013) were 

performed on the samples. This chapter contains a brief explanation of the use of tomography 

to study soil density and also details the sample reparation technique. 

Since the original works about sand pluviation (Kolbuszewski, 1984), several developments to 

get controlled and homogeneous density in sand samples have been carried out. The pluviation 

technique has also been addressed by Cresswell et al. 1999, Taboroei et al. 2017, Gade & 

Dasaka, 2017, and Flitti et al., 2021.  

Some other investigations assess the effect of pluviation on the response of the sand (Miura 

1982, Vaid et al., 1999, Wanatowski & Chu, 2008, Jafri et al., 2018), on the influence under 

triaxial and torsional strength (Tatsuoka et al., 1986) and on damping (Tatsuoka et al., 1979). 

The effects of fabric and its degradation under stress cycles has been studied by Oda (1972, 

1972b). More complex materials such as combined sand and silt mixtures have also been 

addressed (Yamamuro & Wood, 2004). 

Specimen reconstitution in the laboratory with the pluviation technique compared to other 

methods has also been addressed (Vaid et al., 1999, Kodicherla et al., 2018) as has been its 

effect on static response of sand (Miura & Toki, 1982) as has been the effect it has on complex 

anisotropy considerations (Oda 1972a, Oda 1972b). Anisotropy aspects have been investigated 

by Siddiquee et al., 2018. Effects on other complex aspects of soil behaviour due to specimen 

preparation such as non-plastic behaviour and modulus degradation have been studied too 

(Zlatovic & Ishihara, 1997, Oda 1972b). 

Some works studying sample preparation homogeneity with X-ray tomography already exist 

(Al-Shibli 1996, Alshibli & Hasan, 2008, Chao-Fa et al., 2017, Chen et al., 2017). Shear band 

thickness has also been studied with the use of this technique (Borja et al., 2012). 

The preliminary draft of an article further addressing sample homogeneity due to sample 

preparation with X-ray tomography is presented below. 

H 
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2.1. X-ray micro-tomography investigation of the effects of funnel pluvation on 

sample homogeneity (Article 1: Manuscript in process) 

Abstract 

Adequate sample preparation is a key aspect to ensure useful and correct results for numerous 

experimental testing procedures in geotechnics. For the case of sands in particular, mechanical 

behaviour is dictated significantly by the density of the sample and the associated void ratio 

present in the sample. Consequently, sand samples are prepared at a desired density level by 

using several procedures, including several variations of the pluviation or rain deposition 

technique. In this work, the effect of sample preparation technique on the homogeneity of the 

obtained density level is evaluated with the aid of X-ray microtomography. Spatial variation of 

the density in the vertical and radial direction of a cylindrical specimen is analysed based on 

several scans, and the data is analysed to account for perturbations due to beam-hardening; this 

phenomenon was addressed with careful sample preparation and calibration with a novel 

technique. It is observed that negligible small-scale variations occur along the vertical direction 

of the sample, as well as the middle section of the radial direction; more variation was observed 

near the walls of the sample. Thus, for experiments conducted in the top central section of the 

sample, assuming the density value as constant through the sample is a valid supposition. 

Introduction 

Density is a key feature in the mechanical behaviour of sands, that must be carefully considered 

during sample preparation. Most often, density measurements are determined at a global level, 

with less attention paid to homogeneity and to the spatial variability of density within the 

sample. In this context, X-ray tomography, that enables in sands a detailed 3D image 

identification of samples, is particularly adapted. In this work, X-ray based tomography was 

utilised on a sample of Fontainebleau sand used as a simulant of the Martian regolith at the 

InSight landing site (Delage et al., 2022).  

Various X-ray scans were conducted on a sample used to investigate the interaction between 

the foot of the Mars InSight SEIS seismometer and the surface soil (Delage et al., 2022). In 

these tests, the sand was deposited in a container made up of a 240 mm diameter and 120 mm 

high transparent cylinder filled with sand in an as loose as possible state. To do so, the sand was 

deposited by using a funnel placed in the cylinder axis and slowly elevated while ensuring a 

zero-fall height between the funnel and the top of the sand pile. The homogeneity in density was 

investigated both vertically and radially by X-Ray microtomography. 

Due to the different lengths crossed within the cylindrical sand sample scanned by the X-rays, 

the grey values of the tomograph images must be corrected to account for beam-hardening 

effects (Brooks & Di Chiro, 1976). To do so, a series of 5 mm diameter silica glass beads were 

placed in the sand at a given level to use them for calibration. The glass beads have a density of 

2460.39 ± 16 kg/m3
 and are used as a reference for the almost pure silica Fontainebleau sand, 
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with a density of 2640 kg/m3 (Saadi et al., 2017).  5 mm diameter 3D printed hollow plastic 

beads with an internal cavity of 3 mm in diameter were used as a reference for the grey value 

of the air inside of the sample. 

Sample preparation 

The 120 mm height and 240 mm diameter cylindrical container is shown in Figure 2-1a. The 

container was placed on a scale prior to deposit the sand, done with the funnel at almost zero 

fall height to place an initial thin layer. Then, 20 glass beads with 5 mm diameter and 10 hollow 

beads (as the one in Figure 2-2) of the same size were placed at random positions (both radius 

and angle) around the sample (see Figure 2-1b). They were covered with sand carefully placed 

with a spoon, so that they keep their position. Then, the sand was deposited with the funnel, 

centred by using tape stripes fixed to the container as seen in Figure 2-3, guaranteeing that the 

funnel rises in a true vertical trajectory over the middle of the sample, with the conic pile of 

deposited sand rising homogenously. 

  

Figure 2-1. a) Cylindrical container used for the sample, filled with b) the bottom layer of beads. 

Once the base of the sand cone reached the top of the container, the cone was removed so that 

the clean surface of the container was visible, and a new layer of glass and hollow beads was 

placed, as seen in Figure 2-4a. After covering these beads, a secondary ring with 40 mm height 

was placed on top of the container, and pluviation resumed to cover the second bead layer with 

another cone as seen in seen in Figure 2-4b.  

 

Figure 2-2. Hollow bead with an internal 3 mm diameter used for calibrating the air grey inside the sample. 

Once the sample was ready for testing, it was weighted to determine the global density of the 

sample, prior to carefully placing it in the tomograph without any disturbance of the loose state. 
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Figure 2-3. Tape used to ensure the central position of the funnel during pluviation. 

 

Figure 2-4. After placing the a) upper layer of beads, a new b) conic pile was deposited over the top layer of glass 

and hollow beads. 

X-Ray tomography 

The equipment used was the RX Solutions Ultratom (Ultra High-Performance 3D CT System) 

available at the Navier laboratory (see Figure 2-5). To get adequate and sufficient data, three 

full scans were carried out. Two of them were made with the sensor aligned with the vertical 

plane of each glass bead layer (top and bottom) and the third one was performed with the sensor 

placed at the sample middle height, scanning a plane only made up of sand particles and air 

voids. The voxel size for the scans was of 85 μm, smaller than the D50 of the Fontainebleau 

sand. 

 

Figure 2-5. Sample placed into the X-ray tomograph. 
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Preparation and processing of the data 

Preparing the data for processing 

Once the X-ray microtomograph data was acquired, the first stage of data analysis was to 

reconstruct the sample using the various functionalities of the X-Act software. Of particular 

importance were the ring filters used as an initial correction to account for the circular rings that 

appear in the data. 

The result obtained was a group of two-dimensional slices, stored as very high resolution TIF 

image files., as the one seen in Figure 2-6. Each pixel of these slices contains the grayscale value 

associated to the corresponding voxel. In order to work with these data, stacks comprising 

several slices at each level with glass beads were created, utilising the data of the scan performed 

with the sensor located at the same vertical height. These images were cropped as a square 

(taking good care not to lose any information) around the cylindrical container to remove 

unnecessary data.  

With a voxel size of 85 μm, a void ratio of around 0.82 and the D50 of 220 μm, the number of 

slices to be used to make up each slice was computed as: 
220μm∗10∗0.82

85μm
= 25.88 slices/stack. 

Consequently, the results obtained would be representative of a layer spanning some 20 grains 

vertically stacked, which was considered big enough for a real representative volume of the thin 

layer investigated. 

 

Figure 2-6. Example of a TIF file of a slice of the scan. The white/light grey circles are the hollow beads, 

whereas the dark grey circles are the glass beads. 
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Figure 2-7. Images created to facilitate the identification of the beads. The white circles are the hollow beads, 

whereas the black circles are the glass beads. 

These stacks were now reduced to a single TIF image obtained by averaging each pixel 

vertically along the stack. This average image was then subjected to some transformations aimed 

at exaggerating the contrast between the glass beads and the hollow beads, and the sand 

surrounding them. The transformations include enhancing the local contrast (Zuiderveld, 1994) 

making use of Contrast Limited Adaptive Histogram Equalization (CLAHE), a properly 

calibrated bandpass filter, and an image smoothing process. As observed in Figure 2-7, the 

resulting image clearly highlights both the hollow and the glass beads, which significant helps 

when subjecting the image to an automated circle detection method, as needed for the next step 

of the data treatment. Note that the grey level on this altered image is different from that in the 

original data; this image was only used to obtain and coordinates the position of the beads and 

as a general geometrical reference, while the actual data for the grey value is taken from the 

unaltered image. All these transformations were done by using the Fiji distribution for Ubuntu 

of the ImageJ software. Work was done on stacks of 30-40 slices. 

Data processing 

Some profiles extracted at various points of the section of the sample along the vertical direction 

of the sample are presented in Figure 2-8, using the data from the scan done with the sensors 

placed at the height of the middle of the sample. One observes that the change in grey value 

along the sample height is reasonably tiny. It was then concluded that the effects of beam 

hardening along the vertical direction are negligible. Beam hardening was then treated as a two-

dimensional problem along each stack. 
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Figure 2-8. Vertical profiles plotted along the sample. 

As already mentioned, the purpose of including silica and hollow beads in the sand sample was 

to correct the measured grey level with respect to the beam hardening effects. The beam 

hardening effect corresponds to the increase in grey level along a radius observed in Figure 2-9, 

with an increase independent of the direction and larger grey level at the sample periphery. 

The imfindcircles function of the MATLAB computational environment, based on the Circular 

Hough Transform (CHT) was used to detect the position and radius of the beads in each plane. 

This was done separately for the glass and the hollow beads. It was then possible to construct a 

plot of the grey level as a function of the radii. 

Seeking to verify the independence of this with the radial direction of measurement, an image 

was reconstructed mapping every bead to the positive horizontal axes, and the results of this 

procedure can be observed in the Figure 2-9. This data is plotted from the scan done with the 

sensor aligned with each layer, to exclude the effects from beam-hardening in the vertical 

direction (even though it was already established that they would be limited at worst). It is 

observed that the raw data is roughly homogeneous in the radial direction. 
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Figure 2-9. Radial profiles of the grey level in main directions at the top and the bottom of the sample. Effect of 

the Beam Hardening has a radial symmetry. 

The same plot was constructed for standard deviation of the grey level (considering a small 

circle of 30 pixels for each point, except near the sample borders). These curves, shown in 

Figure 2-10 showed that the variation of the grey level remains mostly constant across the radius 

of the sample and in all directions; it can also be seen that the deviation corresponds to 1ess than 

1.5% of the measured grey level. 

 

Figure 2-10. Standard deviation of the sample plotted in several directions. The peaks correspond to the beads. 
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Figure 2-11. Graph showing the mean grey value plus and minus the standard deviation. 

 

Figure 2-12. Graph showing the mean grey value plus and minus the standard deviation. 

These two results where combined to observe the areas of greatest variation in sample Grey 

Level, resulting in the curves as the one shown in Figure 2-11. Apart from the beads, grey level 

standard deviation remains through most of the sample, but clearly increases towards the edges 

of the sample. It is also clear that the lower level of the sample is much less homogeneous than 

the top. 
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The same result is shown in all the main radial directions in Figure 2-12. While the upper level 

remains homogeneous, the lower level shows not only radial but also directional inhomogeneity, 

which can be appreciated in how the curves for each direction further deviate from each other 

as radius increases. 

The radial changes in grey level of the hollow beads, the glass beads and the sand are presented 

in Figure 2-13. For the beads, discrete data are fitted by using a cubic polynomial extrapolation. 

Note that more bead data are available for the top layer (a) compared to the bottom one (b). 

During sample preparation, it was easier to place beads at exactly the same height at the sample 

top by using the top of the container as a reference, whereas this was more difficult at the bottom 

level, when mounting the sample. 

  

Figure 2-13. Radial changes in grey level (GL) for sand and bead: a) top level; b) bottom level. 

These corrected data can be used to compute the density related to each pixel of the image. 

Assuming a nearly linear relation between the density (r) at radius r and the grey level (GL), 

with a grey level GL1 for beads (silica) and GL0 for hollow beads (corresponding to the air in 

the pores), the following relation can be easily established: 

𝜌𝑟(𝑟) =
1

(𝐺𝐿1(𝑟) − 𝐺𝐿0(𝑟))
𝐺𝐿(𝑟) −

𝐺𝐿0(𝑟)

𝐺𝐿1(𝑟) − 𝐺𝐿0(𝑟)
 

where 𝐺𝐿(𝑟) is the grey level from experimental data, 𝐺𝐿1(𝑟) is the grey level at radius r based 

on the cubic polynomial model for glass beads data and 𝐺𝐿0(𝑟) is the grey level of hollow 

beads. The density results are presented in colour map in Figure 2-14 for the upper and lower 

sections. Some profiles along several directions are also presented for the top level in Figure 

2-15 and for the bottom level in Figure 2-16. 
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Figure 2-14. Density value colormap, shown for the a) upper and b) lower levels. 

 

Figure 2-15. Radial density profiles along the upper level of the sample. The top and down peaks corresponds to 

crossing beads; one silica bead has been crossed at 320° (red curve) and two beads (silica and hollow bead, 

respectively) have been crossed at 160° (green curve). 

 

Figure 2-16. Density profiles along the lower level of the sample. 

  



SAMPLE PREPARATION AND HOMOGENEITY 

48 

 

Discussion 

The changes in grey value with respect to the radius presented in Figure 2-13 for both top and 

bottom layers of beads show that, as expected, the average greyscale values of the tested 

material (a mix of sand and air) are between the highest values of the glass beads, that 

corresponds to the silica that constitute the sand grains (curve on top) and the smallest values of 

the hollow beads that correspond to air. All three curves are significantly affected by the beam 

hardening effect.  

Inspection of the corrected density values presented in colour map in Figure 2-14 and of the 

density profiles along various angles (60, 160, 255 and 320°) in Figure 2-15 and Figure 2-16 on 

the top and bottom sections, respectively, shows a better homogeneity on the top section. Along 

the directions investigated, density values are between 1300 and 1600 kg/m3 (not including the 

value of the beads) are obtained on the top section, where the peaks of a silica bead is observed 

at 60° with also two peaks of silica and hollow beads, respectively, at 320°. Data are less good 

on the bottom section, with density between 1000 and 1600 kg/m3. Note however that the 

dominant green colour observed in the colour map of Figure 2-14 on the top section (density 

around 1100-1400kg/m3) indicate a rather satisfactory global homogeneity. The worse 

homogeneity of the bottom section is also clear in the Figure 2-14, with various blue spots 

indicating looser areas.  

It is also observed that, for both sections, loose areas with density values below 1000 kg/m3 

appear at the periphery of the cylinder in contact with the container wall, indicating that the 

grains coming in this area, with a higher velocity after rolling over the whole slope of the pile 

on the top of which they have been poured, are arranged in a significantly looser arrangement. 

Note that this is also true at the centre of the samples, as seen in the density profiles of Figure 

2-15 and Figure 2-16, with densities of 1250 and 1100 kg/m3, respectively. The path followed 

by these grains is significantly different from that of the former ones along the periphery, given 

that they are not supposed to have rolled over the slope of the pile, but to have stayed in the 

place where they have flowed from the funnel at zero height. For comparison, sample global 

density was estimated at 1423.37 kg/m3. 

It is also observed that for both sections the highest levels of deviation for sample density appear 

towards the vicinity of the container walls, where density drops significantly compared to the 

values near the middle, as seen in Figure 2-15; the lowest values of density of each cross sections 

are found here, diverging as much as 18% from the significantly more uniform values found at 

the middle of the sample. It is possible that this elevated density is due to the lower kinetic 

energy level of the particles reaching the wall of the sample container after a brief slide, in 

contrast to the denser deposition at the middle of the sample, deposed directly with high energy 

impacting from a fall. This is consistent to what is observed at the energic layer proposed by 

Emam (Emam et. Al, 2005), in which the still falling particles contact the sand surface and result 

in denser deposition at the surface as the particle media accumulates, and lesser as it slides away. 
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In contrast, less satisfactory results were obtained for the measurements taken at the lower level 

of the sample, as seen in Figure 2-16. The lesser number of hollow beads available for model 

calibration at this level might also be partially related to the observed variation level. 

Nevertheless, it appears that even this rather simple variation of the pluviation technique can be 

used to obtain sufficiently homogeneous large samples, at least for work done in the middle of 

the surface of the material. 

Conclusions 

Density uniformity measurements were performed on loose arrangements of Fontainebleau 

Sand. The material is currently being utilised as a Martian regolith analogue for the study of the 

mechanical properties of the soil existing at the InSight mission landing site. 

A series of three x-ray microtomograph scans were performed on a cylindrical sample to 

determine whether simple pluviation with a funnel was sufficient to obtain a uniform value of 

density throughout the sample. A system of glass and hollow beads were successfully utilised 

to correct the data from the directly measured values to account for the effect of beam-hardening 

on the acquired 3D imaging. These effects were to be observed to be of relevance only on the 

horizontal direction. Beam hardening effects on the value of the grey level was observed to be 

independent of the direction thanks to the sample being scanned from all the directions all 360° 

around. The variation through the radius was properly fitted with a cubic polynomial, and it is 

considered that this key phenomenon was properly accounted for in the results interpretation of 

this work. 

Reduced density variation was observed near the middle of the sample, which confirms that as 

expected this area is suitable for testing. In contrast, a moderate significant of values appears to 

take place near the walls of the sample. Material at the top of the sample appears to be 

significantly more homogeneous than the one located at the bottom of the sample. Nevertheless, 

it appears that this simplified version of the pluviation technique is adequate enough to produce 

homogeneous samples as long as the testing is limited to the middle of the sample, without too 

many worries in depth other than the ones associated to eventual boundary effects. 
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3. THE INTERACTION BETWEEN THE FOOT OF 

SEIS AND THE MARTIAN REGOLITH 

“If I have seen further, it is by standing on the shoulders of giants”. 

Isaac Newton, 1676. 

he goal of the experimental activity of this chapter is to investigate the interaction 

between the foot of the SEIS seismometer and a simulant of the Martian regolith at the 

InSight landing site. The seismometer foot was designed at the CERMES group at École 

des Ponts ParisTech by performing experiments carried out on three regolith simulants (Delage 

et al., 2017). This investigation was updated by improving the experimental device to achieve 

higher precision with tests carried out on Fontainebleau sand as a simulant and has been 

published in a paper that is presented in this chapter. 

3.1. The feet of the SEIS instrument 

The SEIS instrument stands on three feet on the surface of Mars. These feet were designed at 

CERMES, the geotechnical group of the Navier laboratory at École des Ponts ParisTech. Tests 

were intended to guarantee that the instrument would be correctly supported by a satisfactory 

penetration into the surface layer. 

 

Figure 3-1. Design of the SEIS feet: a) Alternatives investigated and b) Final design of the feet of the SEIS 

instrument (Karakostas et al., 2013). 

Several foot shapes have been tested (see Figure 3-1a) and the performance of the final design 

was checked on tests on a sand bed on Earth (Figure 3-2). The final form consists of a 60 mm 

disk with a conical spike in its axis, where the cone has 20 mm in height and 10 mm in diameter, 

as seen in the Figure 3-1b (Delage et al., 2017). 

 

Figure 3-2. Testing of the SEIS instrument on Earth. (SEIS: Insight’s Seismic Experiment for Internal 

Structure of Mars (2019)) 

 

T 
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Although the landing site was selected to be as flat as possible, it was necessary to compensate 

for some possible inclination, which was achieved through the development of the mechanical 

levelling system (LVL), capable to accomodate inclinations up to 15° (Morgan et al., 2018). To 

correctly process the SEIS signals, it was necessary to know the transfer function of the LVL. 

An analytical model was developed in this regard. Based on a sensitivity analysis performed by 

Fayon et al., (2018), it was established that the key inputs for the model are the mechanical 

response of the foot – soil interaction. The most important parameters of the model are the spring 

constants characterising the force-displacement response between the seismometer foot and the 

Martian regolith. These variables are the horizontal stiffness 𝑘ℎ
𝑔

 and the torque 𝐶ℎ
𝑔

 , respectively, 

defined as follows: 

𝑘ℎ
𝑔
=

16(1−ν)𝐸𝑎

(7−8ν)(1+ν)
 (1) 

where 𝑘ℎ
𝑔

 is the horizontal spring constant, ν is the Poisson ratio, E is the Youngs modulus and 

a is the radius of the seismometer foot, and 

𝐶ℎ
𝑔
=

4𝐸𝑎3

3(1−ν)2
 (2) 

where 𝐶ℎ
𝑔

 is the torque induced on the ground by the seismometer feet. 

To determine parameter 𝑘ℎ
𝑔

, penetration tests of the foot in a regolith simulant, that are described 

later on, were carried out. 

The model of the seismometer foot consists of a 1 kg mass on top of the designed foot, that 

correspond on Mars to that supported by a foot. 

Given that the mass of SEIS is 7467 g in total. 

𝑚𝑆𝐸𝐼𝑆 = 7467𝑔 

With 𝑔𝑀𝑎𝑟𝑠 = 3.711𝑚/𝑠2, the weight of SEIS on Mars is: 

𝑊𝑆𝐸𝐼𝑆
𝑀𝑎𝑟𝑠 = 7467 ∗ 𝑔𝑀𝑎𝑟𝑠 = 27.71𝑁 

Resulting in each of the three feet on SEIS having to support 𝑊𝑆𝐸𝐼𝑆𝑓𝑜𝑜𝑡
𝑀𝑎𝑟𝑠 = 9.2367𝑁 

To apply the same force on Earth, the mass needed would then be: 

𝑚𝑆𝐸𝐼𝑆
𝑒𝑞 =

9.2367𝑁 ∗ 𝑠2

9.81𝑚
= 0.94 𝑘𝑔 

Leading to the use of a 1 kg mass. 



THE INTERACTION BETWEEN THE FOOT OF SEIS AND THE MARTIAN 

REGOLITH 

54 

 

3.2. Experimental setup 

The first concept of the test can be seen in Figure 3-3 (Karakostas et al. 2013). The soil is placed 

in a container (240 mm diameter and 120 mm height) put on the plateau of a triaxial press. The 

foot model is held by a spring used as force sensor. LVDT displacement sensors are used to 

measure the displacement of the press. By raising the press plateau, the foot contacts the soil 

and penetrates the surface.  

The need of more accurate measurements resulted in substantial modifications with respect to 

the original setup. Most of the sensors were replaced and several components were added to 

strengthen the device. 

 

Figure 3-3. The experimental setup used (Tri scan 50 triaxial press) 

The triaxial press has a high accuracy in velocity (0.01 μm/min, as seen in Figure 3-4) and 

displacement. One of the first modifications was to change the displacement sensor for a more 

accurate alternative. 

 

Figure 3-4. Some of the cycles performed to validate press displacement accuracy. 

Extensive testing was carried out to evaluate the accuracy of different available displacement 

sensors. One considered a no-contact Eddy current displacement sensor (see Figure 3-5), that 
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featured acceptable accuracy but only along a too small measurement range (1.5 mm). A better 

alternative was found with available LVDT sensors. 

Using two LVDTs makes it possible to determine penetration of the foot in the soil sample. All 

sensors were connected to a LabVIEW developed interface. 

 

Figure 3-5. Testing process of displacement sensors. The non-contact Eddy sensor is seen in the middle. 

A recent work at CERMES (Belmokhtar et al., 2018) demonstrated an accuracy of LVDT about 

0.1 μm. Two LVDTs were selected, with measurement ranges of 4.5 and 25 mm, respectively 

to monitor the soil penetration into the soil. 

Two LVDT sensors were thus selected, which had range measurements of 4.5mm and 25 mm 

respectively. These could now be used to monitor the soil penetration into the soil once the setup 

was adapted for the purpose, all while maintaining sufficient accuracy well below 0.1 μm. 

 

Figure 3-6. The selected LVDT sensors have a measurement range of a) 4.5mm and b) 25 mm respectively. 

The force sensor was upgraded to accurately measure a force below 10 N and the S-cell seen in 

Figure 3-7 was selected, with a range of 25 kN and a +/-0.05 N accuracy. 

 

Figure 3-7. The S-cell force sensor selected.  
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To achieve satisfactory accuracy with no effects of thermal dilation of the system (press and 

sensors) on the displacement measurements, a thermal insulation box made up of polystyrene 

and cork (Figure 3-8) was placed around the whole device. 

 

Figure 3-8. Thermal isolation box surrounding the experiment. 

The thermal performance of the insulating box was verified by several day/night temperature 

measurements (up to 36h), showing that temperature changes were reduced to 0.5°C (see data 

in the paper below). Data acquisition of the various sensors was made by a Keysight 34970A 

data acquisition unit (Figure 3-9). 

 

Figure 3-9. The used data acquisition unit. 

The temperature inside the device was monitored by using type J thermocouples (Figure 3-10), 

with a precision of 0.015 °C. 

 

Figure 3-10. The b) type J thermocouple placed a) inside the setup to monitor temperature during experiments. 

The final setup can be seen in Figure 3-11. Note that the sensors have been fixed to a stiff 

metallic structure to improve accuracy; Both thermal and mechanical insulations have been 

placed below the container, with a polystyrene and a thick aluminium plate. 
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Figure 3-11. The definitive experimental setup (without the thermal box to see it) 

All components can be seen in Figure 3-12, including the sensors, the data acquisition card and 

also 3 data track tracker 200 units for calibrating the different sensors and the 2 Solartron OD5 

signal conditioners for the sensors. 

 

Figure 3-12. All system components. 

The experimental procedure for the test is presented next. 

  



THE INTERACTION BETWEEN THE FOOT OF SEIS AND THE MARTIAN 

REGOLITH 

58 

 

3.3. The experimental procedure 

The sample is prepared, close to the triaxial press, by using a funnel to deposit the Fontainebleau 

sand in the container (see Figure 3-13), as described in the previous chapter. The sample is 

weighed to determine its density. This deposition technique made it possible to obtain density 

between 1400-1500 kg/m3, corresponding to a density index ID of 6-8%. The container is then 

placed on the plateau of the triaxial press with great care to avoid any change of the loose 

arrangement of sand grains. 

 

Figure 3-13. Sample preparation procedure. 

The three sensors are placed, and the data acquisition system is activated. The LVDT sensors 

are placed only once the foot model is placed close enough to the sample surface, due to their 

reduced range. 

Test procedure is summarized in Figure 3-14. Before starting the test, temperature stabilization 

must be attained, which takes about 14 hours. The sample has hence to be prepared the day 

before the test within the thermal insulation box to stabilize temperature during the night. The 

next morning, the change in temperature is checked and the test is started when temperature 

remains stable within +/-0.1°C. Temperature was monitored during all the test duration. 

A slow displacement rate of 0.01 mm/min is applied to move upwards the plateau. The rate was 

chosen after some testing confirming that the response did not depend on it. Various loading 
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and unloading cycles are then applied by changing the displacement direction of the press. The 

detailed test program for these tests can be seen in the article in Table 3-2. 

 

Figure 3-14. Simplified schema of the experimental procedure of each test. 

The first tests were conducted using a flat disk that was replaced by the actual SEIS foot with a 

spike in its axis. 

3.4. Experimental program results, analysis, and interpretation 

Several series of tests were conducted to reach the final configuration, with many modifications 

resulting from successive problems resolved thanks to the help of the technical team. A 

definitive program comprising 10 tests with the disc setup, and 3 with the seismometer foot 

setup were performed. From each test, a load-displacement curve is plotted. The initial segment 

of the curve is the consequence of both plastic and elastic strains of the soil; on the 

unloading/reloading cycle, elastic behaviour is observed, and the slope K of the cycle can be 

calculated that can be converted into the desired Young modulus E by considering the stress 

field taking place around the seismometer feet. The results obtained during these experiments 

are presented in the article at the end of this chapter. 

The results obtained during these experiments are presented in the article at the end of this 

chapter. 

3.5. Finite element verification 

Several Finite Element Method calculations were made by using the commercially available 

PLAXIS code, taking advantage of the cylindrical symmetry of the experimental setup. 

Particular interest was devoted to check the boundary conditions imposed by the container to 

check whether the infinite half-space assumption adopted in some calculations was valid. 
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Figure 3-15. Base model with actual sample dimensions of the container. 

Several scenarios were evaluated; to achieve this, a base departure model with 20 MPa material 

module and the actual inner dimensions of the container was prepared, as seen in Figure 3-15. 

The metallic plate was modelled as being infinitely rigid. It was then modified to a model with 

double the size to evaluate the difference in the wall settlement, but only a marginal difference 

of 5.8 x 10-4 𝜇m/N vertical displacement at the wall (0.01 𝜇m being the base result) was 

observed under the 10N loading condition, and 0.04 𝜇m/N difference at the middle (2.6 𝜇m 

being the result). Another condition taken into consideration after the suggestion of the article 

reviewers was the consideration of different layer E modules with depth (see Figure 3-16). To 

achieve this, the model was discretized in depth using a series of fine layers (modules are 

detailed in Table 3-1) with each one being 1 cm thick. 

 

Figure 3-16. The model built with discretized fine soil layers. 

It is necessary to remark that the level of stress being considered is extremely low. This can be 

appreciated when considering the existing relations of the E modulus with stress, which were 

determined with the use of the following expression. The expected range of values for different 

void ratios of the material can be estimated in terms of stress. Various relationships of the 

following form are usually considered: 

𝐸 = 𝐾𝐸 ⋅ 𝑓(𝑒) (
𝑝

𝑝𝑎
)
𝑛

 ⋅ 𝑝𝑎   (3) 

Here, 𝐸 is the Youngs modulus, 𝑓(𝑒) is a function of the void ratio (several choices are 

available), 𝑝 is the confinement stress, 𝑝𝑎 is the atmospheric pressure, and 𝑛 is a power usually 

chosen to be 0.45-0.5 depending on the void ratio function of choice. The values of several of 

these void ratio functions for the material in consideration are presented in Figure 3-17. 
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As can be appreciated in Figure 3-18, the usual order of magnitude is at least in the hundreds of 

kPa, whereas in the performed measurements these values barely reach 4 kPa. In this segment, 

the effect of the Density Index 𝐼𝐷 variation is unclear, since as it is seen in the figure the lines 

almost superpose each other. The currently existing relationships are thus inadequate at this 

level. The obtained results therefore provide valuable insight into this mostly unexplored range 

of stresses and strains. 

 

Figure 3-17. Several void ratio functions evaluated for Fontainebleau sand. 

 

Figure 3-18. Shear moduli for Fontainebleau sand predicted in terms of stress. 
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However, the differences again turned negligible due to the difference in stresses from the 

bottom layer to the top layer being less than 1.75 kPa (2.6 𝜇m displacement at the middle being 

the result). With these scenarios analysed, it was concluded that the boundary condition has 

negligible effect, and the assumptions are valid. 

It is worth noting that modelling the soil behaviour during the penetration process (outside the 

loading-reloading cycles) with conventional constitutive models available such as Linear Elastic 

or Hardening soil may not be possible as the existing models are not well suited to the early but 

very small plastic strains that occur at these very low stresses. Consequently, these results only 

intend to send as a validation of what happens in the very small unloading-reloading cycles done 

on the sample and are limited to the verification of the boundary conditions effects. 

Table 3-1. Module values for each model layer. 

Layer E (MPa) 

1 9.68 

2 13.68 

3 16.76 

4 19.35 

5 21.64 

6 23.70 

7 25.60 

8 27.37 

9 29.03 

10 30.60 

11 32.09 

12 33.52 

 

3.6. Conclusions 

Refer to conclusions in the article below. 
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3.7. The interaction between the SEIS seismometer of the InSight Martian 

mission and a regolith simulant (Article 2: Published) 

PIERRE DELAGE, JUAN-PABLO CASTILLO BETANCOURT, BERNARDO CAICEDO 

HORMAZA, FOIVOS KARAKOSTAS, EMMANUEL DE LAURE, PHILIPPE 

LOGNONNÉ, DANIELE ANTONANGELI and BRUCE BANERDT 

A detailed investigation has been conducted of the interaction between a Martian regolith 

simulant and the foot of a seismometer (SEIS) recently deployed on the surface of Mars within 

the NASA InSight mission. A specific device used to investigate the SEIS/ground interaction 

was improved to provide accurate measurements of low forces and displacements, with a higher 

system stiffness and appropriate thermal insulation. A series of tests was carried out with a 60 

mm diameter disc and the SEIS foot (disc with a spike at its centre). The maximum disc 

penetration in the loose sand used as simulant under the SEIS weight (10 N) was between 400 

and 600 μm, with a tiny effect of the spike. Load cycles under various forces were performed 

to investigate the elastic interaction, with good reversibility and a linear change of the Young’s 

modulus with respect to the average vertical stress. The tests provided comparable values, 

showing that the Young’s modulus was around 20 MPa – which is compatible with that of loose 

terrestrial sands – and agreed well with the seismic wave velocities at the surface (from 

laboratory experiments and from measuring on the surface of Mars the travel times of waves 

received by the SEIS seismometer). 

KEYWORDS: laboratory tests; sands; soil–structure interaction 

Introduction 

The ‘Seismic experiment for interior structure’ (SEIS) (Lognonné et al., 2019, 2020) of the 

National Aeronautics and Space Administration (NASA) InSight mission on Mars (interior 

exploration using seismic investigations, geodesy and heat transport (Banerdt et al., 2020)) is 

the first seismometer ever deployed in direct contact with the surface of the planet Mars, in the 

footsteps of the Apollo lunar surface experiments package on the moon (e.g. Latham et al., 1969, 

1970; Bates et al., 1979) and 44 years after the landing of the two Viking seismometers in 1976 

(these seismometers, placed on the landers with no direct contact with the ground, did not 

provide any exploitable data). The InSight mission is a geophysical mission aimed at further 

understanding the structure of Mars and the other terrestrial planets of the solar system. The 

main geophysical instruments deployed on Mars are a very high-sensitivity seismometer (SEIS) 

funded by the French space agency (Centre National d’Etudes Spatiales (CNES)) and the HP3 

instrument (heat flow and physical properties package), a self-penetrating dynamic probe 

(called the mole, 39.6 cm long and 2.7 cm diameter) funded by the German Institute for 

Planetary Research (Deutsches Zentrum für Luft- und Raumfahrt (DLR)). The HP3 instrument 

is designed to perform thermal conductivity measurements along the first 3–5 m below the 

surface. The InSight lander that landed on Mars on 26 November 2018, is represented in an 
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artist’s view in Figure 3-19, with both the SEIS (covered by a wind and thermal shield) and the 

HP3 instruments deployed. Both are linked to the lander by tethers that transmit energy and 

data. 

 

Figure 3-19 InSight NASA lander concept and main instruments. Image credit JPL/NASA: 

https://mars.nasa.gov/insight/spacecraft/instruments/summary/ 

The Figure 3-19 also shows the 2 m long instrument deployment arm (IDA) and its grapple that 

deployed both SEIS and HP3 on the ground. The IDA also carries a high-resolution instrument 

deployment (colour) camera (IDC). The lander is also equipped with an instrument context 

camera (ICC), a meteorological station including temperature, windspeed and pressure sensors, 

two ‘rotation and interior structure experiment’ (RISE) antennas providing a precise location of 

the lander to accurately monitor the movements of the planet from the Earth and an ultra-high-

frequency antenna for data transmission. Energy is provided by twin 1.8 m diameter solar panels 

with a power of 700 W each, on clear days. 

The average size of the regolith particles on Mars was determined from thermal inertia 

measurements by the Viking lander and the Themis orbiter (Arvidson et al., 1989). The 

microscopic imagers of the Mars exploration rovers (MER – Spirit and Opportunity, 2004), 

Mars science laboratory (MSL – Curiosity, 2012) and Phoenix lander (2008) provided evidence 

of sorted dark grey basaltic sub-rounded to rounded fine sand particles (due to wind saltation 

under a 750 Pa atmospheric pressure), with diameter between 80 and 200 𝜇m. This range is 

compatible with the average diameter (170 𝜇m) derived from thermal inertia measured at the 

InSight landing site (160–230 𝐽/(𝑚é 𝐾 𝑠1/2) (Golombek et al., 2020)). Bright red dust particles 

(2–5 𝜇m) of slightly chemically altered basalt are also observed (Arvidson et al., 2004a, 2004b, 

Golombek et al., 2006a, 2006b and Goetz et al., 2010b). Orbiter observations indicated that dust 
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has been expelled by the rockets during landing at an average distance of 20 m around the 

InSight lander (Golombek et al., 2020). 

Figure 3-20shows a high-definition IDC photo of the Martian surface in the InSight landing site, 

showing the sand-like appearance of the regolith, with also some pebbles on the surface around. 

 

Figure 3-20. IDC photograph showing the scoop of the instrument deployment arm (IDA) compressing the 

regolith above a hole developed around the self-penetrating mole during hammering. The scoop width is 7·6 cm 

(image credit JPL-NASA. IDC image acquired on Sol 550, 

imageD000M0550_645359459EDR_F0000_0800M3) 

A detailed geological description of the so-called ‘homestead hollow’ where the lander is 

located was presented by Golombek et al. (2020), from which the interpretative cross-section 

of the landing site of Figure 3-21 has been extracted. It shows a typical regolith profile, with a 

layer around 3 m thick of relatively fine-grained impact-generated regolith (labelled number 3 

in the Figure 3-21) that is likely to grade with depth into coarse, blocky ejecta (labelled 2), 

which overlies fractured basalt flows (labelled 1), with an estimated 10 m thick layer of blocky 

ejecta. 

This paper is devoted to investigating further the elastic interaction between the SEIS foot and 

a Martian regolith simulant, by using a specific device working at very low stresses and strains. 

In a first approach, the investigation was carried out under terrestrial gravity (9.81 m/s2), higher 

than Mars’ gravity (3.72 m/s2). The aim of the programme is to provide an estimation of the 

value of the axial elastic spring constant of the regolith simulant to allow for theoretical 

modelling of the elastic interaction between the SEIS and the Martian regolith (see Fayon et al., 

2018). From a seismology point of view, the elastic parameters of the surface regolith that can 

be derived from this experiment are also interesting to estimate the wave velocity in the near 

surface. 
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Materials and methods 

Introduction 

The shape of the SEIS foot was designed based on a first series of tests carried out in a device 

developed at École des Ponts ParisTech (Karakostas et al., 2013) is presented in Figure 3-22. 

The foot consists of a disc with 60 mm diameter and a 20 mm long conic spike (10 mm diameter 

at its base) in its centre. As further detailed in the later subsection entitled ‘Experimental set-

up’, the device was improved to obtain better accuracy in terms of displacement and force 

measurements. 

 

Figure 3-21. Interpretative cross-section of the shallow surface beneath the InSight lander (Golombek et al., 

2020, Creative Commons CC BY license) 1, fractured basalt flow; 2, blocky ejecta; 3, fine-grained impact 

generated regolith; 4, 5, overlapping craters; 6, rockier area; 7, rocks embedded in regolith; 8, pits opened by 

retro rockets during landing; 9, surface divots; 10, lens of ejecta from other craters. 

 

Figure 3-22. The shape of the SEIS foot. The conical spike has a maximum diameter of 10 mm. 

Martian simulant 

The selection of a relevant Martian regolith simulant is a difficult task (Seiferlin et al., 2008). 

Given the data providedby the MER, MSL and Phoenix missions and by thermal inertia 

measurement (see above), it was decided to adopt the Fontainebleau sand (NE34), awell-sorted 



THE INTERACTION BETWEEN THE FOOT OF SEIS AND THE MARTIAN 

REGOLITH 

67 

 

rounded sand with an average grain diameter 𝐷50 =220 𝜇m (a little bit larger than the 170 𝜇m 

estimated value at the InSight site) and a uniformity coefficient 𝐶𝑢 = 1.57 (the maximum and 

minimum void ratios are 𝑒𝑚𝑖𝑛= 0.54 and 𝑒𝑚𝑎𝑥 = 0.86, respectively (Andria-Ntoanina, 2011)). 

The grain size distribution curve and a scanning electron microscopy (SEM) photo showing the 

rounded shape of the grains are presented in Figure 3-23. As observed in Figure 3-20, it is 

possible that the InSight regolith could be less well sorted with more fine particles, but it is 

currently difficult to obtain further precision about the exact in situ grain size distribution. 

Observations from previous missions also indicated a loose state of the regolith (Golombek et 

al., 2008), which was recently confirmed by local thermal measurements conducted at the 

surface by the HP3 mole (Grott et al., 2021). 

 

Figure 3-23. NE 34 Fontainebleau sand: (a) grain size distribution; (b) scanning electron microscope photograph 

showing the subrounded grains (after Andria-Ntoanina, 2011) 

Experimental set-up 

The precision of the experimental device used by Karakostas et al. (2013) was significantly 

improved by adopting high-precision sensors for the measurements of both force and 

displacement (0.1 𝜇m), together with a stiff device designed to support the displacement 

transducer and a thermal insulation device of the whole system. The device (Figure 3-24) 

consists of a sand container of 240 mm diameter and 120 mm high, placed on the platform of a 

standard 100 kN triaxial press, allowing for upwards displacement at constant speed at 0.080 

mm/min. The diameter of the container was constrained by the space available between the two 

rods of the triaxial press. 

The relevance of the container dimensions with respect to boundary conditions was examined 

through elastic calculations based on the solution by Sneddon (1946) of a rigid circular plate on 

a semi-infinite elastic homogeneous space (see Appendix), with the following expression of the 

vertical displacement 𝛥𝑧. 
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∆𝑧 =
𝜋

2
(1 − 𝜈2)

𝜎𝑉𝑅

𝐸
=

𝐹

2𝑅𝐸
(1 − 𝜈2)  (1) 

where R is the disc radius; F is the applied force; 𝜎𝑣 = 𝐹/𝜋𝑅2 is the average applied vertical 

stress; E is the Young’s modulus; and ν is the Poisson’s coefficient. AYoung’s modulus typical 

of loose sands (E =20 MPa (Massarsch, 2015)) was adopted and ν was taken as equal to 0.22 

(Delage et al., 2017). Equation (1) allows the stresses on the boundaries of the mould to be 

analysed, as shown in Figure 3-25. This analysis reveals slight changes in stress at the bottom 

(5% for 𝜎𝑧 and 2% for 𝜏𝑧𝑥 of the vertical stress applied on the surface) and at the periphery, 

leading to a vertical strain 𝜀𝑧 = 0.001% at the bottom (compared to 0.018% below the disc). 

 

Figure 3-24. Experimental set-up, showing more details of the fixation of the mass to the force gauge and the 

LVDTs providing the vertical displacement. 

 

Figure 3-25. Elastic calculations of the vertical and shear stress (presented as percentages of the applied vertical 

stress) and of the vertical strain below the foot under the SEIS weight, based on the elastic solution by Sneddon 

(1946) 

Finite-element elastic calculations were also carried out with the Plaxis code to account for 

possible effects that could be attributed to the dimensions of the mould. Calculations made with 

the mould (240 mm diameter and 120 mm high) were compared to those with a much larger 

container comparable to a semi-infinite space (600 mm diameter and 550 mm deep). The 

differences obtained between the vertical displacements were 5.8 x 10-4 𝜇m/N on the lateral 
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boundary and 0.04 𝜇m/N in the middle axis. They were considered small enough to conclude 

that the semi-infinite hypothesis used in Sneddon’s approach was satisfactory for the mould 

used. Compared to the 220 𝜇m average diameter of the sand grains, the small displacements 

calculated would result in a tiny movement of the grains at the interface with the container, with 

no significant effect on the disc penetration in the centre. 

The option adopted in the work was to keep the real (Martian) foot dimensions by reusing the 

foot model used during the SEIS foot design (Karakostas et al., 2013), by putting it in contact 

with a simulant with grain size and shape comparable to (albeit slightly larger than) those of the 

InSight regolith, and by loading it up to the force supported by each foot on Mars. The length 

scale used is 1 (e.g. 𝐿𝑚/𝐿𝑝 = 1, where 𝐿𝑚 is the length of the model and 𝐿𝑝 is the prototype’s 

length), leading to a disagreement in the similitude scale for stresses, which can be analysed by 

splitting stresses into those due to the seismometer weight σs (with a scale relationship of 1, e.g. 

s
m/s

p = 1) and those due to the self-weight of the soil 𝜎𝑔, which is 2.64 times greater than on 

Mars. The match is not perfect along the earlier part of penetration, where the stresses due to 

soil self-weight predominate. However, once the load grows, the issue with similitude on 

stresses decreases because the induced stresses beneath the foot dominate over the self-weight 

stresses. 

The SEIS foot is fixed at the bottom of a cylindrical mass of 1 kg, corresponding to the load 

supported by one SEIS foot under the gravity of Mars, fixed to the horizontal rigid top beam of 

the press through a force gauge. The experiment is carried out by putting the spike of the foot 

in contact with the surface of the sand, prior to activating the upwards movement of the press. 

This allows for the progressive penetration, at a constant displacement rate, of the foot within 

the sand mass, until reaching the contact between the disc and the sample surface. The spike 

penetration is monitored through the displacement rate of the press, which has been carefully 

calibrated. Once the disc contacts the sand, a high accuracy in displacement monitoring is 

achieved by using a linear variable differential transducer (LVDT) of 4.5 mm range with 0.1𝜇m 

resolution. 

The force measurement was improved by using a 25 N range force gauge (Interface SMT1-

25N). To reduce the noise in displacement measurements, a stiffer fixation system for the LVDT 

was adopted. As seen in Figure 3-24, the system is made up of two vertical rods strongly fixed 

on a thick aluminium plate placed on the plateau of the press along a diameter of the container, 

and a horizontal rod strongly fixed to the two vertical ones. The 4.5 mm LVDT was fixed on 

this system, with its stem in contact with the upper side of the 1 kg mass. Another LVDT with 

a larger range of 20 mm, shown in Figure 3-24, has also been used for tilt verification. With the 

same aim, a system of insulation from temperature changes and air movements has been set up, 

with particular attention paid to thermally insulate the two vertical rods of the triaxial press, 

because of the possible perturbations on the displacement measurements through their thermal 

expansion/contraction. The insulation system consisted of a light prismatic box made up of a 5 
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cm thick expanded polystyrene and cork layer, placed around the device, as seen in Figure 

3-26(a), with a small access made through the box for the control system. 

 
Figure 3-26. (a) Thermal insulation of the device; (b) temperature stabilisation is reached after 10 h for tests DS1, 

DS2 and DS3 (see Table 3-2) 

The performance of the insulating system was verified by taking several day/night temperature 

measurements by means of a thermocouple (able to detect changes in temperature smaller than 

0.1°C, see Figure 3-27 inside the box for up to 3 days. As shown in Figure 3-26(b), thermal 

stabilisation was attained around 10 h after the box was placed around the device. Also, the sand 

container was insulated from possible thermal perturbations from the press by placing a thick 

polystyrene plate between the plateau and the thick plate. As observed in Figs 8(b) and 9, the 

resulting stabilisation after 14 h reduces temperature variations to the order of 0.1°C, which is 

found to be quite satisfactory. 
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Figure 3-27 Temperature stabilisation in tests DS1, DS2 and DS3 (see Table 3-2) made possible by the thermal 

insulation of the device, is of the order of 0.1°C. 

Setting up the low-density simulant specimen 

Given the low unit mass of the regolith (1400 kg/m3 or even less; Golombek et al., 2008; Delage 

et al., 2017; Morgan et al., 2018; Grott et al., 2021), a dry funnel deposition procedure, as already 

used by various authors (including Tatsuoka et al., 1979; Lade & Yamamuro, 1997; Zlatovic & 

Ishihara, 1997; Yamamuro & Wood, 2004; Flitti et al., 2021) was adopted. To do so, the sand 

was gently poured at the centre of a container by using a funnel, keeping a zero falling height 

between the bottom end of the funnel and the top of the cone. The funnel was gently lifted by 

hand as the pile rose. An upper plexiglass ring (8 cm high) with the same diameter was placed 

on top of the container. Once the sand pile had reached the right height, the ring was removed 

and the excess sand was carefully erased to obtain a smooth horizontal upper plane surface. To 

minimise any disturbance, the sample was prepared close to the press and to a scale, on a 

mechanically insulating polystyrene layer. Once prepared, it was very carefully placed (no 

walking) on the scale for weighing, prior to being placed on the platen of the press. Once on the 

platen, the erased top surface of the sand was inspected to make sure that it stayed at the top of 

the container, which was the case. The unit mass of the deposited sand samples was found to be 

between 1389 and 1436 kg/m3 (see Table 3-2). This corresponds to an average density index, 

𝐼𝑑 =6%, indicating a very loose state of the specimen. 

Starting the test 

Once the sample had been placed on the platen of the press, the thermal insulation box was 

placed, and data acquisition started. As already mentioned, almost 1 day was necessary to reach 

temperature stabilisation, a mandatory condition for proper displacement measurements. The 

plateau was moved at a low velocity of 0.08 mm/min to adequately monitor all relevant 

parameters. Various loading and unloading cycles were applied at different forces to investigate 

the dependence of the elastic response with respect to stress (see Table 3-2). 
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Experimental results 

Most preliminary tests were aimed at establishing the validity of the device and checking 

repeatability. To do so, it was found to be simpler to carry out tests with the 60 mm diameter 

disc (without spike), because it allowed for easier detection of the first sand/disc contact. As can 

be seen in Table 3-2, ten tests were conducted with the disc. Once the performance of the system 

had been assessed, it was found that only three tests with the foot (disc +spike) were enough. 

The data obtained are presented in Table 3-2, including the values of the spring coefficient 𝐾𝑐 

determined from load cycles under various forces, and 𝐾𝑓 from the final unloading and the 

Young’s moduli (𝐸𝑐 and 𝐸𝑓). The latter was derived under the hypothesis of elastic semi-infinite 

homogeneous half-space, as mentioned later in the paper. 

Table 3-2. Experimental program carried out. 

N° 
Unit 
mass 
kg/m3 

Max. 
pt

* 
µm 

( 0.1) 

Max. 
force 

N 

( 0.01) 

Load cycles 
min – max 

N 

( 0.01) 

Slope Kc 
cycle 

MN/m 

( 0.07) 

Slope Kfu 
final 

unload 
MN/m 

( 0.07) 

Young 
modulus Ec 

cycle 
MPa 

( 1.1) 

Young 
modulus Efu 

final unload 
MPa 

( 1.1) 

Disk only 

D1 1421 412.6 10.48 8.14 - 9.63 1.32 1.19 20.89 18.8 

D2 1432 534.1 10.39 
2.72 - 1.57 
7.51 - 5.53 

0.28 
1.31 

1.47 
4.46 

20.76 
23.31 

D3 1413 419.6 10.47 9.30 - 8.06 1.33 1.09 21.11 17.21 

D4 1389 605.9 10.15 4.00 - 2.83 0.37 1.43 5.84 22.68 

D5 1421 485.5 10.27 
3.01 - 2.07 
5.67 - 3.32 

0.27 
0.82 

1.36 
4.23 

12.94 
21.57 

D6 1436 438.2 10. 9.46 - 7.87 1.23 1.47 19.53 23.31 

D7 1423 392.5 10.01 6.92 - 5.62 1.03 0.93 16.38 14.71 

D8 1409 605.4 10.97 
3.12 - 1.77 
5.53 - 3.02 

0.63 
1.15 

0.76 
10.03 
18.17 

11.97 

D9 1428 348.6 9.80 8.77 - 7.44 1.16 1.53 18.37 24.27 

D10 1435 408.3 10.31 8.98 - 6.37 1.47 1.37 23.25 21.73 

Disk + spike 

DS1 1428 607.4 10.6 8.55   6.49 1.11 1.087 17.59 17.24 

DS2 1403 598.4 9.91 8.81 - 6.77 1.26 0.825 20.02 13.09 

DS3 1418 611.3 10.56 - 7.40 1.18 0.936 18.65 14.85 
* pt: penetration 

Penetration tests with the disc 

Ten tests were carried out with the disc up to a maximum force of 10 N – that is, the force 

applied on the ground by each SEIS foot on Mars. Half of them were performed to determine, 

through a load cycle, the elastic response under 10 N. Five others were performed under smaller 

stresses to characterise the variation of the elastic response with stress. All final unloading 

sequences were also used to determine the 𝐾𝑓 coefficients and the 𝐸𝑓 Young’s moduli, as 

designated in Table 3-2. 
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Figure 3-28 shows the penetration curves of the ten tests in terms of force (N) with respect to 

the penetration distance (𝜇m) monitored by the 4.5 mm range LVDT. The Figure 3-28 shows 

some variability in the maximum penetration observed, which ranges between around 400 𝜇m 

for seven tests and around 600 𝜇m for the other three tests. The responses at the beginning of 

the series of seven tests show a stronger increase in force with respect to the displacement. A 

comparable slope is reached, however, for the three other tests after a penetration of 300 𝜇m. 

All curves show many spikes corresponding to sudden decreases in force, followed by a force 

recovery along several micrometres, which brings the curve back along the initial one as is 

typical of slip and stick phenomena (Cain et al., 2001). 

 
Figure 3-28. Force–penetration curves for the ten tests performed with the disc. 

 

Figure 3-29 Load–unload cycle performed between 8·98 and 6·37 N in test 10 (disc only). The stiffness 

coefficient given by the slope is k= 1·47× 106 N/m 

As indicated in Table 3-2, the elastic response under the SEIS weight (10 N) and thus very small 

stresses was investigated through cycles of force. Figure 3-29 shows a cycle performed during 
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test D10 between 8.98 and 6.37 N (force amplitude of 2.61 N), with a resulting penetration 

response between 395.65 and 397.4 𝜇m (amplitude of 1.75 𝜇m). The curve shows that the 

decrease in force, resulting from stopping and reversing the direction of the movement of the 

plateau, is not instantaneous, with a progressive decrease in force between 9.67 and 9.29 N 

occurring along 0.8 𝜇m, followed by a frank linear decrease in both force and displacement. A 

very slight hysteresis is observed, with a difference of 0.2 𝜇m between the two points at 8 N, 

showing quite a good reversibility and linearity of the response. A value of an elastic spring 

constant ΔF=Δd of 1.47106 N/m is derived from the graph. 

Penetration tests with the foot (disc + spike) 

The difficulty was to determine accurately the first contact between the spike and the sand, an 

impossible task if based on force measurement. Since it was easier to detect the contact between 

the disc and the sand, it was decided to set this point at zero and to plot back the penetration of 

the spike, as shown in Figure 3-30(a). The curve shows that the penetration of the spike along 

the first 17 mm (17 000 𝜇m to compare to the 400–600 𝜇m of disc penetration) provides no 

significant added effect of the spike in the loose sand (added contribution between 0.14 and 0.54 

N). The force–penetration curve of test DS1 is presented in Figure 3-30(a) and Figure 3-30(b), 

showing no significant force mobilisation below 3 mm and a maximum force of 0.14 N obtained 

just before the sand/disc contact is reached. The monitored forces also give an idea of the force 

gauge accuracy, which can be estimated ± 0.01 N. The sudden drops in force previously 

observed with the disc and typical of stick and slip are also seen with the cone (at 5200 and 9100 

𝜇m). 

The curves illustrating the interaction between the foot and the sand (Figure 3-31) are similar to 

those obtained without the spike, confirming the tiny effect of the spike. A maximum 

penetration of 600 𝜇m was obtained in these tests, as in three of the tests with the disc only 

(Figure 3-28). Reversible load cycles similar to that presented in Figure 3-29 were also 

observed, confirming little effect of the spike on the elastic response. 
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Figure 3-30. (a) Force–penetration curves for the three tests performed with the foot (disc+ spike). Note that the 

force significantly increases once the disc contacts the sand surface. The start of the disc/sand contact is taken as 

0 for the x-axis, and the curves are started at a point obtained by subtracting the length of the spike (−20 000 μm). 

(b) Detailed force–penetration curve of the spike alone for test DS1, with a maximum force of 0·14 N reached 

just before sand/disc contact. Two stick–slips are observed at around 4800 and 8600 μm 

 

Figure 3-31 Force–penetration curves for the three tests carried out with the foot (disc + spike) once the spike had 

fully penetrated the sand and the disc was in contact with the sand. 

Interpretations and discussion 

General considerations 

The challenge of setting up an experimental device able to deal with very low stress and strain 

has been met, thanks to special care devoted to the thermal insulation and to the stiffness of the 

device, resulting in a precision of around 0.1 𝜇m in displacements. The maximum disc 
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penetration obtained with the authors’ device under the weight of the SEIS (under the gravity 

of Mars– around 10 N) is between 400 and 600 𝜇m, whereas the average grain diameter of the 

Fontainebleau sand, 220 𝜇m, is around two to three times smaller. The low stress in the area 

affected by the disc penetration hence results in quite small plastic strains that correspond to the 

displacement of a limited number of grains below the sample surface, illustrated by the slope of 

the curves of Figure 3-28. The data of Figure 3-28 and Figure 3-31 show that the force reached 

at a displacement corresponding to the average grain diameter is between 2 and 7.5 N. This 

shows that the beginning of the curve is influenced by the roughness of the surface, which is 

controlled by the arrangement of the grains. Besides possible effects of local changes in density, 

this may be the explanation for the less pronounced start of the curves reaching 600 𝜇m. 

Conversely, the reversible load cycles illustrate a small elastic response of 1.3–2 𝜇m in vertical 

displacement, to be compared to the 220 𝜇m average diameter of the grains, indicating a limited 

reorganisation of the grain assembly. The elastic response should mainly be governed by the 

reversible stress release/recompression at grain contacts, following the Hertz–Mindlin contact 

theory (Hertz, 1882; Mindlin, 1949). 

When comparing the penetration curves and the close values of the elastic spring constants of 

the foot and the disc only (Table 3-2), no significant added effect of the spike was observed, 

showing that there is space enough in the loose contracting sand to accommodate the thin spike 

without any added strength. This probably also holds for the InSight regolith, the low density 

of which has been confirmed by both the development of a pit around the mole at the start of 

the penetration of the HP3 instrument (Golombek et al., 2020) and by some in situ thermal 

conductivity measurements that provided estimated unit mass values around 1200 kg/m3 (Grott 

et al., 2021). Some pebbles, like those observed in Figure 3-20, have also been observed in the 

excavations created by the rockets during landing and in the mole pit. The possibility of not 

having full penetration of one of the SEIS feet due to blocking by a pebble cannot be completely 

eliminated. However, the thin shape of the spike is the optimum in this regard, allowing easier 

deviation of the spike along a small enough pebble, and full penetration in the loose regolith. 

Elastic interpretation of the response 

Based on the measurements of elastic spring constants 𝐾𝑣 presented in Table 3-2and on the 

simplifying assumption of homogeneous linear and isotropic behaviour of the sand, the Young’s 

moduli for all the cycles performed (see Table 3-2) were derived based on the following 

expression derived from Sneddon’s equation (1) 

𝐸 =
𝑘𝑣(1−ν

2)

2𝑅
 (2) 

The elastic strain increment corresponding to the force cycle of Figure 3-29 is equal to 6 x 10-5, 

showing that the Young’s moduli are determined at small deformations, not far from the range 

of those derived from bender element measurements (10-5 - 10-6), as done in Delage et al. (2017). 

The changes in Young’s modulus with respect to the average vertical stress at the surface are 



THE INTERACTION BETWEEN THE FOOT OF SEIS AND THE MARTIAN 

REGOLITH 

77 

 

presented in Figure 3-32 (given the negligible effect of the spike, the calculations for the foot 

have also been made by using Sneddon’s solution). 

In the area corresponding to the SEIS weight (around 3.5 kPa), some dispersion is observed, 

with E values derived from load cycles between 17.59 and 23.25 MPa. This is an indication of 

possible changes in local density of the sample at the contact area with the disc/spike, probably 

enhanced by the small number of grains mobilised by the low applied stress, or for other reasons 

that are not yet clear, including possible hysteretic material behaviour of the sand. Averaging 

the values between 3 and 3.5 kPa yields an average E value of 20.07 MPa (note that, for some 

reason, some of the monotonic unloading coefficients at maximum force stay well below the 

line, with values as small as 11.97–14.85 MPa). The possible effects of changes in Young’s 

modulus with depth, suggested by the data of Figure 3-32, were investigated by carrying out 

finite-element calculations with a linear change of E with depth, in a model composed of 12 

layers of 1 cm thickness. The difference in settlement at the surface was found to be equal to 

0.0468 𝜇m/m, indicating negligible effects of changes in Young’s modulus with depth. 

 

Figure 3-32. Changes in Young’s modulus with respect to the average vertical stress at the surface. Data are 

derived from load cycles tests and from the final unloading step. 

The linear changes in Young’s modulus with respect to changes in average vertical stress (a 

value easy to calculate under a rigid plate) observed in Figure 3-32 are distinct from the well-

known power law that relates the Young’s modulus with the confining stress, defined by the 

two following equations (e.g. Santamarina et al., 2001) 

𝑉𝑝 = 𝛼 (
𝑝

1 𝑘𝑃𝑎
)
𝛽

 (3) 
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And 

𝐸 = 𝜌𝑉𝑝
2 (

3− 
4

𝑙2

𝑙2−1
) (4) 

With 

𝑙 = √
2(1 − 𝜈)

1 − 2𝜈
 

where 𝑝 is the mean stress, and α (m/s) and β are two fitted parameters. Delage et al. (2017) 

obtained β = 0.3 and ν= 0.22 on three different (more angular) Martian simulants. Following 

Santamarina et al. (2011), it was found more relevant to adopt, for sub-rounded grains, a slightly 

smaller value of 0.28, which results in a power law with β =0.56, slightly larger than the 0.5 

value commonly adopted for sands (e.g. Hardin & Black, 1966; Oztoprak & Bolton, 2013). 

The significant difference with the linear changes observed in Figure 3-32 is related to the use 

of average vertical stress 𝜎𝑧 instead of mean stress ((z + 2 x /3, since x = y). Inspection of 

the Sneddon’s expressions of 𝜎𝑧, 𝜎𝑥 and 𝜎𝑦 (see Appendix) shows that the relation between 𝜎𝑧 

and 𝑝 is far from simple, with the added difficulty of properly estimating the relevant layer 

thickness needed to estimate 𝑝 under the disc. 

Knowing E allows for the calculation of the other parameters governing the SEIS/ground 

interaction used in Fayon et al. (2018) in their modelling of the SEIS ground interaction – that 

is, the horizontal spring coefficient 𝑘ℎ and the torque 𝐶ℎ (Poulos & Davis, 1974)  

𝑘ℎ =
16 ER(1−ν)

(7−8ν)(1+ν)
= 1.17 × 106𝑁/𝑀  (5) 

𝐶ℎ =
4 ER3

3(1−ν2)
= 756.6 𝑁.𝑚  (6) 

Given that the Young’s modulus has been derived at a strain of 6 x 10-5, another interesting 

seismic parameter that can be derived is the compression wave velocity at the surface, according 

to the following equation: 

𝑉𝑝 = √
E(1−ν)

ρ(1+ν)(1−2ν)
  (7) 

in which ρ is the regolith unit mass. Adopting E=20 MPa, ρ= 1400 kg/m3 and ν= 0.22 yields a 

value of compression wave velocity of 128 m/s, in the expected range for sands under low 

confinement. Interestingly, this is also in good agreement with the in-situ velocities at the 

surface of Mars derived from analysing the seismic signals received by SEIS from HP3 

hammering at around 0.3 m depth, and 1.1 m away, equal to 118± 34 m/s for a surface layer 

approximately 30 cm thick (Lognonné et al., 2020). 
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Note, however, that these satisfactory agreements do not necessarily prove that the current 

experiment exactly reproduces the situation on Mars. Some limitations have been discussed 

above in this regard, both in terms of simulant and scale effects. The calculations here are also 

made based on a simplifying assumption of an equivalent homogeneous isotropic semi-infinite 

medium, whereas it is known that there is an increase of the elastic modulus of granular media 

with increased mean stress, as shown in Figure 3-32. Alongside the detailed geological 

examination of the surface (Golombek et al., 2020), further investigations are presently being 

carried out in this regard within the Near Surface Working Group of the InSight Science Team, 

based on visual and geological analyses, on the local measurements of thermal inertia, the 

seismic signals received by SEIS and the thermal data provided by HP3. Based on thermal inertia 

measurement, one possibility is to have a finer material with some cohesion, which would also 

be compatible with the very low density suspected. 

Conclusions 

Some improvements were made to the specific device that allowed to design the final shape of 

the SEIS foot to be designed (Lognonné et al., 2019) and to provide the first estimation of the 

elastic parameters governing the interaction between a Martian simulant and the SEIS foot, as 

analysed in Fayon et al. (2018). To successfully carry out accurate tests in conditions of very 

low stresses (<4 kPa) and displacements (<600 𝜇m), particular care was taken to optimise 

measurements by using a stiff system to support the container and the LVDT gauges, by using 

an adapted force gauge and a complete thermal insulation device, which made it possible to 

eliminate any perturbation that could result from the thermal expansion/contraction of the 

loading system, provided a waiting time period of 24 h was allowed to ensure a constant 

temperature with variations smaller than 0.5°C. This high-precision device allowed interaction 

tests to be successfully carried out between a disc and the foot. The tests showed that, under the 

weight of the SEIS, the maximum penetration in the simulant adopted was around 600 𝜇m – in 

other words, less that the thickness of a layer made up of three grains of Fontainebleau sand, a 

well graded rounded sand with an average grain diameter of 220 𝜇m. As a consequence, the 

start of the penetration curves was affected by the roughness of the specimen surface, which 

resulted in having maximum penetration between 400 and 600 𝜇m – that is, around twice the 

diameter of a grain. The large number of tests conducted on loose specimens with dry unit mass 

around 1400 kg/m3 (density index of 6%) showed reasonable repeatability, but with some 

dispersion in measured modulus related to possible changes in local density. The elastic 

response was investigated by conducting stress cycles at various force levels that provided fairly 

reversible responses with small hysteresis. A simplified analysis considering a homogeneous 

elastic isotropic semi-infinite medium was carried out to determine the dependency of the 

Young’s modulus with respect to the average vertical stress. The linearity seen was distinct to 

the power law observed with respect to the mean stress, a value difficult to estimate in the 

present case. It was also shown that the effect of the spike in a loose regolith was not significant. 



THE INTERACTION BETWEEN THE FOOT OF SEIS AND THE MARTIAN 

REGOLITH 

80 

 

The order of magnitude of the Young’s modulus under the SEIS foot is 20 MPa, a reasonable 

value for loose sand on Earth. This value was found to be compatible with previous laboratory 

estimations of the surface compression wave velocity and with in situ seismic measurements 

carried out on the InSight landing site by SEIS, from the hammering sessions of HP3. The data 

obtained from this improved system will allow for better determination of the SEIS–regolith 

interaction and the resulting resonance frequencies (Fayon et al., 2018). They of course could 

be improved in the future, once better knowledge regarding the regolith simulant is obtained. 

They can also be used for the resonance frequencies of the lander itself, which appeared also to 

have significant effects on the SEIS measurements. 
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Appendix 

The normal and stress fields presented in Figure 3-25 are based on Sneddon’s solution for a 

cylindrical indenter. The expressions are presented in more detail below. 

Sneddon (1946) provided, from an elastic analysis based on Boussinesq’s solution, the 

following expressions for the stress and strain field under a rigid loaded plate 
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ϵ𝑧 = σ𝑧/𝐸 

𝑝𝑡 =
1 + 𝜈

2𝜋𝐸
⋅ [
𝑧2

𝑅3
−
(1 − 2𝜈)𝑥

𝑅
] ⋅ 𝐹 

in which F is the force applied on the disc; 𝑧 is the depth; 𝑥 and 𝑦 are the horizontal distance 

from the axis; 𝑅 = √𝑥2 + 𝑦2 + 𝑧2; 𝑝𝑡 is the penetration; and 𝑚 = 1/𝜈. 

Notation 

𝐶ℎ torque spring coefficient 

𝐶𝑢 uniformity coefficient (grain size distribution) 

𝐷50 median particle diameter 

E Young’s modulus 

𝐸𝑐 Young’s modulus derived from stress cycle 

𝐸𝑓𝑢 Young’s modulus derived from final unloading 

𝑒, 𝑒𝑚𝑎𝑥, 𝑒𝑚𝑖𝑛 void ratio, maximum void ratio, minimum void ratio 

𝐹 applied surface force 

𝑘𝑐 axial soil–foot stiffness, derived from stress cycle 

𝑘𝑓𝑢 axial soil–foot stiffness, derived from final unloading 

𝑘ℎ horizontal elastic spring coefficient 

𝑘𝑣 vertical elastic spring constant 

𝐿 length dimension 

𝑝 mean stress 

𝑝𝑡 penetration distance 

𝑅 disc radius 

𝑉𝑝 compressive wave velocity 

𝑧 depth 

𝛼 fitting multiplier coefficient for the compression wave equation 

𝛽 fitting exponent coefficient for the compression waveequation 

𝜀, 𝜀𝑧 strain, vertical strain 

𝜈 Poisson’s ratio 

𝜌 unit mass 

𝜎𝑣 average surface vertical normal stress 

𝜎𝑧, 𝜎𝑥, 𝜎𝑦 normal vertical stress, horizontal stresses along x and y 

𝜏 shear stress 
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4. WAVE VELOCITY MEASUREMENTS ON THE 

REGOLITH SIMULANT 

“Not all treasure is silver and gold mate”. 

Captain Jack Sparrow, (2003). 

his chapter concerns the study of wave velocities in the Martian regolith simulant under 

low stresses and strains. Since low density is key to mimic the behaviour of the regolith 

at the InSight landing site, particular attention has been paid to the procedure used to 

achieve loose density states. Then, the bender elements technique of measuring wave velocities 

in sands is presented, with some emphasis put on the travel time determination. The approach 

adopted to achieve low stress conditions is described prior to presenting the results of wave 

velocities and Poisson ratio, based on the use of software tools developed to assist in data 

interpretation. The results are then analysed based on a micro-mechanical contact theory 

supported by SEM and AFM observations. This work is presented in two companion papers 

already accepted in the Journal of Geophysical Research: Planets. 

4.1.  Characterization of soil behaviour at very low strains 

 

Figure 4-1. Strain ranges and associated applications (After Atkinson, 2000) 

The determination of the change in shear modulus of soils with strain is relevant for geotechnical 

applications, especially under cyclic or dynamic conditions (Atkinson, 2000), particularly in 

offshore pile analysis and design (Sim et al., 2013). The maximum initial modulus of different 

soils in terms of void ratio and the degradation with strain has been investigated (e.g. Viggiani 

& Atkinson 1995, Oztoprak & Bolton 2013). Novel devices have been developed for 

determining elastic modulus at very low stress range and small strains (e.g. Cabrera et al. 2015, 

Caicedo et al. 2020, Villacreces et al. 2020) and at larger strains (e.g. Cagliero et al., 2015). 

T 
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The ranges of stiffnesses considered for geotechnical applications are displayed in Figure 4-1. 

The elastic or very strain range is defined below 1𝑥10−6 or 1𝑥10−5, with intermediary strains 

up to 5𝑥10−3 (Oztoprak & Bolton, 2013) and large strains above. The cyclic triaxial test (Bishop 

& Wesley, 1975) is used for larger strains, whereas medium strains are measured with the 

Resonant Column test (RC). Besides the shear modulus, these tests also provide the damping 

ratio of the soils, that are derived from the hysteretic cycles recorded under stress cycles. 

The Bender Element (BE) testing method was developed in the late 1970s in the very low strain 

range (10-6) to measure in a simplified way the initial shear modulus (denoted 𝐺𝑜 or 𝐺𝑚á𝑥). The 

strain range of each test is summarized as follows, for the particular case of sands (Khiatine et 

al., 2019): 

Bender elements  𝛾 < 10−5   Very small to small deformations 

Resonant columns  10−6 < 𝛾 < 10−4  Medium to large deformations 

Cyclic triaxial   𝛾 > 10−3   Large deformations 

 

 

Figure 4-2. Correspondence of moduli by using Bender elements and Resonant column. (Dyvik &Madshus,1985) 

Ideally, a single continuous degradation curve (showing the evolution of the value of 𝐺 as shear 

strain γ increases) could be constructed combining the results of the three tests, as successfully 

done by Dyvik & Madshus, 1985 in the case of BE and resonant column (Figure 4-2). 
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Many models of the degradation curve have been proposed, starting with the hyperbolic 

expression of Hardin & Drnevich (1972). Oztoprak & Bolton (2013) considered a very large 

soil database to propose relevant expressions and parameters. 

𝐺

𝐺𝑜
=

1

1+(
𝛾−𝛾𝑒
𝛾𝑟

)
𝑎  (1) 

where G is the shear modulus at a strain γ, γ𝑟 is a reference strain for 50% degradation and 𝑎 is 

a curvature parameter. Most often, the following expression is adopted for G0 (Hardin, 1972): 

𝐺0 = 𝐴 ⋅ 𝑓(𝑒) ⋅ 𝑝’𝑚  (2) 

𝐴 and 𝑚 are material constants and 𝑓(𝑒) is a void ratio function, for which many different 

expressions have been proposed. The results for these calculations based on available literature 

data for Fontainebleau sand in the literature is presented below, with the void ratio in Figure 4-3 

and the maximum shear modulus on Figure 4-4. 

 

Figure 4-3. Void ratio functions for Fontainebleau sand. 
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Figure 4-4. Initial shear moduli estimated for Fontainebleau sand. 

The figure shows that reasonable estimates are obtained. Above 50 kPa, these reference values 

are useful, even if a direct test is to be preferred. However, data and fittings are limited below 

50 kPa. Consequently, the work done with Bender Elements in this chapter (chosen instead of 

the resonant column to focus in the elastic range at these very low stresses and strains) can help 

for further calibration of these curves, especially in the low stress section. 

The history of development of the Bender Element test and, particularly, the interpretation of 

the results it yields is now presented. 

4.2.  Bender Elements and soils: an ongoing story 

The first works with bender elements started in the late 1970s. An array of ceramic benders was 

used to study the propagation of S waves in porous laboratory kaolinite sediments, determining 

both moduli and attenuation (Shirley & Hampton, 1978). The size of these early bender elements 

(3cm x 0.5 cm) were similar to modern versions. It is worth noting that initial work with Bender 

Elements was limited to S waves, due to the use of actuators limited to cantilever flexural 

displacements. The simultaneous propagation of P waves could not be correctly determined 

because of near-field effects. 

The elastic expression for the calculation of the parameters were already established at the time, 

with the following expression of shear (Vs) and compression waves (Vp): 

𝑉𝑠
2 = 𝐺/ρ  (3) 

𝑉𝑝
2 = 𝐾 +

4

3

𝐺

ρ
  (4) 

where 𝐺 is the shear modulus, K the bulk modulus, and 𝜌 the density. 
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New experimental setups able to send, receive and interpret P wave signals for wave velocity 

determination were carried out, among others, by Schultheiss (1981), Bates (1989), Nakagawa 

et al., 1996 and Brignoli et al., (1996). A significant contribution concerned the development of 

actual piezoelectric actuators capable of generating and receiving both P and S waves directly, 

known as bender extender elements (Lings & Greening, 2001). The result of these 

advancements was substantial, since it meant that the same equipment with a simple change in 

connection could be used to simultaneously assess both wave velocities in the same sample, 

avoiding the need for different samples or indirect estimations. The change in connection 

modifies the actuator and receiver movement from cantilever flexion to a longitudinal extension 

and contraction. This was validated acquiring the received signal in two different flipped 

configurations. Since no change in polarity was observed, added to the fact that the measured 

velocity was too high for a shear wave, it was realized that the nature of the pulse was that of a 

compression wave. High quality signals were observed and recorded after filtering, which 

excluded considerable low frequency noise from the recorded signal. The signal arrival time 

can be attributed to the first depart from the zero axis, since there is no other wavefront faster 

that the emitted P wave, thus facilitating the interpretation of the results in comparison to the S 

wave signals which are obscured by faster P components (Santamarina et al, 2001). 

Thanks to these progresses, anisotropic materials have been studied (Pennington 1999), along 

wide stress ranges and by using different setups with numerous bender actuator and receiver 

groups placed in complex geometrical configurations. This is usually done placing bender 

elements or similar piezo actuators as part of the experimental setup of other tests, such as 

triaxials (Dutta et al., 2020) or even more sophisticated equipment. An example of such a study 

is Duttine et al. (2007), where the anisotropy of reference sands mixed with kaolinite clay was 

addressed; in this work, benders were placed in testing equipment to accurately determine small 

strain moduli. This was combined with hollow cylinder and triaxial tests to compare an elastic 

isotropic model with a hypo-elastic anisotropic model. One of the same reference sands was 

studied under dynamic and static solicitations with rotated principal axes (Blanc et al. 2011), in 

the same equipment equipped with piezoelectric actuators. The results of these works can be 

used to calibrate complex model that account for the anisotropy at small strains with a few 

additional parameters (Yimsiri & Soga, 2003). As described further below, this problem has 

been studied with success in both frozen materials and viscoelastic materials such as bitumen. 

Another problem often addressed is that of reconstituted specimens, to assess the effect that 

sample preparation has on low strain anisotropy of the stiffness (Masanobu Oda, 1972a, 1972b). 

The particular case for clean sands after pluviation has been studied, observing that while the 

degree of saturation has only a negligible slight effect on the moduli, the preparation sample 

can result in 3-15% differences in measured dynamic properties due to the resulting different 

degrees of anisotropy resulting from sample preparation (Tatsuoka et al., 1979, 1986). 
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Other questions that remain relevant are those of the proper method of interpretation of the 

waveform signals, the effects of signal frequency and the response under low pressures, highly 

relevant for planetary investigations under low gravity. In this regard, novel experimental 

devices have been developed with glass bead samples subjected to very low confining stresses 

in microgravity conditions (Tell et al., 2020). Measurements at very low stresses range are 

defined as a normalization parameter (shear velocity at 1 kPa) for some of the exponential 

models describing the dependence of rigidity with effective stress (Cha et al., 2014). The 

parameters for these models are related to the soil compressibility coefficient 𝐶𝑐. Granular 

media subjected to extremely low stresses has also been studied (S. Van Den Wildenberg et al., 

2013a), showing that wave velocity becomes hard to measure at stresses lower than 1 kPa as the 

linearity of the wave degrades. This was also related to a loss of evolution of the granular 

packing beyond what continuum theories may adequately describe (S. Van Den Wildenberg et 

al., 2013b). Since the lowest stress in this study is 3 kPa, the lowest datapoints are acquired near 

this limit, constituting a challenging zone for adequate measurements. 

Wave velocities measured at very low strains have been used to assess the Poisson ratio of loose 

unconsolidated sands near the surface (Bachrach et. al, 2000, Spencer et al., 1994). This seldom 

addressed question of the Poisson ratio has been treated by Suwal & Kuwano (2013) from 

triaxial tests. The effect of the relative density has been investigated by (Kumar & 

Madhusudhan, 2010). Initial stiffness Gmax has been determined from benders by V. Jovičić et 

al., (1996), Viggiani & Atkinson (1995b), Youn et al. (2008), with interest in the low strain 

domain paid by Jovičić & Vilhar, 2009). Anisotropy was also investigated by Suwal & Kuwano, 

(2013) and Siddiquee et al., (2018) and the evolution of the moduli near kinematic yielding was 

investigated by Kuwano & Jardine (2007). 

Interpretation of the Bender Element Test 

The proper interpretation of Bender element tests should properly address i) the determination 

of the travel distance and ii) the travel time of the waves. The travel distance is separation 

between the tips of the bender elements and is easy to determine (Brignoli et al. 1996, Dyvik & 

Madshus 1985, Simonelli & Vinale, 1989). The determination of travel time has been addressed 

in detail by Viggiani & Atkinson (1995a), who addressed the different sources for uncertainty, 

showing that a 16% error on the shear moduli may be due to the travel distance determination. 

They also shown that travel time uncertainty mainly due to the choice of the arrival time. The 

wave arrival is often related to the first deflection from the axis in pure S wave signals and the 

polarity of the first deflected peak is used to back this choice (Abiss 1981). 

However, other studies (Sanchez-Salinero et al., 1986) associate the first peak observed in S 

waves to a near field component, corresponding to a wave with compression wave velocity, also 

evidenced in Brignoli et al. (1996). These parasites waves are the usual criterion to choose a 

sample size that allows for a travel distance of at least four wavelengths. 



WAVE VELOCITY MEASUREMENTS ON THE REGOLITH SIMULANT 

91 

 

λ = 𝑉𝑠/𝑓  (5) 

Where λ is the wavelength, 𝑉𝑠 is the sample wave velocity and 𝑓 is the wave frequency. As a 

result of using this criterion, the uncertainty may be significant since the arrival time uncertainty 

can result in a 60% error in the determination of Go. This work also uses both sinusoidal and 

square waves as emission signals (10 V at 50 Hz square, 1kHz-10kHz sinusoidal). Larger arrival 

times were observed, similar to those obtained with the different available frequential domain 

methods. 

Flat plate ceramics and resonant column were also successfully used for results validation when 

exploring the question of signal interpretation (Brignoli et al., 1996), further reinforcing the idea 

that adequate sample size in terms of sufficient wavelengths is needed for obtaining quality 

signals. In this work, P and S waves were measured in two clays and a saturated sand. While P 

wave is treated as trivial with the first axis depart, multiple arrival waveforms are suggested for 

the choice of the S wave arrival time for different scenarios, depending on the frequency choice 

for the transmitted signals, while always considering the polarity of the wave as positive. 

Interpretation is facilitated by using proper frequency for the sinusoidal wave, resulting in the 

near-field components becoming less relevant and facilitating the choice of the arrival time. 

In Brignoli’s work, though considering the frequency-domain based methods as the most 

accurate, the use of the final point of the received signal (both square and sinusoidal) was 

deemed most adequate for its proximity to the frequency values. For simplicity, this point may 

be referred to as the first major reversal of the polarity. Use of inadequate methods may result 

in overestimating the result in up to 14%. This is the case for pure S wave signals. 

Further work on the proper arrival time determination question was addressed in the following 

decades. An “objective criterion” was proposed (Jovičić et al., 1996) for improving this 

criterion. While acknowledging the ability of using sinusoidal waves as being able to reduce the 

uncertainty to about 7%, based on Sanchez-Salinero et al (1986), the first deflection in a bender 

S wave signal was attributed to the near field effect and thus discarded. It is also stated that 

based on this solution that when using a square wave, “a near field effect will necessarily always 

be present since it carries a whole spectrum of frequencies”. It was also noted that “The precise 

shape of the near field effect is a little different to that given by the analytical solution or the 

test data”. 

Performance and interpretation continued to be heavily focused (Lee & Santamarina, 2006), 

incorporating more complex considerations into the analysis such as crosstalk, resonance, and 

further insights into the near-field effect. Recommendations are given to avoid crosstalk, 

considering the possible connection configurations (series and parallel), mainly through 

grounding. A point is also made that although the travel time is unaffected regardless of the used 

frequency, working in the vicinity of the resonant frequency of the bender-soil system can 

significantly help the interpretation of the measured signals (and poses the alternative of using 
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a square wave to include a range of frequencies). Finally, the utilisation of the cross-correlation 

approach is encouraged to account for the multiple reflections of the wave in the walls of the 

container. 

The problem of overshooting is also presented in this Salinero et al. (Sanchez-Salinero et al., 

1986), where the ideal sinusoidal waves may not be used at the desired high frequencies for 

very stiff materials, resulting in the necessity of measures at lower frequency (thus not making 

it possible to avoid the near field effect merely by using only very high frequency sinusoidal 

waves). While also providing two possible solutions to avoid the overshooting problem, this 

work also confirmed the use of the reverse arrival point for the sinusoidal waves. 

Numerical solutions for the motion at the arrival point were proposed by Sanchez-Salinero et 

al. (1986), showing that 3 components (two propagating at Vs speed and one at Vp velocity) are 

present in the S wave received. A distance Ratio Rd was defined, a key parameter for bender 

element as it relates distance with wavelength and is thus useful for assessing eventual near field 

effects. These near field effects seem to be more drastic for stiffer materials. This Rd parameter 

can be used to select adequate frequency values with or without a more drastic field effect. 

Work on the bender element interpretation continued during the 2010s, with more 

methodologies for interpretation of increasing complexity, including complex reconstructions 

of the signal waveforms elaborated on the cross-correlation methods (Ogino et al., 2010). 

Despite all these efforts, accurate interpretation remains a challenging task and the 

manufacturing companies tend to provide their own detailed interpretation guides indicating 

what works best for their equipment. 

Study with Bender Elements on different soil types 

The initial works using bender elements were mainly conducted on clays (including Shirley & 

Hampton, 1978). However, since then, both dry and saturated sand have also been studied to 

evaluate the performance of the different interpretation criteria, including time domain methods, 

cross-correlation and frequency-based methods to evaluate sinusoidal pulses. 

Tests on a silty sand (Jovičić & Vilhar, 2009) confirmed the significant difference between time 

and frequency domain methods, with a tendency to yield lower G for the frequency domain 

methods. The case for both dry and saturated Toyoura sand (Gu et al., 2015) was addressed to 

further improve the criteria in a wide range of experimental conditions, while comparing with 

the resonant column and torsional shear test for further validation. The comparison established 

that the use of these dynamic methods enabled to observe a slight reduction in the values 

observed for the initial shear modulus under saturated conditions, in contrast to those obtained 

for dry ones, which can be attributed to the wetting of the grain at contacts, an effect already 

been observed by Nakagawa et al. (1997). Sand anisotropy whas also studied with multiple 
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bender elements on uniform Kenya (𝐷50 = 0.12 𝑚𝑚) and Ticino sands 𝐷50 = 0.6 𝑚𝑚  

(Fioravante, 2000). 

Many clays have also been studied successfully with bender elements, including the work of 

(Jamiolkowski et al.,1995) on six clays, allowing for the proposition and calibration of early 

models. The initial shear modulus was observed to depend on the void ratio and principal 

effective stresses, and not the over consolidation ratio (OCR). The setup also benefited from the 

relative simplicity of bender elements to explore material anisotropy by measuring wave 

velocities in three different directions. Another important result was the comparison with field 

measurements, observing considerable differences with other methods used for the estimation 

of 𝐺0 (with bender elements, velocities are from slightly lower to around half those measured 

in the field, and 20-25% higher than data from resonant column). This suggests that the true 

elastic threshold for deformation of these clays may be lower than usually considered. 

Another work including measurements of anisotropy was part of a doctoral thesis (Pennington 

1999) on a clay with significant kaolinite content. Accuracy was estimated to be around 1.5-

2.5% for the velocity measurement, and 2-6% for the modulus values. The use of bender 

elements allowed to characterize the highly anisotropic Cambridge clay as intended, supported 

again by considering the polarity of the received S waves for arrival time identification. This 

anisotropy was observed to be highly dependent on the void ratio. 

Frozen soils have also been studied to assess anisotropy of the small-strain modulus with 

piezoelectrics, since icing cycles can induce freezing (J. Wang et al., 2019). Linear viscoelastic 

materials have also been studied using wave propagation with piezo actuators (Sauzeat & Di 

Benedetto, 2015), analysing the waves with both frequential and time domain methods and 

enabling to study the anisotropy of the complex modulus and even the Poisson ratio of the 

material (Benedetto et al., 2007, 2009). 

The main problem is the choice of interpretation methods. Extensive works have already been 

made which compile existing methods and detail the choice of departure or arrival times, while 

also explaining the cross-correlation and the frequency-based methods (Murillo 2006, Asslan 

2009, Boulanger et al., 1997). The main interest has been recently paid on methods using 

parallel interpretation, in which simultaneous measurements of both P and S waves are used to 

interpret the signals under an established set of criteria (Wang et al., 2017). 

4.3. Work on bender elements (and wave velocity to determine stiffness or 

Poisson ratio) 

The two papers detailing the work and interpretation done with bender elements used in sandy 

simulant under low stress are now presented. 

For reference (additionally to the article results), some additional information is provided here 

concerning the results of these two works. 
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As seen in Figure 4 5, limited hysteresis was observed during the testing results, starting from 

10 kPa where the metallic container was removed. It can be seen that for all the four samples 

evaluated during the work presented in the article the unloading process was reversible. This is 

the result of carefully choosing the starting stress of the stress trajectory, since it was found that 

the sample could be turned to a horizontal position at 10 kPa without disturbing it too much. 

 

Figure 4-5. Limited hysteresis of sample wave velocities was observed during the unloading-reloading cycle. 

Figure 4-6 and Figure 4-7 shows a comparison of the obtained results for compression and shear 

wave velocity in the new simulant (Fontainebleau sand) in contrast to the previously used 

regolith simulants. It can be seen how low the stress range measurement used is, with several 

points in the new tests being measured below the lowest stress measured in previous works 

(Karakostas et al., 2013). 

The stress values presented on the measurement results were determined combining the imposed 

vacuum with the effect of sample self-weight and the stress imposed by the membrane holding 

the sample together, as described in the article. The sample was unloaded from the initial 10 

kPa value where it was dismounted without observing significant height variations (less than 1 

mm height variation through the entire testing), and only then unloaded to the lowest stress 

values. It was then reloaded up to the highest values of stress of 80kPa; this procedure ensured 

that the very loose assembly was not disturbed by the application of the higher stress values. 

A measurement datapoint results from averaging three to five of the waveform signals acquired 

by the oscilloscope. Each of these waveforms results from continuous operation of the bender 

elements, averaging 256 rapidly recorded signals until a stable waveform is attained. Several 

measurements are thus obtained, in identical conditions to ensure repeatability and as a first 

assessment of variability; three were deemed sufficient for higher stresses were almost no 
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difference existed (The typical variability was observed to be of a few m/s above 15 kPa, thus 

well below 1%), while five were considered necessary to further reduce the incertitude present 

on the measurements done at lower stress levels (with variations staying below 5%). In addition 

to measurement incertitude, it was necessary to quantify the effects of making use of different 

samples, and thus of a slightly different density value and particle arrangement. Preliminary 

tests showed that only limited variation in the results was present, but it was nevertheless to 

perform four experimental programs in different samples to discard the effect of sample 

preparation on the results. The results of all the samples as seen in the article show great 

correspondence and thus it can be considered that the presented results are easily reproducible. 

Since no hysteresis was observed, even at the lowest stresses, and considering that no important 

sample dimension variation was observed during the complete testing procedure, it can be 

considered that no relevant irreversible grain rearrangement took place during the tests.  

High frequency content was observed in the acquired signals in contrast to the frequency of the 

emitted wave; since a single pulse is being used instead of a continuous sinusoidal signal, which 

theoretically would have a single frequency content. Instead, the single pulse implies that both 

higher (and lower) frequencies are present in the transmitted signal pulse, which then appear on 

the received waveform signal as higher frequency components. While the velocity results are 

considered to be independent from the actuator excitation frequency, it was decided to work at 

a fixed 10 kHz frequency for the sinusoidal pulse, which considered was adequate to not 

introduce additional variability of different frequency values (Youn et al., 2008, Santamarina et 

al., 2005). This frequency content may be somewhat limited in comparison to the use of a square 

wave, which would carry all frequencies. But the bender element assembly in use is well known 

and working at 10 kHz enables for the use of clear signals which can be interpreted (the 

frequency of the sinusoidal does not affect the true arrival time, but proper choice of frequency 

can help data interpretation), and as mentioned previously some higher frequency energy is 

transmitted due to the utilisation of a single sinusoidal pulse.  

The most adequate method to determine this stress was to determine the stress level present after 

placing the sample in horizontal position, and accounting for the effect of the membrane 

stiffness in a FEM calculation (considered adequate since the sample is relatively large in 

dimensions and mostly undisturbed) once this static configuration has been attained. Further 

detail on this methodology can be found in the first article below. Further complexity to account 

for factors such as sample anisotropy resulting from the preparation procedure were not 

considered necessary. The sampling frequency used was 500kHz, so the signal waveforms were 

obtained consistently with a very high quality.  
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Figure 4-6. Compression wave velocity measurements of Fontainebleau sand compared with previous regolith 

analogues. 

 

Figure 4-7. Shear wave velocity measurements of Fontainebleau sand compared with previous regolith 

analogues. 
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4.4. Wave Velocities and Poisson Ratio in a Loose Sandy Martian regolith  

Simulant under Low Stresses. Part 1: Laboratory Investigation (Article 3: 

Published, JGR-Planets) 

J. P. Castillo Betancourt1,2, P. Delage1, B. Caicedo2, Ph. Lognonné3, B. Banerdt4 

1 Ecole des Ponts ParisTech, lab. Navier-CERMES, CNRS, UGE, Marne la Vallée, France.  

2 Universidad de los Andes, Bogota, Colombia.  

3 Université Paris-Cité, Institut de Physique du Globe, CNRS, Paris, France.  

4 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA.  

Key Points 

Bender Element measurements of Vp and Vs carried out on a novel device on loose 

Fontainebleau sand samples used as a Mars regolith simulant.  

Study carried out within a so far unexplored low stress range, below 10 kPa and as low as 1.75 

kPa.  

Poisson ratio observed to remain mostly constant at low stress, with a possible decrease in the 

zone below 5 kPa.    

Abstract 

Wave velocity measurements were performed on Fontainebleau sand samples used as Martian 

regolith simulant to investigate the elastic properties of the surface material at the InSight 

landing site on Mars (Elysium Planitia). Loose samples (density 1.4 Mg/m3, density index 6%) 

were prepared by using the pluviation method, to adequately represent the low regolith density 

at the InSight landing site. A novel device derived from triaxial testing was designed to to 

measure wave velocities at low stresses along a horizontal cylindrical specimen. Four tests were 

made, in which the confining stress was applied by applying vacuum between 1 and 80 kPa. 

Wave velocities were measured by using bender elements under stresses as low as 1.75 kPa, a 

very low value compared to the standard stress ranges generally considered in terrestrial 

geotechnics (> 10 kPa). The changes in compression and shear wave velocities obey a standard 

power law, with however two slightly different exponents for Vp and Vs, indicating a not 

perfectly elastic behavior. Data showed greater variability below 5 kPa, indicating some 

limitations of the bender elements technique in this range. A slight decrease in Poisson ratio 

was detected below 5 kPa, which certainly deserves more investigation. This investigation is 

useful to better analyze the data of the InSight mission, both in terms of wave propagation at 

surface and to interpret some in-situ elastic tests carried out with the scoop. These data are 

interpreted in the light of a granular contact mechanics theory in a companion paper. 
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Plain Language Summary  

The InSight mission lander placed on Mars a highly sensitive seismometer to detect seismic 

waves from Marsquakes and meteorite impacts. To help analysing the seismic waves, a special 

laboratory device was developed to measure wave velocities on a loose sandy simulant 

mimicking the surface regolith, with wave emitting/receiving transducers placed on both sides 

of a cylindrical sand sample submitted to external stress. Due to reduced gravity, stresses, that 

control wave velocity (larger stress, faster waves) are very low at the Mars surface. To impose 

low stresses (down to 1.75 kPa), we used a horizontal sample with a careful stress calculation 

along the sample axis, along which waves propagate. We determined the changes in wave 

velocity with stress (governed by a power law) and observed greater variability under 5 kPa, 

showing the limit of our transducers at low stresses. Based on elasticity theory, derived from 

wave velocities parameters governing sample deformations under strain changes. We suspect a 

slight decrease of Poisson ratio (that characterises radial elastic strain of a cylindrical sample 

under axial loading) below 5 kPa. Data is useful to better constrain the response of Mars sandy 

surface materials, at the InSight site and other areas for future Mars missions. 

Keywords  

Wave velocities, Martian regolith, Bender element test, InSight mission. 

Introduction  

Recent interest into the elastic behavior at small strain of sands under low stresses has been 

gained through the investigation of the mechanical properties of the surface layer at the InSight 

landing site on Mars, submitted to reduced gravity (g = 3.721 m/s2). Briefly, the NASA InSight 

mission is a geophysical mission landed on Mars (Elysium Planitia) in November 2018. The 

InSight lander installed on Mars’ surface a highly sensitive seismometer, funded by CNES 

(Centre National d’Etudes Spatiales, the French Space Agency) aimed at investigating both the 

seismic activity and the meteorite impact activity on Mars. The lander also installed the so-

called HP3 thermal device funded by DLR (Deutsches Zentrum für Luft- und Raumfahrt, the 

German Aerospace Center) that comprised a self-driving penetrometer aimed at measuring the 

thermal flow emitted by Mars and at characterising the surface thermal properties (Spohn et al., 

2018). The seismometer (Lognonné et al., 2019, 2020) provided valuable information about the 

seismic activity on Mars (e.g. Banerdt et al., 2018, Giardini et al. 2020, Hobiger et al., 2021) 

and about meteorite impacts (e.g. Garcia et al., 2022; Posiolova et al., 2022). Unfortunately, the 

selfdriving penetrometer could not penetrate more than 40 cm deep, due to a lack of friction 

along its shaft (Spohn et al., 2022a and b). It provided however the surface thermal conductivity 

(0.039 ± 0.002 W m-1 K-1), in agreement with orbital and in-situ thermal inertia estimates. 

Thermal data also allowed to derive a quite low surface density of 1.2 Mg/m3 (Grott et al., 

2021). 
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Figure 4-8 Image taken on Sol 1770 (i.e., the 1770th martian day of the mission) by the Instrument Context 

Camera of the Lander showing the hemispherical Wind and Thermal Shield (WTS, diameter 720 mm) covering 

the SEIS instrument, with the Instrument Deployment Arm vertically pushing on the soil at the right of the SEIS. 

A flat footprint made by a former push test by the IDA can also be observed. These push tests were carried out to 

estimate the surface elastic properties based on the sstrain derived from the SEIS response. The (black) HP3 

support system is observed on the left side, close to the place where the self-driving penetrometer has been 

buried. Some scraps made by the IDA scoop to cover the regolith tether for better thermal insulation can also be 

seen at the left of the WTS. All instruments are covered by a dust layer progressively brought by the Martian 

winds (Image Credit: NASA-JPL). 

The InSight mission provided much information on the mechanical properties of the surface 

(Morgan et al., 2018, Spohn et al., 2021, Delage et al. 2022a, 2022b, 2023,  Marteau et al. 2021, 

2022, 2023, Verdier et al. 2023). Significant input in this regard was gained by using the 

Instrument Deployment Arm (IDA). The IDA, designed to place the instruments on the surface 

of the planet, was also used in various scrapping and piling activities carried out with the scoop 

at its edge (Golombek et al., 2023). Figure 4-8 shows a photo taken by the Instrument Context 

Camera of the lander on sol 1771, close to the end of the mission, illustrating these activities. 

The photo shows that the landing site is flat and characterised by a sandy deposit with little rock 

abundance, as planned from orbiter data during the landing site selection (Golombek et al., 

2017). The photo also shows the hemispherical Wind and Thermal Shield (WTS) placed above 

the SEIS seismometer and the scraps made by the Instrument Deployment Arm (IDA) placed 

with its scoop in contact with the soil on the right hand side of SEIS). One also observes, left of 

SEIS, the scraps made by the IDA scoop during the operation of covering the SEIS tether to 

improve thermal insulation and reduce glitches in the seismic signals (Golombek et al. 2023). 

The support system of the self penetrating thermal probe is observed on the left hand side, close 

to the place where the probe has been penetrated. One can observe that all devices are covered 

by a dust layer that finally hampered the functioning of the solar arrays, resulting in a too weak 
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power supply to keep the instruments working. This led to the end of the mission on 18 

December 2022.   

The surface layer properties are not fully understood. Due to long term wind saltation, Mars 

regolith particles at surface are sub-rounded to rounded (Goetz et al. 2010b). Direct visual 

observations of the pits excavated by the rocket exhausts during landing evidenced a layer of 

cohesive sandy matrix containing some pebbles, called duricrust (see Warner et al. 2022, Delage 

et al. 2022a). It is suspected that the surface low density is made possible by inter-grains 

cemented bonds within a loose arrangement of regolith particles. The inter-grains cement is 

suspected to be due to salts deposited by thin films of water via interactions of atmospheric 

water vapor and soils, as suggested by chemical measurements by Viking and Mars Exploration 

Rover spacecraft (Banin et al. 1992, Haskin et al. 2005, Hurowitz et al. 2005).   

The in-situ determination of the surface regolith elastic properties could be made by recording 

with the seismometer the waves emitted during the hammering sessions of the penetrometer 

(Brinkman et al., 2022). The mean values of compression and shear wave velocities were Vp = 

119 m/s and Vs= 63 m/s, respectively, in reasonable agreement with previous lab estimations 

on loose sands used as regolith simulants (Delage et al., 2017).   

In spite of the difference between the sandy simulants used in terrestrial lab testing (Seiferlin et 

al. 2008, Delage et al. 2017, Delage et al. 2022b) and the regolith at the InSight landing site, it 

was found interesting to further investigate the elastic properties of sandy simulants under 

stresses lower than those currently considered in terrestrial Soil mechanics to better analyse the 

properties of surface sandy regolith on Mars, that are submitted to very low stresses. To do so, 

a specific device was developed in the laboratory to measure wave velocities in loose sand with 

bender elements under low stresses. This paper presents the device and the results obtained in 

terms of wave velocities and Poisson ratio. In a companion paper (Caicedo et al. 2023), the data 

are analysed through a theory of contact mechanics accounting for the roughness of particles 

(Bachrach et al. 2000, Bahrami et al. 2005, Bachrach and Avseth 2008, Butt et al. 2015). 

Wave velocity and Poisson ratio in sands 

The Poisson ratio ν of sands has been determined through wave velocity measurements by using 

bender elements by various authors, including Bates (1989), Nakagawa et al. (1996), Prasad 

(2002), Kumar & Madhusudhan (2010) and Suwal & Kuwano (2013). The expression of ν with 

respect to Vp and Vs is as follows, assuming an isotropic elastic medium: 

ν = 0.5
(
𝑉𝑝

𝑉𝑠
)
2

−2

(
𝑉𝑝

𝑉𝑠
)
2

−1

     (1) 

where Vp and Vs are the compression and shear wave velocities, respectively, given by the 

following expressions: 
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𝑉𝑃 = √(𝐾 +
4

3
𝐺) /ρ𝑏  and   𝑉𝑠 = √

𝐺

ρ𝑏
                                          (2) 

where K and G are the bulk and shear elastic moduli, respectively, and ρb the bulk unit mass of  

the sample. 

In the stress ranges considered by these authors, the Poisson ratio decreased under increased 

stress. Under high stresses, Prasad (2002) observed a decrease from 0.38 to 0.30 between 1 and 

10.2 MPa, with  = 0.30 up to 20 MPa. For Toyoura sand (𝐷50 = 0.19 mm, 𝐼𝐷 = 0.68), Suwal 

and Kuwano (2013) showed that ν decreased from 0.175 down to 0.15 between 50 and 400 kPa. 

Kumar and Madhusudhan (2010) investigated the effects of stress (between 100 and 500 kPa), 

density index 𝐼𝐷 between 0.4 and 0.8 (𝐼𝐷 =
e − 𝑒𝑚𝑖𝑛

𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛
, where 𝑒𝑚𝑎𝑥 and 𝑒𝑚𝑖𝑛 are the sand 

maximum and minimum void ratios, respectively) and and decreased with increased density 

index. Some data under lower stresses in a dense random pack of identical glass beads were 

presented by Bachrach et al. (2000), with ranging between 0.130 and 0.151 for stresses between 

5 and 40 kPa. They also conducted in-situ wave measurements in Moss Landing beach 

(California, dry angular sand) using a seismic line parallel to the shoreline of 20 geophones 

distant of 30 cm, and a hammer (about 50 kg) applied on a metal block as source. The Poisson 

ratio derived from the velocity profile between 0 and 5 m (vertical stress between 0 and 78.5 

kPa with a dry unit mass of 1.7 Mg/m3) was equal to 0.15, with no increase with depth. The 

Poisson ratios that they determined in the lab were between 0.13 and 0.26, with a tendency to 

decrease i) under increased stress - more significantly for fine-grained sand - and ii) under 

increased density index, whereas the in-situ determination by Bachrach et al. (2000) evidenced 

a constant ν with respect to stress. 

Materials and Methods  

3.1 Fontainebleau sand as a Martian Regolith simulant  

To account for the rounded shape of regolith grains on Mars (Goetz et al. 2010b), we adopted 

the NE34 Fontainebleau sand (see Delage et al. 2022b). It is a well-sorted silica sand (grain 

density ρs = 2.651 Mg/m3) from the Paris Basin with a median diameter D50 of 220 μm (see 

Figure 4-9, Benahmed 2001), to compare with the 175 µm diameter derived from thermal inertia 

measurements in the InSight landing site (Golombek et al. 2017). The uniformity coefficient Cu 

is equal to 1.65. The grain size distribution is presented in Figure 4-9a, together with a scanning 

electron microscope photo (b) that shows that grains are sub-rounded to rounded. The minimum 

and maximum void ratios are emin = 0.54 and emax = 0.86, respectively (Andria-Ntoanina 

2011).  
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Figure 4-9 NE34 Fontainebleau Sand: (a) grain size distribution curve, and (b) SEM image. 

3.2 Sample preparation  

The sample was prepared, as for standard triaxial testing, by using a 170 mm high mould of 

internal diameter 100 mm into which a neoprene membrane, fixed to the base of the triaxial cell 

and the external face of the mould at the top by using two O-rings, was maintained by applying 

vacuum (80 kPa). The pluviation technique (Kolbuszewski, 1948; Cresswell et al., 1999, 

Benahmed, 2001, Hariprasad et al. 2016) was used to prepare a low density sample, adopting 

an almost null fall height (resulting in an upward speed of the sieve of 3 cm/s) and a small sand 

flow.  

The final dimensions of the sample are 100 mm in diameter and 150 mm in height, with a density 

around 1.4 Mg/m3 (void ratio 𝑒 = 0.84 − 0.82, density index Id = 6 - 10%). After pluviation, 

the sand in excess was carefully removed, the top cap was carefully placed on the flattened sand 

surface and the membrane was wrapped around it and fixed by an O-ring. Before dismounting 

the mould, the vacuum was decreased to 10 kPa, a pressure that appeared to be high enough to 

maintain the cylindrical shape of the sample.  

3.3 Experimental setup at low stress  

The wave velocity measurements were carried out by using 3 mm height bender elements (GDS 

brand, able to send and receive both compression P and shear S waves) inserted into the top and 

bottom ends of the sample. They were controlled via a signal generator producing sinusoidal 

waves at a fixed frequency of 10 kHz and 14 V amplitude. An amplifier was used to increase 

the magnitude of the received signal. Data acquisition was made through an oscilloscope, using 

two channels spatially located the furthest from each other, thus reducing as much as possible 

the crosstalk effect between bender elements (Lee & Santamarina, 2005).  

In a vertical position, with a density of 1.4 Mg/m3, the vertical stress σv at the base is around 

2.21 kPa (the weight of the soil column). Given the low-stress range considered (below 10 kPa), 
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the stress difference between the top and bottom of the sample was not acceptable. It was then 

decided to place the sample in a horizontal position (Figure 4-10). 

 

Figure 4-10. a) Sample preparation (vertical); b) Sample tested (horizontal). 

The wave travel path along the axis of the horizontal cylindrical sample is submitted a total 

stress σ equal to the sum of three components: 

(3) 

where 𝜎𝑔ℎ is the gravity-induced stress within the horizontal sample, 𝜎𝑚 the membrane isotropic 

confining stress and 𝜎𝑣𝑎𝑐 the vacuum-induced isotropic stress.  

The stress produced by the membrane was evaluated using the solution for a small wall cylinder 

under pressure as follows:  

• The stiffness of the membrane was measured by imposing different forces on a 

membrane, as shown in Figure 4-11a. From the linear response obtained (Figure 4-11b), one 

can derive the spring coefficient 𝑘 of the membrane as the ratio between the half of the applied 

unit load and the axial strain of the membrane. The data of the Figure 4-11 provides 𝑘 = 1613.85 

N/m.  

• The force Fm applied by the membrane around the sample (Figure 4-11c) is given by 

Fm=k Δr/r, where k is the membrane spring coefficient, Δr the increase in the radius of the 

membrane between the free state and the stressed state around the sample and r the sample 

radius. Δr was obtained by subtracting the sample perimeter from the length of the extended 

membrane, Lm, divided by 2π (Δr = r - Lm/2π).  

• Using the solution for a small wall cylinder under pressure, as shown in Figure 4-11c, 

the radial stress σm applied by the membrane per unit length on the sample is σm = F/r.  

With k = 1613.85 N/m, Δr = 2.5 mm and r = 50 mm (a significant initial 5% variation), the 

confining stress due to the membrane is σm = 1.6 kPa, a result similar to that obtained by Henkel 

& Gilbert (1952) and Newland & Allely (1959). 
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Figure 4-11. (a) Setup used for measuring the membrane stiffness; (b) Force/vertical strain elongation curve of 

the membrane; (c) Schematic drawing for computing the stress on a cylinder. 

The gravity-induced stress was computed in elastic conditions (accepting the limitations of 

assuming the material as isotropic) by using the Plaxis 3D finite element code (see Figure 4-12), 

applying the membrane stress as a boundary condition, providing 𝜎𝑔ℎ = 0.75 kPa at a density of 

1.4 Mg/m3. 

 

Figure 4-12. FEM (Plaxis 3D) elastic analyses of the sample self-weight to estimate the horizontal stress σgh on 

the sample axis. 

The constant stress due to the combined effect of both gravity and the membrane is σm + σ gh = 

0.75 kPa. The total stress applied to the sample was changed by changing the vacuum applied 

within the sample. Once the (vertical) sample pluviated and the membrane fixed around it, a 10 

kPa vacuum was applied before removing the mould and rotating the sample in the horizontal 

position, with no change observed in its size. The total horizontal stress applied on the sample 

axis was obtained by adding 0.75 kPa to the applied vacuum. Then, the loading path was applied 

by changing vacuum as follows:  
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• A step unloading path from 10 kPa to 1 kPa, (10 - 9 - 8 - 7 - 6 - 5 - 4 - 3 - 2 - 1 kPa) 

followed by reloading back to 10 kPa.  

• A step loading path from 10 kPa up to 80 kPa, (10 - 20 - 30 - 40 - 50 - 60 - 70 - 80 kPa). 

Moreover, some tests were performed at 5 and 15 kPa to investigate eventual hysteresis effects.  

Various wave measurements were carried out at each stress to assess variability and 

repeatability. Five waves were recorded for stresses below 10 kPa, as a higher variability was 

observed in this stress range. In contrast, three measurements were deemed sufficient at 15 kPa 

and above (the number of repetitions was chosen after interpreting the results of the initial tests). 

Experimental results 

The tests were carried out on 4 pluviated samples (EP 1 to 4), with densities given in Table 4-1. 

Table 4-1 Sample densities of the 4 samples tested. 

Sample  Density (Mg/m3)  

EP1  1.443  

EP2  1.443  

EP3  1.447  

EP4  1.452  

 

Determining the accurate travel time of the waves is crucial in bender element tests, and various 

methods have been used in the literature. They include the first inversion of the output signal 

and the first zero value immediately after the signal inversion (Shirley & Hampton, 1978; Dyvik 

& Madshus, 1985; Jamiolkowski et al., 1995; Jovičić et al., 1996; Jovičić & Vilhar, 2009), the 

peak-to-peak-method (Viggiani & Atkinson, 1995a), the cross-correlation frequency-domain 

method (Viggiani & Atkinson, 1995b; Arulnathan et al., 1998; Boulanger et al., 1998; Mohsin 

& Airey, 2003; Murillo et al., 2009; Murillo et al., 2011) and some methods simultaneously 

analysing the travel time of both P and S waves (Lee & Santamarina, 2005; Wang et al., 2017).  

As seen in Figure 4-13, which presents the data for 70.75 kPa, an accurate determination of the 

travel time could be made by considering, for both P and S waves, the starting point of the 

sinusoidal emitted signal and that of the received P and S signals. Interestingly, there is a clear 

coupling between the reception of both waves. The S wave arrival could be detected in the 

received P wave signal (at 0.57 ms), as commented by Wang et al. (2017). Note also that some 

slight oscillations due to the P wave arrival (after 0.4 ms) are detected in the S wave signal, 

whereas a clear increase in amplitude in the P wave signal is observed when the S wave arrives 

after 0.57 ms. 
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Figure 4-13. P and S waves under 70.75 kPa, with good correspondence between both: the S wave arrival can 

also be detected in the P wave signal; the arrival of the P wave creates some slight perturbations in the S wave 

signal (time is in milliseconds). 

As seen in Figure 4-14, that presents both P (pink) and S (grey) signals under lower stresses (< 

10 kPa), the signals become less clear at small stresses, particularly below 2.75 kPa. Besides 

carefully examining both signals and their coupling, the arrival time was also determined by 

extrapolating the trend resulting from larger stresses. The data show that bender elements can 

be used in (loose) sands, even under low stresses, smaller than those currently investigated in 

terrestrial geotechnical engineering. 

Good agreement was also found with peak-to-peak data (calculating velocity with the tiptip 

distance between bender elements, Lee & Santamarina 2005). A software (Appendix A) was 

implemented to interpret arrival times, visualise all P/S waves of each experimental program in 

a group and suggest the departing and arriving points.  

Figure 4-13 shows the change in wave velocities with stress in the tests on samples EP1 to EP4. 

The shape of the curves is comparable to other data on sands (e.g. Bachrach et al. 2000, Zimmer 

et al. 2002, Delage et al. 2017). As indicated in the Figure 4-13, the stress path followed first 

decreases from 10.75 kPa to 0.75 kPa, before increasing to 10.75 kPa up to 80.75 kPa. 
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Figure 4-14. P (pink) and S (grey) waves detected under smaller stresses below 10 kPa. 

 

Figure 4-15. Measured wave velocities obtained using bender elements compared with those measured by 

Brinkman et al. (2022) on Mars (red and blue points). 

Inspection of data along the unloading-reloading path indicates no significant hysteresis effect 

in both Vp and Vs curves, showing satisfactory reversibility in the response, in conjunction with 

slight changes in the grain assembly. Also, the variability of the measured wave velocities 

between the different samples is low, demonstrating good repeatability and providing 

confidence in the results.  

As expected, the velocities decrease with decreased applied stress, according to the following 

equations: 

𝑉p = 109.47 (
σ

σ1
)
0.314

  R2=0.98            (4) 
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𝑉𝑠 = 72.73 (
σ

σ1
)
0.306

  R2=0.98    (5) 

where σ1 =1 kPa is a reference stress. 

Discussion 

The exponents derived from Figure 4-15 (Eqs 4 and 5)  are slightly different for Vp and Vs, 

showing that our experimental data are not fully in agreement with the elasticity theory. When 

trying to fit Vp and Vs with the same exponent, one gets a value of 0.31, with no dependency of 

the Poisson ratio with respect to the confining stress. This leads however to a Poisson ratio of 

0.105, in disagreement with our experimental results. The exponents values derived from Figure 

4-15 are higher than those measured (0.22) at higher stresses between 25 and 450 kPa by Delage 

et al. (2017) on three other Martian simulants (Mojave Mars simulant, MSS-D and Eifel sand).  

Interestingly, these data agree reasonably well with the in-situ measurements performed on 

Mars during the hammering campaign of the HP3 self-penetrating dynamic probe (see Figure 

4-8), during which emitted waves were detected by SEIS. The Vp/Vs values determined by 

Brinkman et al. (2022) are reported in the Figure 4-15, considering that they correspond to a 

vertical stress of 0.9 kPa, resulting from an average depth of 0.2 m at a density of 1.2 Mg/m3 

(Grott et al. 2022) under a gravity of 3.721 m/s2.  

Figure 4-16, that presents the Poisson ratios computed using Eq. 1 from Vp - Vs measurements 

at each point, exhibits more variability below 5 kPa. This is probably related to the difficulty of 

properly measuring travel times at low stresses (see Figure 4-19), in a stress range for which the 

use of bender elements becomes trickier. 

 

Figure 4-16. Changes in Poisson ratio with respect to confining stress determined from bender element 

measurements (points) and from the fitted curves of Figure 4-15 (curve). 

Since the values of the exponents of Eqs 4 and 5 are close, the relationship Vp/Vs is slightly 

dependent on stress, with 𝑉p /𝑉s = (σ/σ1). Therefore, from Eq. 1, the fitting equation for the 

Poisson ratio becomes: 
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ν = 0.5
2.265(

σ

σ1
)
0.016

−2

2.265(
σ

σ1
)
0.016

−1
      (6) 

This low dependency of the Poisson ratio with respect to stress is illustrated in the curve of 

Figure 4-16 that indicates a slight decreasing trend below 10kPa, derived from both individual 

points and fitted curves.  

The larger dispersion of our experimental data below 5 kPa indicates that bender elements are 

less efficient in this area. Inspection of the data of Figure 4-16 also shows that the changes in 

Vp/Vs with stress seems to somewhat differ below 10 kPa, with a less regular curvature of the 

data. The changes in Poisson ratio below 5 kPa would certainly deserve more investigation, in 

an area where the efficiency of bender elements is perhaps limited.  

The velocities may be used to calculate the elastic shear modulus G (from Eq. 2) and the Young 

modulus 𝐸 = 2𝐺(1 + ν). The results, presented in Figure 4-17, show how the moduli decrease 

with decreased stress. Interestingly, the data at low stress are not far from the measured value 

of 𝐸 from interaction tests carried out with the SEIS foot on Fontainebleau sand (20 MPa at 3.5 

kPa, Delage et. al 2022b). 

Conclusions 

Wave measurements were performed under low stresses by using bender elements on loose 

samples of Fontainebleau sand used as a Martian regolith simulant. This was made to better 

constrain the elastic properties of the regolith at the surface of the InSight landing site and to 

help interpreting in-situ elastic data obtained at surface through wave measurements (Brinkman 

et al. 2022) of indentation experiment carried out with the IDA (Golombek et al.2023). Current 

knowledge on wave transfer in sands was extended to low stresses (< 10 kPa) by using a 

horizontal cylindrical sample submitted to changes in vacuum (between 2 and 80 kPa). 

Additional stresses due to gravity and to the confining membrane were carefully calibrated and 

accounted for. Uncertainty in wave velocity determination was reduced by performing 3 to 5 

measurements at each stress, and tests were carried out on 4 different samples. Bender elements 

were able to provide wave velocity measurements at stresses as low as 1.75 kPa, with however 

greater variability below 5 kPa. The change in Vp and Vs with respect to stress followed a power 

law, with however two slightly different exponent values, indicating that elastic hypotheses 

were not fully respected within the sand sample. The calculation of the Poisson ratio ν from 

wave velocities measurements confirmed that ν was reasonably constant above 10 kPa. 

Conclusions are less clear below 5 kPa, where the bender elements measurements are less 

accurate. The possibility of having a decreasing Poisson ratio in this area seems still worth of 

investigation, to be conducted through other experimental techniques.  
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This study enlarged the knowledge of the elastic behaviour of sands under low-stress 

and low strain, a novel topic in wave velocities investigations, that was useful to interpret local 

wave velocitiy measurement carried out at the InSight landing site (Brinkman et al. 2022). 

Further information was also gained about the Poisson ratio under low stress, another important 

parameter to estimate the surface elastic response of the surface. 

However, the comparison of our laboratory data on a Martian simulant with what could be the 

response of a true Martian regolith is not straightforward. First, one has to consider possible 

differences in the grain package, that is known to have significant effects on seismic wave travel. 

It is very probable that the packing resulting from our pluviation method on a vertical sample, 

that has been put horizontally afterwards, differs from the packing of surface regolith grains on 

Mars, that results from very long-term wind saltation (through many repetitive small lateral 

jumps of sand grains along the wind direction). It could be that the post convenient way to 

mimic the resulting packing would be by trying to reproduce the saltation process on a 

(subrounded) sand field submitted to constant wind. Then, the best would probably to run in 

situ wave determination by using a line of geophones aimed at detecting an impact made on the 

ground, as done by Bachrach et al. 2000 on a beach in California. 

Note also that direct observations and measurements made on the InSight landing site showed 

that the soil profile was not only made up of a sandy material. The soil profile is composed of a 

surface 1 cm thick sand/dust layer, overlaying an around 20 cm thick loose duricrust made up 

of a cohesive matrix containing some pebbles, located above a 12 cm layer of sand overlaying 

a gravel/sand deposit (Golombek et a. 2020, Warner et al. 2022, Delage et al. 2022, Spohn et al. 

2022). However, in-situ wave velocity measurements carried out during the hammering session 

of the HP3 self-penetrating gauge (Brinkman et al. 2022) provided values of velocity and 

Poisson ratio close to those found in this work. Also, our investigation may be useful, as a first 

step, for other areas of Mars, where thicker deposits of sand, with dunes and ripples, have been 

observed (e.g., Ehlmann et al. 2017).  

This can also be the case for future Mars missions.  

Some of the questions raised in this experimental investigation are further considered in a 

companion paper (Caicedo et al. 2023) in which data at small stress are analysed through a 

contact mechanics theory derived from Bachrach et al. (2000). 
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Open Research 

All the Waveform data csv files from the Bender Element measurements performed on the four 

samples, used for wave velocity calculations in the study are available at the public MRA-

Bender-element-repository repository (Castillo-Betancourt Juan Pablo. (2023)). Instructions 

may be found on the “README” file of the repository. 

Appendix A: Methodology for travel time determination 

A Matlab script was developed to enable accurate and quick identification of the departing and 

arrival times on a considerable amount of data within a reasonable timeframe (about 150 waves 

were acquired in each of the four experimental programs, with a total of 1200 wave measures 

to analyse).  

https://doi.org/10.1190/1.1452609
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The MATLAB script allows to simultaneously consider up to three methodologies for 

identifying the departing and arrival times. The procedure identifies local maximum, minimum 

and zero values, that make up the potential points of interest of the signal (shown in Figure A1). 

This identification is an automatic initialisation method of suggested arrival and departure 

points. To achieve this, the following procedure was implemented.  

1. Initially, a set of candidates for local maximums and minimums is established after 

evaluating the sign function of numerically calculated derivatives between every point in the 

signal and its surrounding neighbours. This procedure is a recursive method based on a 

parameter selected to determine an adequate number of points (seeking to not saturate the visual 

interface with too many choices of potential candidate points).  

2. After that, the search is widened from each candidate point by following the curve up to 

the previous existing inflection point (or the beginning of the signal, should it be the case). A 

new candidate point is then proposed. 

 

  
Figure A1. The interface of the Matlab script for single wave data analysis. 

The script also allows simultaneous visualisation of the waves under various confining stresses, 

as seen in Figure A2. All the signals acquired at the same stress value are averaged to account 

for variability and repeatability. By observing all the available choices, the user can easily 

choose the time arrival points for the method of choice by clicking on a visual interface. 
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Figure A2. Interpretation script showing all waves measured at different stresses.  

Proper signal visualisation is critical when using Wang’s arrival time approach, because it 

requires viewing P and S waves simultaneously on the same timescale, as seen in Figure A2. In 

contrast to usual methods like peak-to-peak or arrival-to-arrival, a matching of P and S wave 

signals are compared. While determining the P wave arrival time is relatively simple (the choice 

is given by the first departure of the signal from the zero axis in the P signal), Wang’s criterion 

indicates that the location of the S wave arrival time correspond to the peak of the “initial main 

excursion in the opposite direction of movement compared to that of the S-wave received 

signal”. This means that the first sizeable negative peak in P wave will correspond to the S wave 

arrival time. Choosing this ‘first significant’ peak making use of the S wave alone can often be 

a challenge and the associated P wave hence allows an objective and repeatable measurement. 

The chosen point for the S wave arrival time is to be found at the exact location when the first 

negative peak with significant amplitude appears in the P wave signal, indicating the arrival of 

the S components produced by this P wave signal. This also implies that the motion registered 

in the S wave signal before the chosen time of arrival corresponds to the faster P wave produced 

by the action of the bender that emitted the S wave and its rebounds on the sample walls.  

Figure A3 shows an example of the waveforms acquired during one of the four experimental 

programs, along with lines marking the identified locations of the departure and arrival of the 

waves for the three utilised criteria. 
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Figure A3. Simultaneous visualisation of the P and S waves following Wang’s method. 

The following figures present the waves acquired during the other three experimental programs, 

along with the lines identifying the departure and arrival times for both P and S waves. The 

figures are shown as generated in the data processing tool built for data interpretation. 
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 Figure A4. Waves acquired on sample EP1. Depart and arrival times are indicated both for P and S waves.  

  
Figure A5. Waves acquired on sample EP2. Depart and arrival times are indicated both for P and S waves.  
 

 

Figure A6. Waves acquired on sample EP3. Depart and arrival times are indicated both for P and S waves.  
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Figure A7. Waves acquired during on sample EP4. Depart and arrival times are indicated both for P and S waves.  
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4.5.  Wave velocities and Poisson Ratio in a loose sandy Martian regolith 

simulant under low stresses.  Published, JGR-Planets) 

B. Caicedo1, J. P. Castillo Betancourt1,2, P. Delage2, Ph. Lognonné3, B. Banerdt4 

1 Ecole des Ponts ParisTech, lab. Navier-CERMES, CNRS, UGE, Marne la Vallée, France.  

2 Universidad de los Andes, Bogota, Colombia.  

3 Université Paris-Cité, Institut de Physique du Globe, CNRS, Paris, France.  

4 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA. 

 Key points:  

• A novel theory based on contact mechanics was proposed to calculate Vp and Vs of 

uniform granular materials.  

• The theory considers the roughness of the particles, the stress, the porosity of the 

granular assembly and the properties of the grains.  

• Theoretical results agree with experimental measurements on loose samples of 

Fontainebleau sand used as a Mars regolith simulant.  

 Abstract  

This paper presents a theoretical analysis of the data on wave velocities measurements at small 

stresses presented in a companion paper on a Martian regolith loose sandy simulant 

(Fontainebleau sand) of the soil at the InSight landing site on Mars (Elyseum Planitia). 

Experimental data of wave velocities and Poisson’s ratio are interpreted in the light of a granular 

contact mechanics theory and completed accounting for rugosity effects, that are suspected to 

have stronger effects in sands under low stresses. The asperities of a grain of Fontainebleau sand 

were investigated through Atomic Force Microscopy, but larger asperities had to be adopted so 

as to better fit the model prediction with experimental data. A good agreement between the 

experimental data and the model predictions is obtained for stress above 10 kPa. Below 5 kPa, 

an area in which asperities are suspected to have a stronger influence, the model is not fully 

satisfactory, showing that further experimental and theoretical investigation are necessary in a 

stress zone particularly relevant to surface soils in planets, with probably enhanced effects of 

asperities on the intergrains contact mechanics.  

Plain Language Summary 

To better understand seismic wave propagation at the surface of the InSight landing site on 

Mars, this paper presents a theoretical interpretation of the seismic wave velocities at low stress 

measured in a sand sample used as Martian regolith simulant, presented in a companion paper. 

The theory is based on both a theoretical elastic model of a pack of smooth spheres of same 
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diameter and an approach accounting for the effects of local rugosity at the contact between 

sand grains (rugosity is supposed to have a stronger influence at the low stresses resulting from 

the smaller gravity on Mars). The sphere pack model shows that some slippage between grains 

is necessary to properly account for the radial deformation of a cylindrical sample submitted to 

an increase in axial stress (as described by an elastic parameter called the Poisson ratio). 

Accounting for rugosity effects allows a better prediction of the changes in wave velocity with 

respect to stress. The decrease in velocity under decreased stress is confirmed, but the rugosity 

parameter measured by using an Atomic Force Microscope was under-estimated, probably due 

to the 5over-simplistic hypothesis of considering spheres. Proper prediction was obtained by 

fitting this parameter at a twice larger value. 

Introduction 

The elastic behaviour of sands under low stresses and small strains, poorly investigated in 

standard terrestrial geotechnics, presents a particular interest in planetary geotechnics due to 

reduced gravity. This is the case of the surface layer at the InSight landing site on Mars, with a 

gravity of 𝑔 = 3.721 m/s2. In this context, an experimental investigation on wave velocities at 

low stresses carried out on a sandy regolith simulant by using a specific novel device has been 

presented in a companion paper (Castillo-Betancourt et al. 2023), in which some details about 

the InSight mission are also provided. This paper is devoted to analysing the experimental data 

of this paper through a theory of contact mechanics accounting for the roughness of particles 

(Richart et al., 1970; Dobry et al., 1991; Bachrach et al., 2000; Bahrami et al., 2005; Butt et al., 

2015). This analysis is carried out to better understand the micro-mechanisms governing wave 

transfers in loose sands under low stress, a domain where particle roughness plays an important 

role. Conclusions about the changes in Poisson ratio at low stress and strain are also derived 

from the analysis. 

Theoretical background 

The results of Bachrach et al. (2000) are among the few available data in the domain of the in-

situ investigation of the elastic behaviour of sands under low stresses and small strains. They 

conducted in-situ wave measurements in the Moss Landing beach (California, dry angular sand) 

by using a seismic line parallel to the shoreline with 20 geophones distant 30 cm and a hammer 

(about 50 kg) applied on a metal block as source. The Poisson ratio derived from the velocity 

profile between 0 and 5 m (vertical stress between 0 and 78.5 kPa with a dry unit mass of 1.7 

Mg/m3) was equal to 0.15, with no increase with depth. Bachrach et al. (2000) also presented 

some experimental data under lower stresses in a dense random pack of identical glass beads, 

and they observed that the Poisson ratioν increased from 0.130 to 0.151 between 5 and 40 kPa.  

Bachrach et al. (2000) also provided a theoretical analysis of the physics of the contacts in loose 

unconsolidated sands using the Hertz-Mindlin theory (HM). Mindlin (1949) provided the 
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following expressions of the normal and shear stiffness (𝑆𝑛 and 𝑆𝑡, respectively) of two similar 

elastic smooth spheres in contact (see also Mavko et al., 1998): 

𝑆𝑛 =
4⋅𝑎⋅𝐺𝑔

1−ν𝑔
        (1) 

𝑆𝑡 =
8⋅𝑎⋅𝐺𝑔

2−ν𝑔
        (2) 

where Gg and ν𝑔 are the shear modulus and Poisson ratio of the sphere, respectively. a is the 

radius of the contact area between the spheres. 

According to Hertz, a is given by: 

a = [
3⋅𝐹⋅𝑅𝑔(1−νg)

8⋅𝐺𝑔
]
1/3

       (3) 

where Rg is the grain radius and F the compressive force between them, given by Bachrach et 

al., (2000) in an assembly of spheres of same radius: 

F =
4⋅π ⋅𝑅𝑔

2⋅σ3

𝑛(1−ϕ)
         (4) 

where  is the mean stress, n is the coordination number (average number of contacts per 

sphere) and  the porosity of the assembly. 

Through statistical averaging, Digby (1981) and Walton (1987) provided the following 

expressions of the bulk (KHM) and shear (GHM) moduli of a pack of identical elastic spheres of 

radius Rg with mutual contact obeying the Hertz-Mindlin theory: 

𝐾𝐻𝑀 =
𝑛 (1−ϕ)

12⋅π⋅𝑅𝑔
𝑆𝑛       (5) 

𝐺𝐻𝑀 =
𝑛 (1−ϕ)

20⋅π⋅𝑅𝑔
(𝑆𝑛 + 1.5 𝑆t)      (6) 

The Poisson ratio of the pack can hence be expressed as follows: 

νHM =
3K𝐻𝑀−2G𝐻𝑀

2(3K𝐻𝑀+G𝐻𝑀)
=

Sn−St

4Sn+St
=

ν𝑔

10−6ν𝑔
    (7) 

Eq. 7 shows that the Poisson ratio of a pack of identical smooth spheres governed by the Hertz-

Mindlin model (i.e., with no slippage between spheres) only depends on that of the constituent, 

with no dependence on the sphere radius Rg. For quartz, ν𝑔 = 0.08, yielding νHM = 0.0084. 

This too low value indicates that, with no slippage, the radial strain of a vertically stressed 

cylindrical sample is very small compared to its axial one. Such very low values are not met in 
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sand behaviour, showing the limits of the Hertz-Mindlin approach with no slippage between 

particles. 

Slippage between particles 

By considering a zero tangential stiffness (St = 0) allowing slipping between all the grains, 

Bachrach et al. (2000) showed from Eq. 7 that νHMB = 0.25 (where HMB stands for Hertz-

Mindlin-Bachrach). This indicates that grains free to slip logically result in a larger radial 

expansion of a vertically stressed cylindrical sample. Bachrach et al. (2000) obtained a 

continuous variation of νHMB by assuming a mixture with a proportion  of no slipping contacts 

and by applying the Hashin Shtrikman bounds (Hashin and Shtrikman, 1963). From this theory, 

the tangential stiffness of the mixture St
mix is given by Eq. 8 and the Poisson ratio by Eq. 9. As 

a result,  decreases from 0.25 down to 0.0084 when the fraction of no-slip contacts 

increases from 0 to 1, as shown in Figure 4-17 (with  = 0.159 for half grain contacts slipping 

-  = 0.5). 

St
mix = St +

1−ξ

−
1

St
+

2ξ(Sn+2St)

5St(Sn+4/3St)

     (8) 

νHMB =
Sn−St

mix

4Sn+St
mix      (9) 

 

Figure 4-17. Change in Poisson ratio of an assembly of identical spheres with respect to the proportion of no-slip 

contacts . 

The range of magnitude of the Poisson ratio from this theory agrees well with most common 

measurements on sands. However, it is derived from some simplistic assumptions of perfect 

smooth spheres of the same radius interacting together. Rather than fully describing physical 

phenomena in sands (with grains of different sizes, shapes and angularity, for which  may be 

larger than 0.25), it provides further insight into the macroscopic effects of some 

micromechanical processes. Another limitation is that  (Eq. 9) is not dependent on the 
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sphere radius Rg (unique in the case of identical spheres). As shown by Kumar and Madhasuda 

(2010), there is a dependency of  on the grain size distribution. 

Effect of particle’s roughness on the elastic properties 

Bachrach et al. (2000) observed that the Hertz-Mindlin theory overestimated by two the wave 

velocities for sands under low-stress, an issue that they relate to roughness effects at inter-

particles contacts. Persson (2006) confirmed this, recalling that, for smooth contact surfaces, 

the Hertzian theory leads to a circular contact area 𝐴𝐻 = π𝑎2 proportional to the force to a 

power of 2/3 (Eq. 3, 𝐴𝐻 ∝ 𝐹2/3). Conversely, they showed that experimental data on randomly 

rough surfaces evidenced a contact area linearly proportional to the force (𝐴𝐻 ∝ 𝐹). 

According to Hertz-Mindlin’s theory, compressive and shear inter-grains stiffness (Sn and St, 

respectively) are proportional with interparticle force to a power of 1/3 (Eqs. 1, 2, 3, 4). Also, 

from Eqs. 5, 6, and 10, the wave velocities Vp and Vs are related to the interparticle forces 

through the bulk (𝐾𝐻𝑀) and shear (𝐺𝐻𝑀) moduli.  

 

𝑉𝑃 = √(𝐾𝐻𝑀 +
4

3
𝐺𝐻𝑀) /ρ𝑏  and  𝑉𝑆 = √

𝐺𝐻𝑀

ρ𝑏
   (10) 

Then, assuming that force and stress are linearly related through Eq. 4, wave velocities are also 

related to stress, with a power of 1/6. 

In contrast, in the case of rough surfaces (Persson 2006), the linear relationship between 

interparticle forces or stress and the contact area results in having compressive stiffnesses 

proportional to a power of 0.5, and wave velocities to a power of 0.25. These exponents have 

been mentioned by Santamarina et al. (2001), i.e., 0.25 for cone-to-plane contacts (typical of 

rough or angular particles) and 0.25 for spherical particles with yield at contact. 

To consider the effect of roughness on sands undergoing low stresses, Bachrach et al. (2000) 

assume that the contact radius Rc is significantly smaller than the grain radius Rg, as shown in 

Figure 4-18. 
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Figure 4-18 Schematic drawing of grains in contact with asperities, with contact radius Rc significantly smaller 

than Rg. 

Bachrach et al. (2000) hence suggest replacing the grain radius Rg by the contact radius Rc in 

Eq. 3. The radius of the contact area, aB, hence becomes: 

aB = [
3⋅𝐹⋅𝑅𝑐(1−νg)

8⋅𝐺𝑔
]
1/3

 (11) 

Eq. 11 shows that the radius of the contact area a given by Hertz has to be corrected by a 

correction factor (Rc/Rg)
1/3, as follows: 

aB = 𝑎 (
𝑅𝑐

𝑅𝑔
)
1/3

 (12) 

This change decreases the normal and shear stiffness Sn and St and the bulk and shear moduli 

KHM and GHM by a factor (Rc/Rg)
1/3 (Eqs. 5, 6), hence reducing the wave velocities Vp and Vs by 

a factor (Rc/Rg)
1/6 (Eq. 10). 

For the Moss Landing beach sand, Bachrach et al. (2000) suggested using a constant ratio 

Rc/Rg=0.086. However, this value indirectly resulted from fitting in-situ measurements, without 

any physical link with the true particle’s roughness. A more rigorous analysis is possible using 

theories dealing with roughness effects on bodies in contact, where contact only occurs at some 

discrete microcontacts points. This analysis is based on the pioneering work of Archard (1957), 

who demonstrated a linear proportionality between the inter-particles force and the contact area. 

A contact model for rough surfaces developed by Greenwood and Williamson (1966) was used 

by Greenwood and Trip (1967) to provide the first theory for rough elastic spherical bodies. 

Majumdar and Bhushan (1991) concluded that smaller asperities are more likely to undergo 

small plastic deformation under increased load, and to merge together to form elastic contact 

points. This is in agreement with Persson (2006), who concluded that all microcontacts deform 

plastically, except for polished surfaces. 

Most theoretical models involve complex integral equations requiring intensive iterative 

numerical calculations. Few analytical models dealing with rough spherical surfaces are 

available, except that proposed by Bahrami et al. (2005), who splitted the deformation of rough 

spheres under compression into two components: (i) the bulk compression of the sphere and (ii) 
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the deformation of the asperities. In this model, asperities are described by their RMS asperity 

height, rms (defined as the square root of the average of the squares of all wave heights) and 

the microhardness of the asperities Hmic. Butt et al. (2015) modified Bahrami’s model by directly 

calculating the relationship between the contact stiffnesses of rough spheres and those obtained 

with the Hertz-Mindlin model for smooth spheres. 

The Bahrami-Butt model assumes the following hypotheses to compute the contact behaviour 

between rough spheres: 

(i) The deformation mode of asperities is plastic. 

(ii) The bulk deformation of the contact is elastic and occur at elastic half-space with an effective 

modulus of elasticity E’ given by 1/𝐸′ = (1 − ν2)/𝐸. Note that the method was developed for 

a rigid sphere on a deformable flat surface (Figure 4-19). Still, the same solution is obtained for 

a deformable sphere on a rigid flat surface. 

(iii) The pressure at microcontacts is limited by the microhardness of the softer material in 

contact. 

(iv) Surface roughness behaves like a plastic layer in the sense that the pressure distribution can 

be considered as continuous pressure 𝑃(𝑟) given by the sum of pressures at all microcontacts. 

(v) The microhardness is constant throughout all the contact area. 

 

Figure 4-19. Schematic drawing of a sphere resting on a deformable rough surface for the Bahrami et al. (2005) 

model. 

Bahrami-Butt’s method starts by computing the Hertzian radius of the contact area given by Eq 

3. Then, the method uses two non-dimensional parameters  and  that depend on the RMS 

surface roughness rms and the microhardness of the contacts Hmic as follows: 

α = σrmsRg/a
2     (13) 

τ =
E′

Hmic
(

Rg

σrms
)
1/2

     (14) 
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These parameters allow computing three non-dimensional values: the non-dimensional pressure 

distribution 𝑃0
′, the non-dimensional contact radius 𝑎𝑅

′ , and the generalised pressure distribution 

exponent, , given by, respectively: 

P0
′ =

1

1+1.22ατ−0.16
     (15) 

aR
′ = 1.631P0

′−0.496 − 0.631P0
′3.358   (16) 

γ = 1.5P0
′aR
′2 − 1     (17) 

These non-dimensional variables allow computing the radius of the rough contact area aR, the 

maximum contact stress P0 and the stress distribution on the contact area P(r) as follows: 

aR = aR
′ a      (18) 

P0 = (1 − γ)
F

π(aR)2
     (19) 

P(ζ) = γP0(1 − ζ2) where ζ = 𝑟/𝑎𝑅  (20) 

The maximum displacement at the centre of the rough contact area, R, is given by: 

δR =
P0aR

E′
B(0.5, γ + 1)    (21) 

Where the beta function B(0.5,+1) is obtained based on a function , as follows: 

B(0.5, γ + 1) =
Γ(1/2)Γ(γ+1)

Γ(γ+1.5)
    (22) 

The following closed type expression for function  was proposed by Butt et al. (2015): 

Γ(x + 1) = a1(x + a2)
x+a2 (1 +

a3

a4+x
a5
+

a6

xa7+a8
) e−x

a9(2π)1/2  (23) 

The values of the constants a1..9 of function  were obtained by Butt et al. (2015) by least square 

parameter optimisation, leading to: a1=0.5641886354, a2=0.500007096, a3=0.1091637999, 

a4=1.621840565, a5=0.992925298, a6=0.0115834573, a7=1.271839956, a8=1.505508639, 

a9=1. It is important to note that the purpose of Eq. 23 is to fit function  in a closed form rather 

than in its integral form; therefore, the values a1..9 are constants, unrelated to the physics of the 

contact problem. 
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The ratio between the stiffness of the rough surface and the ideal hertzian stiffness (Sn
Rough/Sn

HM) 

depends on the ratio between displacements at the centre of the contact area for rough and 

smooth spheres R/H, as follows: 

Sn
Rough

Sn
HM = (

δR

δH
)
1/2

 with δ𝐻 = 𝑎2/𝑅𝑔  (24) 

Finally, the Bahrami - Butt model provides the radius of the contact area of rough spheres, aR, 

as follows: 

aR = a
Sn

Rough

𝑆n
HM       (25) 

Note that the reduction of the contact stiffness by the ratio Sn
Rough/Sn

HM in Eq. 25 is similar to 

that of Bachrach et al. (2000)’s approach, in which the stiffness in Eq. 12 was reduced by the 

ratio (
𝑅𝑐

𝑅𝑔
)
1/3

. However, Bachrach et al. (2000)’s approach resulted from fitting experimental 

results, while the Bahrami – Butt approach rests on the physics of the contact, and the 

relationship 
𝑆𝑛
𝑅𝑜𝑢𝑔ℎ

𝑆𝑛
𝐻𝑀  depends on stress and the size and strength of the asperities. 

 

Figure 4-20 Ratio between the theoretical stiffness Sn
Rough/ Sn

HM of rough and smooth quartz spheres as a function 

of the RMS height of the asperities. The data were computed for particles with Rg=110 m subjected to isotropic 

stresses 3 (calculated using Eq. 3 and Eq. 4, which relates force to stress) between 1 kPa to 10 MPa, and 

asperities microhardness Hmic=8.2 GPa, as suggested in Yovanovich (2006) for quartz. 

Figure 4-20 shows the relationship 
𝑆𝑛
𝑅𝑜𝑢𝑔ℎ

𝑆𝑛
𝐻𝑀  for different asperities height with respect to rms at 

different stresses. The Figure 4-20 illustrates how, when the contact stress increases, more 

asperities come into contact and contact stiffness increases. Unsurprisingly, the effect of 



WAVE VELOCITY MEASUREMENTS ON THE REGOLITH SIMULANT 

129 

 

roughness on stiffness is more significant at low stresses and decreases as stress increases. This 

is an essential conclusion for our investigation regarding wave velocities at low stresses. 

The effect of particle roughness on wave velocities is obtained by introducing the reduced 

expression of aR in Eqs 1…6 and then into Eq. 10, leading to the expression of Vp and Vs of an 

assembly of identical rough spheres. In summary, the model uses the following parameters: for 

the assembly: , n,   for the grains, Rg, Gg, g, rms, and Hmic. 

AFM roughness assessment of the Fontainebleau sand as a Martian Regolith Simulant 

To account for the rounded-subrounded shape of regolith grains on Mars (e.g. Goetz et al., 

2010b), we adopted in our experimental investigation (see Castillo-Betancourt et al. 2023) the 

NE34 Fontainebleau sand (see Delage et al. 2022a, b). It is a well-sorted silica sand (grain 

density s = 2.651 Mg/m3) from the Paris Basin with a D50 of 220 m (Benahmed, 2001) to 

compare with the 175 µm diameter derived from thermal inertia measurements in the InSight 

landing site (Golombek et al., 2017, 2020). Its uniformity coefficient Cu is equal to 1.65. 

 

Figure 4-21. Grain topography measured with the AFM AC tapping mode: a) 3D image; b) Greyscale image. 

Given the importance of the surface roughness at inter-grain contacts at small stresses, an 

investigation of the roughness of the Fontainebleau sand grains was conducted by using an 
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Atomic Force Microscope (AFM - Cypher ES) to obtain a highly detailed surface topography 

using the Height Tapping Method (Binnig et al., 1986). Figure 4-21a displays the AFM data, 

with a 256 x 256 resolution in an area of 5 x 5 μm of a grain (average grain diameter is 220 µm). 

Compared to the (apparently) smooth grain surfaces observed in SEM, high-resolution AFM 

images evidence significant asperities on the surface. The greyscale image of Figure 4-21b 

shows that the rugosities height spread along in a wide span, between -245 nm (black) and + 

245 nm (white). The AFM measurements give an RMS height rms = 0.123 m. 

The cross profiles of Figure 4-22c to Figure 4-22h along various directions in the grey-scale 

image of Figure 4-21a provide an order of magnitude of the asperity radii. Figure 4-22b shows 

the radius histogram of the 30 circles that reasonably coincide with the asperities, providing an 

average radius Rc = 0.35 µm. This analysis is only a first estimate that provides approximate 

information about the roughness. In fact, this methodology has the following limitations:  

• Only a small portion of a grain was measured with the AFM,  

• Choosing 30 radios across 6 profiles does not consider the entire radius spectrum,  

• The radius histogram, shown in Figure 6b, is not symmetrical and, considering that it 

only involves a small portion of a grain, does not include radii that have a curvature 

greater than the portion of the grain analysed.  

• A 2D analysis is not the most appropriate methodology to evaluate 3D asperities. It is 

only correct for spherical contacts. On the other hand, in the case of ellipsoidal contacts 

with two radii of curvature 𝑅1 and 𝑅2, the contact area must be evaluated using the 

Gaussian radius of curvature defined as 𝑅 =√𝑅1𝑅2, Caicedo (2018).  
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Figure 4-22 AFM investigation of a Fontainebleau sand grain: a) Cross profiles on the AFM measured area; b) 

Histogram of contact radius along the 6 profiles; c) to h) Roughness plotted along the profiles displayed in a). 

 

Discussion 

This section presents the performance of the proposed theoretical model applied to the 

experimental data published in the companion paper (Castillo-Betancourt 2023). All 

calculations are available Castillo-Betancourt (2023). 

The model parameters are: 

• Porosity : the average porosity of the four samples tested is  = 45.5%. 
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• Coordination number n: a proper value for a loose arrangement of uniform spheres is n 

= 6 (see Mavko et al. 1989 and Caicedo 2018). 

• Non-slipping fraction  : in sands, Bachrach et al. (2000) recommend for  a constant 

value of 0.5. However, for our experimental results, a better agreement was found with 

 =  This difference probably results from the different origin of the Fontainbleau 

sand compared to the Moss Landing beach sand. 

• Grain size Rg: as in Bachrach et al. (2000)’s model, our (simplified) model considers a 

pack of identical spheres. The Fontainebleau sand has however a well-sorted grain size 

distribution with a D50 = 220µm and a uniformity coefficient Cu = 1.65, providing Rg = 

𝐷50/2 = 110 m. The similarity with a pack of identical spheres is then reasonably 

acceptable. 

• Grain’s shear modulus 𝐺𝑔: for silica grains, G𝑔 = 44 GPa (Bachrach et al., 2000). 

• Grain’s Poisson ratio ν𝑔: for silica grains, ν𝑔 = 0.08 (Bachrach et al. 2000). 

• Microhardness of the asperities: Hmic = 8.2 GPa, according to Yovanovich (2006) for 

silica grains. 

• Asperities height rms: the asperities characteristics derived from the AFM data (i.e., 

rms = 0.123 µm from Figure 4-22a and mean contact radius Rc = 0.35 µm in Figure 

4-22b) do not result in a good agreement between our data and the model. Actually, good 

fitting was obtained for larger values (0.6 m < rms < 0.8 m), as shown in Figure 4-23. 

This discrepancy probably comes from the imperfect evaluation of roughness that results 

from the 2D evaluation of only six profiles of the same grain, as described in the previous 

section. On the other hand, the mean value is not the most appropriate descriptor for a 

radius distribution shown in Figure 4-23b that is clearly asymmetric. The Figure 4-23 

also shows how sensitive the model is to asperities. Logically, smaller velocities are 

obtained for larger asperities, under the same stress. 

There are various possible reasons for this discrepancy in asperities data. The first one is perhaps 

the approximation made between our sand and an assembly of spheres of the same diameter, 

like in Bachrach et al. (2000). Also, a better estimation of the asperities parameters should 

probably be gained from an area larger than the 5 x 5 m one observed in our case on a single 

grain. However, the shape of the observed fitted curve in Figure 4-23 pretty well matches the 

data, at least above 10 kPa. For smaller stresses, the fitting is not as good, with a tendency for 

the points to be aligned along straight segments, exhibiting a linear change of velocities with 
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respect to stress. This shows that something else may occur at very low stresses below 10 kPa, 

a trend already suspected in the experimental investigation (Castillo-Betancourt et al. 2023). 

 

Figure 4-23. Comparison between measured (Castillo-Betancourt et al. 2023) and theoretical values of wave 

velocities. 

Figure 4-24 shows the theoretical Poisson ratio computed from Eq. 9 for different non-slipping 

fractions. The Figure 4-24 evidences good agreement between our experimental data and the 

theory for 0.55 <  < 0.65. The results are close to the Poisson ratio  = 0.15 ± 0.03 reported for 

rounded silica grains in Bachrach et al. (2000). 

 

Figure 4-24. Comparison between measured and theoretical Poisson ratio. 

Despite the good agreement of the predicted Poisson ratio, some discrepancy appears at low 

stresses (< 10kPa). As commented in Castillo-Betancourt et al. (2023), the larger dispersion 

observed below 5 kPa indicates that the performance of the experimental device is perhaps 

limited at very low stress, an area that certainly needs further investigation. A more accurate 
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device would be necessary in an area where the efficiency of standard bender elements for 

measuring wave velocities is perhaps limited.  

Based on the (dispersed) experimental points below 5 kPa, it is not fully guaranteed that the 

Poisson ratio remains constant at very low stress. According to Bachrach’s approach (Figure 

4-18), a decrease in the proportion of slipping grains significantly reduces the Poisson ratio. 

This could be physically explained by an enhanced effect of asperities in reducing inter-grains 

slippage at very low stresses.  

Conclusions 

This paper presents a theoretical model for assessing wave velocities in loose sands subjected 

to low stresses. The experimental data were obtained from a companion paper (Castillo-

Betancourt et al. 2023) in which a loose sample of Fontainebleau sand was used as  Martian 

regolith simulant of the InSight landing site, and wave velocities were measured atlow stresses 

by using bender elements. 

Based on the works of Bachrach et al. (2000), Bahrami et al. (2005) and Butt et al. (2015), a 

contact theory model was developed, with particular attention paid to both the proportion of 

inter-grains slippage occurring in a loose assembly of identical spheres, and to the effects of 

grains asperities, that become stronger at low stress. Bachrach et al (2000)’s approach showed 

that, to correctly model the elastic response of an assembly of identical spheres and to obtain a 

reasonable response in Poisson ratio, one has to consider some (irreversible) slippage between 

spheres, that are by essence not an elastic process. The values of Poisson ratio obtained in this 

work (and others works on sands, generally conducted at higher stresses) confirm that some 

slippage may occur, even in the “elastic” response of sands at very low stress (around 10-6 for 

wave transfers).  

Good agreement with experimental data was obtained by the model, but we had to adopt 

asperities characteristics larger than those obtained by the AFM measurements carried out. This 

probably results from the strong assumption of assimilating our sand to an assembly of identical 

spheres. The AFM estimation of asperities were also carried out on a limited area (5 x 5 µm) on 

a single grain (average diameter 220 µm), providing an approximate determination of the 

asperities. The correspondence of the model with experimental data is less satisfactory below 5 
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kPa, an area where the velocity change are more difficult to detect and with, perhaps, stronger 

effects of asperities. 

The calculation of the Poisson ratio  from wave velocities measurements confirmed the 

constantness of  with stress, at least above 5 kPa. Conclusions are less clear below 5 kPa, in an 

area that certainly deserves more investigation. Due to possible enhanced effects of asperities 

and to the consequences on the proportion of sliping grains, the changes  in Poisson ratio at very 

low stresses is to be further investigated with a more adapted device. 

This study offers the possibility of assessing theoretically the elastic behaviour of sands under 

low stress and low strain based on the properties of the granular assembly. The proposed theory 

can be useful for assessing the elastic properties of other areas of Mars or the Moon. Further 

work being carried out by the authors includes the study of the effect of shear stresses on the 

mechanical response of the regolith simulant, Chaparro-López et al. (2023). 
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5. THERMAL CONDUCTIVITY AND WAVE 

VELOCITY MEASUREMENTS 

“Honestly, if you were any slower, you would go backwards”. 

Draco Malfoy, on soil thermal conductivity (probably). 

hermal conductivity of the surface material is one of the properties that the InSight 

Science Team studies for the regolith encountered at the landing site. The main resource 

to accomplish this is the different measurements performed by the Heat flow and Physical 

Properties Package (HP3) instrument. An experimental setup was conceived and constructed at 

Universidad de los Andes to aid in this task for coupled wave velocity and thermal conductivity 

measurements on a regolith simulant. This chapter details the work that led to the setting up of 

the experimental device, allowing to carry out experiments in a CO2 environment under 

controlled temperature and pressure conditions, which mimic the atmosphere of Mars. Since the 

complete experimental device is somewhat complex, the setup's wave velocity, thermal, CO2, 

and vacuum components are explained separately, followed by a detailed explanation of the 

experimental protocol for the device's utilisation. The initial results obtained with this setup are 

also presented to illustrate its development process. After presenting the experimental program 

performed, the definitive results are presented and interpreted; the chapter then concludes with 

some remarks concerning lessons learned for these kinds of measurements and presents some 

general conclusions. 

5.1. Basic concept for the experimental setup 

The main goal of this work component was to construct an experimental setup that allowed for 

simultaneous measurements of wave velocity and thermal conductivity on soil. For this purpose, 

adequately sized dismountable containers, which could sustain a vacuum inside, were used. 

These containers have an internal square base of 80x80mm and 200 mm in height, of which 160 

mm are filled with soil, as seen in Figure 5-1. Two sides are acrylic walls, while the two others 

are thick aluminium plates that act as a metallic heat-conducting boundary. Acrylic walls were 

modified with several holes to host wave-emitting actuators (initially Bender Elements) and 

receiver devices to register the wave arrival. The container and the Bender elements can be seen 

in Figure 5-2. 

However, after some testing, it was appreciated that the wave produced by the bender elements 

could not cross the loose material under very low stresses (below 10 kPa). Consequently, much 

more powerful piezo actuators were adapted into the wall of the sample container to generate 

the pulses capable of crossing the sample and connected to a signal generator and amplifier to 

generate the pulse. Meanwhile, uniaxial accelerometers were placed (correctly oriented) on the 

opposite wall to register the arrival of the waves. 

T 
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Figure 5-1. Dimensions and model of the experimental setup (units in mm). 

 
Figure 5-2 a) original container for clay consolidation, which was extensively modified for this experiment. In b), 

the bender elements used for the initial stages of the setup. 

Peltier plates were placed in contact with each metallic wall of the sample container for the 

thermal conductivity measurements. After testing some Peltier plates with the regolith simulant 

and observing on a measurement that propagation took too long, it was decided to utilise more 

powerful TeTech Peltiers to propagate the heat. Type K Thermocouples were observed to be 

adequate to keep the propagation of heat inside the sample, and tests were conducted to 

determine the number of thermocouples to be placed along the axis of the sample container. 

A regulated vacuum was to be imposed inside the sample container using a pump to reproduce 

the conditions of the Martian Atmosphere. Since the Martian atmosphere is so light, the pressure 

to attain inside the sample container was about 6-7 millibars, so a special pump was required. 

After some inquiry, Vacuubrand VarioSelect equipment capable of imposing vacuums as low 

as 0.3 mbar was selected and tested before being adopted. Several modifications to the testing 

device had to be implemented to accommodate the consequences of this extremely low vacuum 

pressure, as will be noted in the following sections. The following sections describe the 

components separately. 
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5.2. Vacuum pump and CO2 supplying 

The Mars gas composition and pressure must be recreated to perform the measurements in 

conditions as similar as possible to those encountered at Mars. To accomplish this, the air inside 

the sample must be replaced by the CO2, which makes up 96% of the air of Mars (as is seen in 

Figure 5-3); notice that Earth's air is 78.1% Oxygen and 20.9% oxygen, with other gasses 

accounting for the additional 1% of the composition. 

 

Figure 5-3. Comparison of the composition of Earth’s and Mars’s atmospheres. The terrestrial atmosphere is 

almost entirely made of Nitrogen and Oxygen, while Carbon Dioxide is the prevalent component for the case of 

Mars (Image credit: European Space Agency, n.d.).  

As seen in Figure 5-4, the atmospheric pressure at the Mars InSight landing site is in the order 

of 750 Pa, with low-frequency fluctuations of about +/-18 Pa during one Sol. However, when 

dealing with seasonal variations, atmospheric pressure can be as low as 620 Pa or as high as 800 

Pa, as can be seen in Figure 5-5; consequently, the pressure levels to be applied in the sample 

container are in the range of 600 – 800 Pa. 
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Figure 5-4. Mars InsSight data for atmospheric pressure during three Sols. (Image credit: NASA JPL, n.d.). 

 

Figure 5-5. Mars InsSight data for atmospheric pressure for two years. (Image credit: NASA JPL, n.d.). 

The very low 6-8 mbar vacuum (equivalent to 600 – 800Pa) is applied using the Vacuubrand 

VarioSelect MV2 pump, capable of producing vacuums as low as 0.3 mbar with 0.1 mbar 

accuracy (see Figure 5-6). The controller can reach these vacuum values within a few minutes 

and hold it for several hours, which is key for adequate thermal conductivity measurements. 

Several steps were followed to check whether the sample container was vacuum proof, testing 

it with water and air pressure to fix any potential leaks. The absence of leaks was verified by 

using soap and water at the locations of possible leaks in the sample and checking for air scape 

through the fluid (observed as growing air bubbles). 

The safety of the pump equipment was guaranteed by deploying a sand trap, a secondary 

container connected between the sample container and the vacuum pump. It is worth mentioning 

that since an almost absolute vacuum was induced into the container (and consequently into the 

sand trap), the container utilised needed to be stiff and strong enough. A triaxial chamber, which 



THERMAL CONDUCTIVITY AND WAVE VELOCITY MEASUREMENTS 

142 

 

was guaranteed to withstand the significant solicitation of the atmospheric pressure surrounding 

the container, was thus used for this purpose. 

  

Figure 5-6 The a) VarioSelect pump and its b) digital controller while applying 7 mbar. 

The sample container was impermeabilised by outfitting it with seals spanning all the joints 

between the plates spanning the side of the container, as well as between the top and bottom of 

the sample. Small holes for wires and in the cover were closed with silicon. All joints of the 

rectangular shape were closed with seals and toric joints (o-rings and similar). A rubber seal 

was made to ensure no escapes between the sample container and its cover, which was the face 

most often removed since that was necessary for sample replacement. 

The next step was to connect the laboratory's CO2 supply to the container sample. This system 

can be seen in Figure 5-7, and it has two valves: the first one, seen furthest to the right, is fully 

opened to begin or end the gas flow, while the second one has a valve to control the flow 

magnitude. This flow needs to be as slow as possible so that it will not disturb particle 

arrangement, and after some measurements, it was observed that the lowest flow that the valve 

could control was 60-80mL/min. Given that 16 of the 20 cm of the height of the container 

volume is already occupied by the soil, and knowing that it is necessary to fill not only the 

sample container but also the sand trap, this volume can be estimated as: 

𝜋 ∗ 𝑑𝑡
2

4
∗ ℎ𝑡 + 𝑏𝑐

2 ∗ ℎ𝑐 =
𝜋 ∗ (0,12𝑚)2

4
∗ 0,28𝑚 + (0,08𝑚)2 ∗ (0,16 ∗ 0,5 + 0,04)𝑚 = 3.94𝐿 

Where 𝑏𝑐 and ℎ𝑐 are the base and height of the container, and ℎ𝑡 and 𝑑𝑡 are height and diameter 

of the triaxial chamber acting as a sand trap. Since it was necessary to fill a combined volume 

of about 4L (a small volume of the sample of hoses), the worst-case scenario was that a 65.6-

minute fill time would be enough to fill both containers. To account for the significant 

incertitude in the gas flow control, it was decided that 80 minutes would be used to ensure the 

complete filling. 

Next, the sample container was adapted to accommodate the entry of the necessary CO2 to 

recreate the conditions of the Mars atmosphere. A valve located at the bottom of the container 

(also seen in Figure 5-7) regulated the access of the CO2 into the sample container. Since carbon 
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dioxide is about 1.5 times heavier than air, the continuous injection of the gas allowed the air to 

leave the sand trap chamber and escape via another valve to the outside, thus ensuring saturation 

of the gas media inside the sample with CO2. 

 

Figure 5-7. CO2 supply and control system, including two valves and the hose connection to the inside of the 

sample. 

 

Figure 5-8. The results of other tests on thermal conductivity displayed no effect on the measured values for 

measurements done at room temperature (Nagihara et. al, 2022). 

The other variable that could potentially be replicated in the experiment is the temperature of 

the Martian atmosphere. Figure 5-5 and Figure 5-6 show this can be estimated at -50°C. 

However, as seen in measurements in Figure 5-8, work on other regolith analogues showed no 

difference for thermal conductivity tests conducted at room temperature from those conducted 

at very low temperatures (Nagihara et al., 2022), especially compared to sample density. 

Consequently, considering the considerable practical complications of cooling the whole 

experiment down to these temperatures (particularly in terms of instrumentation), it was decided 

not to incorporate this effect. 
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5.3. Experimental setup for wave velocity measurements 

After observing that the Bender elements could not measure the wave velocity under the very 

low stresses being studied, a pair of Cedrat Technologies PPA 40M piezo actuators were 

adopted to transmit the waves. These actuators produce a powerful strike, sending a pulse that 

traversed the sample when subjected to a voltage of positive 5V that then passes through an 

amplifier. It is essential to mention that this was not the case for the bender at any voltage or 

frequency combination. To use these elements, the container had to be modified to allow them 

to be placed in a manner that could generate P and S waves on demand. As can be appreciated 

in Figure 5-9a, the frontal acrylic cover was modified with a hole and a trench to accommodate 

both actuators, oriented in such ways that one strike was directed in a direction normal to the 

soil (thus generating P waves). The second one was placed in a small ditch into the cover to 

enable the actuator to strike transversally to the soil mass, producing primarily S waves. The 

actuators were fixed in place and surrounded by an acrylic box impermeabilised with several 

sealing silicone layers before it became truly hermetic. 

  

Figure 5-9 a) The Cedrat Piezoactuators were used to generate P and S waves by installing them into one of the 

acrylic covers of the setup. A trench was made into the cover to install the S wave actuator transversally. B) The 

accelerometers were set directly facing them to register the arriving waves in the opposite wall. 

Meanwhile, the other acrylic cover of the sample container (Figure 5-9b) was modified to fit 

two uniaxial accelerometers aligned in the proper directions to register the arriving waves. These 

sensors and their associated electronics will be described in detail below. 

 

Figure 5-10. The TEM TG5011A signal generator was used to generate the signals driving the piezoactuators. It 

allows work with rectangular and sinusoidal signals in single and burst configurations. 

A TEM TG5011A signal generator was used to generate the waves (Figure 5-10), capable of 

producing periodical sinusoidal and square waves while set up to a particular burst 
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configuration. This versatile device enabled a high control of both sinusoidal and rectangular 

signals. The generator was plugged into a Cedrat LA75C amplifier, capable of amplifying the 

generated waves by a factor of x20. Then, an AlphaWire bifurcation cable was adapted to enable 

simple switching of the amplifier connection to the active piezo actuator (for either P or S wave 

as desired). 

  

Figure 5-11 The data of the accelerometers was collected using a pair of a) Fluke 99 and b) Fluke 99B 

oscilloscopes, and the sensors were powered with the c) SPD3303X-E power source. 

The signal acquisition was done using a pair of ASC4221MF-005-6A uniaxial accelerometers 

from PM Instrumentation, each one being oriented in the appropriate direction to register the 

arriving P and S wave from the actuator directly facing it (see Figure 5-9). The accelerometer 

signal was read using a pair of independent two-channel Fluke 99 oscilloscopes labelled for 

each wave (see Figure 5-11), eliminating any potential undesired crosstalk effect. The 

accelerometers were set to the specified parameters of 10 V and a 2-mA current supplied by the 

SPD3303X-E power source. 

5.4. Experimental setup for thermal conductivity measurements 

The next step was to conceive and implement a setup that could be used to generate, regulate, 

and receive thermal impulses through a material sample. The depart concept for the experiment 

was to impose the desired boundary conditions in terms of a controlled temperature and to 

measure the temperature inside of the sample, potentially at several locations in the longitudinal 

direction, to observe the passing of the temperature rises and drops. 

A preliminary activity was carried out to validate the concept for the study of heat propagation 

in the studied material, which was to utilise a thermal camera to visualise the propagation of a 

heat wave on the material's surface. A basic setup (seen in Figure 5-12) consisting of a small 

prismatic box filled with the Fontainebleau sand was implemented to do this. One Peltier plate 

was placed at each end of the box to heat up to a fixed temperature, and two type K 

thermocouples were installed into the material. Then, an infrared thermal camera was fixed, 

surveying the setup's surface to observe the temperature pulse's passage. The plates were then 

connected to a power source to heat the sample. After a few hours, this observation was possible, 

and a video was recorded. With this simple activity, it was decided that although the concept 
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was valid, more powerful Peltier elements and a considerable number of temperature sensors 

would be necessary for the definitive setup. 

 

Figure 5-12 a) The container, Peltier plates, and b) thermal camera used for the b) preliminary thermal 

propagation test. 

Consequently, for the definitive setup, the chosen equipment was a pair of the TeTech LC 200 

Peltier plates, along with their TC-48-20 controllers and power sources (all elements seen in 

Figure 5-13). This equipment incorporates a cooling fan and is powerful enough to keep the test 

going during numerous continuous hours, as required for some thermal conductivity 

measurements. They can also impose cooling instead of heating with the proper connections. 

The desired boundary conditions in terms of temperature were controlled in the metallic walls 

of the container utilising the Peltier plates, with a predominant unidirectional heat conduction 

direction seen in Figure 5-14. To register the evolution of the temperature through time in the 

sample and alongside the plates, seven type K thermocouples were placed into the experimental 

device, using silicone to seal the holes in which they were installed not to affect the vacuum 

sealing of the container. They can be seen before being placed in Figure 5-15b. The heat 

propagation through the soil is monitored using the five thermocouples installed in the soil, as 

seen in the arrangement presented in Figure 5-15. At the same time, the other two serve to 

monitor the Peltier actuators and verify that the reading provided by the controller equipment 

agrees with the measurements. 

With seven thermocouples to monitor the experiment, data acquisition for all these sensors was 

becoming a considerable challenge, requiring the installation of an ADAM 2019+ with 8 

channels for this type of sensor, but also of a NI 9172 data acquisition card, which is seen in 

Figure 5-16. Also, since the heat would be conducted to some extent through the plexiglass 

walls of the sample, all of the container walls were surrounded by thick polystyrene layers. 
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Figure 5-13 The more potent Peltier plates of the definitive setup with all their electronic equipment. 

Once all these elements were in place, it was decided that before proceeding with the definitive 

testing program, it was necessary to conduct a rigorous calibration of the thermocouples to 

ensure accurate and repeatable measurements. To do this, it was decided that a well-calibrated 

PT100 probe would be introduced in the sample, and all thermocouples' calibration constants 

were evaluated per the PT100 probe measurements. The setup for this work can be seen in 

Figure 5-17. 

 

Figure 5-14. Predominant direction for the envisioned heat conduction experiments. 

 

Figure 5-15 Schema displaying the thermocouples’ arrangement in the amples’ back cover. 
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Figure 5-16. Considerable amount of instrumentation posed a practical challenge. A) ADAM2019+ modules for 

most thermal sensors alongside the air pressure valve control, and b) data acquisition card for the other 

thermocouple sensors. 

After several tests conducted under atmospheric pressure and 6mbar pressure, satisfactory 

performance for most of the sensors (TS1, TS2, TS3, TS4) was obtained, as seen in the test seen 

in Figure 5-18, where the empty container was cooled to 14°C. It is observed that the 

measurements reported by all the sensors continue in the same line throughout testing, and their 

calibration is considered satisfactory. However, despite several attempts, T5 yielded 

inconsistent results most of the time, and it was decided to exclude this sensor from the analysis. 

The same behaviour is observed in the test of Figure 5-19, in which the temperature stabilised 

after the Peltier plates were turned off. In this case, the measurements of T5 are less inconsistent. 

This test of return to initial conditions also gives information for a practical aspect since it can 

be noticed that 10 hours of delay between tests are enough to allow all the temperatures to return 

to their initial values, and a new test can begin without encountering complications due to 

different initial readings on the sensors. 

 

Figure 5-17. a) Experimental setup for the calibration of the thermocouple sensors. It was achieved with a well-

calibrated b) PT100 probe. 
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Figure 5-18. Calibration test during a test carried out under atmospheric pressure, with T1-T4 measuring 

consistent values and T5 misfunctioning. 

The reversibility of these measurements was also verified by three tests in Figure 5-20, where 

all the sensors show good linearity during a prolonged cooling-reheating cycle. However, it is 

also observed that the best results are obtained if the measurements are restricted to a smaller 

range (variations of about 3°C) since the use of greater temperature steps (variations greater 

than 5°C) may produce some deviation, as observed in the figure Figure 5-20a-c. Consequently, 

it was decided that the temperature change for the definitive test program would be limited to 

3°C of cooling to ensure that the temperature measurements would be as accurate as possible. 

 

Figure 5-19. Test where the Peltier plates are turned off and the temperature is allowed to return to initial values. 

Notice that all sensors return to the same initial values after 10 hours with minimal fluctuations. 
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Figure 5-20. Linearity and reversibility testing of the temperature sensors. Satisfactory performance was 

observed during three different tests, although it seems to decrease slightly for the lowest temperatures, 

particularly for the a) T1 to c) T3 sensors. 

Given the relevance of adequate boundary conditions for the experiments, it was necessary to 

ensure adequate contact between Peltier plates and the metallic walls of the container. To do 

this, HY510 thermal grease was applied to the contact surface of the metal wall as seen in Figure 

5-21 to ensure continuous thermal contact. Several nuts and screws further ensure this contact. 

 

Figure 5-21. Thermal grease applied to the container’s metallic wall to ensure adequate thermal contact. 

5.5.  Stress control in the sample and height variation monitoring 

A key component of the experimental setup was the system used to control the stresses acting 

on the sample. The vertical stress acting on the sample at the height where the measurements 

are conducted (80 mm from the bottom, the middle point of the sample height) results from the 

sample self-weight plus the stress applied on the soil’s surface. 

As seen in Figure 5-22a, the container has a piston holding a square plastic plate that contacts 

the soil’s surface. The plate has rounded corners and slightly smaller dimensions than the 
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container to avoid contacting the walls when it moves. To know the stress acting on the sample, 

it is necessary to control and measure the force with which this plate contacts the soil.  

To control the force actuating on the surface of the soil, the piston holding the plate is fixed to 

a metallic frame (shown in Figure 5-22b) and is controlled with a pneumatic actuator seen above 

the blue hose of the jack air pressure. This double-acting actuator (seen on Figure 5-23b) can 

pull and push the piston with a controlled force, and the direction of this force can be changed 

simply by connecting the hose to the desired orifice. This ability to pull the piston is relevant 

since it enables testing to be performed without actuating loads acting on the soil surface, as is 

explained further below. The force was measured with an accurate load cell (seen in Figure 

5-23a) installed inside the sample container between the piston and the plate contacting the soil, 

as seen in Figure 5-24. This installation was chosen because any variation of the actuators’ 

compression force (due to fluctuations in the air pressure, or the friction of the piston with the 

box and the vacuum seals surrounding it) is accounted for in the load cell force measurement. 

 

Figure 5-22. A piston a) with a square plate is used to contact the soil surface and is supported by a b) metallic 

frame which connects it to the pneumatic jack. The reference plate is used to measure the vertical displacement. 

 

 

Figure 5-23 a) The loading cell and the b) pneumatic actuator. 
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Figure 5-24 a) The loading cell is installed between the piston and the plate contacting the soil. 

When the vacuum pump is engaged, the piston is sucked into the sample and will strongly 

contact the soil. This force must then be compensated with the pneumatic actuator pulling 

against it, since if the piston is allowed to contact the sample surface the soil will be densified, 

and the sample will have to be prepared again to restart the experimental program. Not 

contacting the soil also allows the experimental setup to impose very low near-zero stress values 

on the soil sample. After some testing, it was observed that 100kPa of air pressure on the jack 

is sufficient to avoid contact with the soil sample. The reading of the loading cell can be 

monitored to reveal that undesired contact of the plate with the soil took place. 

From the moment the plate contacts the soil, variations in the height of the soil sample were 

monitored by measuring the relative displacement of the reference plate (seen in Figure 5-22b) 

with respect to the metallic frame with a calliper. For testing at higher stresses, the actuator can 

push the piston and exert a force on the sample, up to the maximum 1 MPa capacity of the 

pneumatic actuator. The air pressure controlling the jack can be specified through a LabVIEW 

interface with the help of a type 3110 Bellofram electro-pneumatic transducer, as seen in Figure 

5-25b. Such a valve converts a voltage signal into a pressure signal. 

 

Figure 5-25. The Type 3110 Bellofram transducer was used to control the air pressure acting on the jack. 

5.6. Experimental protocol 

Once the setup was completed with all the previously described components, an experimental 

protocol was devised to carry out the experiments of the projected measurement program. 
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The testing procedure can be split into the following stages: 

• Previous drying of the sample material. 

• Placing the sample in container. 

• Thermal conductivity test. 

• Wave velocity measurements. 

The following sections describe in detail each stage. 

Previous drying of the sample material 

The procedure for a test begins with a preliminary drying of the sample material. Previous work 

in regolith simulants to study thermal conductivity (Nagihara et al., 2022) emphasised the 

importance of the material samples being as dry as possible. Thus, before an experiment began, 

1600 g of the soil was left in an oven (Figure 5-26) for two days prior to the sample preparation 

at 120°C, given that 24 hours at 110°C are typically considered enough for clean sands such as 

the one in use, this drying process was adequate. 

 

Figure 5-26. The material was dried in an oven for two days before the sample was prepared. 

 

Figure 5-27. Vacuum chamber to preserve the soil dry as the material cools down. 

Afterwards, the material is extracted from the oven and placed inside a vacuum chamber (seen 

in seen in Figure 5-27) to preserve it dry as it cools down for three hours since it cannot be 

pluviated into the container yet as it may damage the accelerometers and the piezo actuators.  

Preparation of the sample in the container 

Placing the sample into the container is achieved through the following steps: 
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• Material pluviation: This step involves loosely placing the dry sand into the sample 

container. First, a double-layer filter paper is placed on the bottom of the container; then, 

the material (previouslyweighed) is pluviated into the sample container using a funnel 

(adapted with a hose given the significant height of the sample container). This process 

needs to be careful, not to upset the position of the thermocouple wires, as seen in Figure 

5-28b. Pluviation continues, placing the material as loosely as possible till a 160 cm 

height This sample size guarantees that the middle row of sensors is aligned with the 

middle height of the soil sample. Finally, a double-layer filter paper is placed on top of 

the sample. 

 

Figure 5-28. Care must be taken during the pluviation process with the a) funnel so that the b) thermocouple 

wires remain at the intended horizontal position. 

• Close and seal the vacuum container: Once pluviation has been achieved, the cover with 

the piston and the force sensor is placed on top and the sample container is closed 

carefully to ensure it is completely sealed (including the cover seal seen in Figure 5-29). 

To do this, all the eight screws of the top cover must be tightened firmly. Several layers 

of polystyrene are also placed around the sample to ensure proper insulation. 

 

Figure 5-29. Seal placed at the top to ensure no leaks beneath the cover. 

• Place and fix the sample container in the experimental assembly: The sample container is 

placed into the experimental setup by carefully placing it between the Peltier plates and 

fixing the nuts holding them in place. The thermal grease of the contact is replaced if 

necessary. The metallic frame and the pneumatic actuator are then installed while taking 

care not to push the piston into contact with the soil. 

• Connecting CO2 and vacuum: Finally, the hoses for the vacuum pump are connected to the 

sample container in the top and back covers respectively. Several cable ties are used at 

every hose connection to avoid leaks through these connections. 
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TheT he following checklist is verified before starting a testing program: 

1. Verify that the box is correctly accommodated, guaranteeing that the Peltier plates are 

well in contact with the metallic plates. 

2. Verify that the vacuum pump, passing through the safety of the sand trap to protect the 

equipment, is connected to the top cap to enable vacuum application in the sample and 

that the corresponding valves of the sand trap are closed or open as necessary. 

3. Verify that the top cover is secured with all the screws and that the retainer seal is secured 

around the piston. If desired, a vacuum test can be conducted to discard the presence of 

any potential leaks. 

After such verifications, the sample can be considered ready for an experimental program, 

which can start the next day. The sample ready for testing can be seen in Figure 5-30, and once 

the thermal isolation is placed it is mainly hidden behind it as seen on side b of the same figure. 

 

Figure 5-30. The sample ready for testing. Notice the a) vacuum seals and their fixation between the Peltier 

plates. The container is b) barely visible during testing once it is surrounded by the thermal isolation polystyrene. 

Each test was carried out at the constant same vacuum pressure inside the sample, increasing 

vertical stress to ensure Normally Consolidated soil conditions. Consequently, a stress value is 

selected for each of the testing days. In this work, four cycles (4 atmospheric pressure) were 

performed, with five stress values selected for the thermal conductivity measurements in each 

sample. Since each of these tests lasts a day, each cycle lasts six days. Measurements of the 

vertical position of the piston with respect to the metallic frame were performed at the beginning 

and end of each test day to monitor the sample height for eventual density variation, using the 

plate seen in Figure 5-22b. 

Thermal conductivity test 

Once the sample is tested, thermal conductivity measurements can be taken. These tests were 

done at a rate of one per day since the whole process lasted over nine hours. The steps for each 

of these tests are the following: 
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• Turn on instruments: This includes the control computer, the power source for the 

Peltiers (set at 5V and activated output), and the vacuum pump and its digital controller. 

All these instruments are verified to be turned on before starting the testing process, and 

the data acquisition for the load cell and the temperature sensors is engaged, after naming 

the storage file that will be used for the data setting. The load cell measurement is set to 

zero. 

• CO2 saturation of the sample: The CO2 is then applied to the chamber at a very slow 

rate, seeking to displace the entirety of the air residing in the soil container box as was 

previously described, and the valves are closed after 80 minutes. 

• Application of stress: The thermal conductivity measurements are taken at a specified 

stress value. For the lowest possible value, the pneumatic jack actuator can be engaged 

to pull at over 100 kPa so that the piston will not exert any force on the soil surface. For 

all the other values, the jack is connected to pull on the sample The actuator is connected 

to pull on the sample for all the other values by connecting the air hose on to the other 

orifice (see Figure 5-23b). The piston is then smoothly in contact with the soil surface 

to apply the required stress (from 100kPa to 800kPa). 

• Application of the vacuum: Then, the pump is activated so that the controlled vacuum is 

applied to the inside of the container until the desired pressure is attained. The pump 

controller enables the application of this suction in several steps, and a two-echelon 

process was utilised to avoid excessively rapid vacuum application that may disturb the 

loosely deposited sample. As seen in Figure 5-31, the first step lowers the pressure to 70 

mbar, and after a minute of stabilisation, a second action of the pump attains the desired 

value, in this case, 6 mbar (600 Pa). 

 

Figure 5-31. The desired pressure is applied in two steps to avoid disturbing the sample. 

• Starting the thermal conductivity test: Ten minutes of stabilisation are allowed once the 

vacuum is reached, and the temperature indicated by the thermocouples is recorded. 

After the work described in the precedent sections, it was decided that a standardised Δ𝑇 

of -3°C would be used for all the tests to enable comparison between them. 

• Attaining temperature stabilisation: The temperature of the sample decreases and is 

monitored with the different thermocouples included in the setup. It is monitored until a 
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stabilisation is observed. After some testing, a standardised duration of 7 hours was 

established since it is enough to allow for acceptable temperature stabilisation in all 

sensors. 

• Finishing the test: Once the temperature has stabilised, the Peltier plates are turned off, 

and the sample can return to its initial temperature for the next following text. It takes 

about 14 hours from when Peltier plates are turned on for the temperature to be uniform 

and return to its initial value in all sensors. The recovery time is used to perform wave 

velocity measurements on more stable conditions; it is not recommended to do these 

measurements while the Peltiers are working since there will be considerable vibrations 

due to the cooling fan unit of each plate. 

 

Wave velocity measurement procedure 

The wave velocity measurements can occur once a thermal conductivity measurement has been 

completed (the temperature has stabilised, and the Peltier plates have been turned off). The steps 

for these measurements are as follows: 

• Turn on all instruments: To begin, the instruments are turned on. This includes the signal 

generator, amplifier, oscilloscopes, power source for the accelerometers, and the 

computer used for waveform data storage. The voltage on the power source is verified 

to be set at 10 mV, and both channels are activated. For the moment, the output switches 

on both the signal generator and the amplifier remain turned off. 

• Recall preset wave function: A previously stored setup is now recalled in the signal 

generator. This must be done since great care must be taken not to apply a negative 

voltage to the piezo actuators since they only have a very limited negative voltage 

range. This setup corresponds to a positive 5V square pulse with a duration of 6 ms. This 

function results in two strikes, one in each direction. The function uses the burst feature 

of the generator so that one of these rapid oscillation pairs takes place every five seconds, 

allowing time to store the wave data since data acquisition is, in part, manual. 

• Connect the desired actuator: The setup was conceived to switch between the generation 

of P or S waves easily. To achieve this, the two cables connected to the amplifier 

(coloured black and red) are connected to the desired piezoelectric device. 

• Start wave recording:  The output of the signal generator is turned on, and so are the 

switches on the amplifier. A wave of the type selected in the previous step will now be 

emitted every five seconds and can be recorded on each oscilloscope. Note that the 

signals received at both oscilloscopes can be interesting, not just the one facing the 

actuator in use. Each Fluke 99 can store 10 waveforms on two channels (one for the 

input signal and the other for the recorded wave on the accelerometer), so 10 repetitions 

were stored for each wave in this work. 
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• Finish wave recording: To stop emitting waves, the output of the signal generator is 

turned off, and so are the switches on the amplifier. The cables of the piezo actuator can 

now be switched to the other emitter to record the other type of waves (S or P) at the 

same stress. 

• Switch stress value: Once the previous steps have been completed, a complete data set 

has been acquired for the specified stress, and the procedure can be repeated for the 

subsequent stress. 

• End test: To end the test, the first step is to turn off the vacuum, allow the sample to 

ventilate, and slowly return to atmospheric conditions. The pressure on the pneumatic 

jack is set to zero, and the data acquisition is turned off. All the instruments and 

computers can now be turned off, and the piezo actuators are disconnected from the 

signal generator. 

The full setup and experimental procedure can be seen in Figure 5-32 and Figure 5-33 

respectively. 

 

Figure 5-32 The full setup ready for an experiment. 
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Figure 5-33 Schema of the experimental protocol. 

5.7. Interpretation of the experimental results 

Although heat and mechanical waves have unidirectional propagation in the experimental setup, 

they are affected by the walls. Indeed, due to the low thermal conductivity of the dry sand, heat 

propagating through the plexiglass walls could affect the unidirectional heat propagation 

through the sand. On the other hand, considering the sample is confined to rigid walls, wave 

propagation could be affected by wave reflections. 

Numerical tools were developed to help interpret the results, considering such difficulties. Given 

the prismatic shape of the sample, the differential equation describing both phenomena was 

solved with a transient 3D finite difference model. 

The thermal model includes different materials of the sample container and the interfaces 

connecting them. Then, the thermal model includes the propagation throughout the metallic and 

plexiglass walls. 

Regarding mechanical wave propagation, particular emphasis was given to the key question of 

the rigid boundaries. The numerical model is based on the model proposed by Dong-Joo et al., 

2004, and it is described in Appendix B: Original expressions for the boundary condition. 
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Formulation of the finite differences for the heat conduction 

A finite difference model to was formulated for a solution of the heat conduction in three-

dimensional space. In this case, the equation to solve is: 

𝑐ρ
𝛿𝑇

𝛿𝑡
= ∇(𝑘∇ ⋅ T)  (1) 

A MATLAB script was prepared to solve this transient equation. The following paragraphs 

describe the main characteristics of this model. 

Model geometry 

The model is 3D, as seen in Figure 5-34; the cross-section of the model is a square box with 120 

mm sides. All the walls are 20 mm thick, and the aluminium sides are smaller (80 mm) than the 

plexiglass ones (120 mm). While the sample container is 200 mm tall, it was not filled during 

the experiment as described previously. Consequently, only the 160 mm of height filled with 

soil is included in the model. 

Notice that the lower plate, with a height of 30 mm, is made of plexiglass. 

 

Figure 5-34. Side and top views of the model geometry. 

Model materials 

Materials involved in this model are the soil sample and the container walls made of aluminium 

and plexiglass. Including these three materials allows for accounting for heat conduction 

through the plexiglass walls. However, since the container is isolated from the environment with 

polystyrene, which has a conductivity of 0.034-0.038 W/mK comparable to that of the simulant, 

the experiment is not perfectly isolated. This is a difficulty that affects the measurements mainly 

for the long duration of the experiment. 
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Table 5-1. Model parameters used for the materials. 

Material Density (g/cm3) 
Thermal conductivy 

(W/mK) 
Specific heat (J/gK) 

Plexiglass 1.18 0.18 1.47 

Aluminum 2.7 205 0.5 

Fontainebleau sand 1.47 Evaluated 0.733 

 

The thermal conductivity involved the use of three materials, which are summarised in Table 

5-1. 

Boundary conditions 

The initial conditions for the model are set at a constant temperature of 19°C, corresponding to 

the values measured at the beginning of a test. The exact temperature can vary by a few tenths 

of a degree. However, the measure of interest is the variation of this initial temperature, not the 

temperature's value itself. 

The thermal conductivity test applies a constant temperature to the aluminium walls. Since the 

aluminium's conductivity is very high compared to the other materials involved (see Table 5-1), 

all the nodes associated with aluminium are set to 16°C to recreate the conditions of 3°C cooling. 

Boundary conditions outside the container are zero heat flux. This implies that no exchange 

occurs with the environment, which is not entirely accurate given that, as mentioned above, the 

system's thermal insulation is imperfect. 

The expressions used for imposing a continuity condition are now presented: 

 

The flux at the neighbour nodes is: 

𝑄𝐻
𝑖−1 = 𝑘

𝑇𝑖−1
𝑡 −𝑇𝑖

𝑡

Δ𝑦
Δ𝑦   (2) 

𝑄𝐻
𝑖+1 = 𝑘

𝑇𝑖
𝑡−𝑇𝑖+1

𝑡

Δ𝑥
Δ𝑦   (3) 

Replacing in the right side of the equation: 

𝑄𝐻
𝑖−1−𝑄𝐻

𝑖+1

Δ𝑥Δ𝑦
= 𝑘1

𝑇𝑖−1
𝑡

Δ𝑥2
− 𝑘1

𝑇𝑖
𝑡

Δ𝑥2
− 𝑘2

𝑇𝑖
𝑡

Δ𝑥2
− 𝑘2

𝑇𝑖+1
𝑡

Δ𝑥2
  (4) 

So, the whole equation becomes: 



THERMAL CONDUCTIVITY AND WAVE VELOCITY MEASUREMENTS 

162 

 

𝑐ρ
𝑇𝑖
𝑡+Δt − 𝑇𝑖

𝑡

𝛿𝑡
= 𝑘1

𝑇𝑖−1
𝑡

Δ𝑥2
+ 𝑘2

𝑇𝑖+1
𝑡

Δ𝑥2
− (𝑘1

𝑇𝑖
𝑡

Δ𝑥2
+ 𝑘2

𝑇𝑖
𝑡

Δ𝑥2
) 

𝑇𝑖
𝑡+Δt =

Δ𝑡

𝑐𝜌
[𝑘1

𝑇𝑖−1

Δ𝑥2
+ 𝑘2

𝑇𝑖+1

Δ𝑥2
− (𝑘1

𝑇𝑖
𝑡

Δ𝑥2
+ 𝑘2

𝑇𝑖
𝑡

Δ𝑥2
)] + 𝑇𝑖

𝑡  (5) 

Where Q is the flux, k is the thermal conductivity, c is the specific heat, and T is the temperature. 

Experimental and numerical results during validation 

The cross-section of the model with the associated dimensions can be seen in Figure 5-35 as the 

pulse propagates through the material. It can be seen how the Plexiglass (more conductive than 

the soil) is colder and is already at a lower temperature compared to the soil, where an elliptic 

symmetry in the temperature occurs and where the heat still flows radially. At the same time, 

the aluminium with a thermal conductivity two orders of magnitude higher has long ago 

stabilised at a uniform temperature. 

 

Figure 5-35. Cross section of the model as the thermal pulse propagates. 

To ensure comparability of the model with the experimental results, the nodes corresponding to 

the location of all the thermocouples were identified. The temperature in these nodes at the time 

of interest was then stored to make it possible to obtain a curve of the temperature evolution in 

time that could be compared with those obtained in the experimental data. 

An initial validation test was done comparing cooling tests. A large temperature difference was 

used to do this, bringing the sample from an initial temperature of 19°C down to 8°C. The 

parameters for the model were fixed to the values mentioned above, and the thermal 

conductivity of the soil sample (𝑘) varied. 
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Numerical computations, seen in Figure 5-36, varying k with a 0.01 W/mK resolution between 

0.05 W/mK and 0.12 W/mK, a range of thermal conductivities agreeing with expected Mars 

conditions. An additional calculation at 0.5 W/mK is included to show model sensitivity. These 

preliminary calculations showed the drastic effect of 𝑘 on the model results and that if working 

in a standardised range of temperatures, a moderate number of calculations would suffice to 

determine the sample's thermal conductivity accurately.  

 

Figure 5-36. The model was first tested with a considerable cooling step to see the effect of thermal conductivity. 

Figure 5-37 compares the results of a test done at atmospheric conditions with the numerical 

results. The figure shows good similarity of the curves, and the conductivity can be estimated 

to be between 0.2 and 0.3 W/mK, thus with a slightly better than 0.1 W/mK accuracy. However, 

the sample was not cooled to exactly 14°C, showing a thermal leak in the system. 

The same was done for tests done at the conditions of the Mars atmosphere, where a sample 

was cooled from 19.4°C down to 14°C. The test can be seen in Figure 5-38, compared to values 

of k near 0.1W/mK. Good correspondence is seen again in this scenario since the test curve 

overlaps with the green curve corresponding to 0.1 W/mK. In this case, the value of k was 

determined with a much better accuracy of 0.01W/mK compared to the previous scenario. 
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Figure 5-37. A very good fit was observed for sensors 1-4 with the numerical model for a test carried out under 

terrestrial atmospheric conditions (with no vacuum in the chamber). 

 

Figure 5-38. A very good fit was observed for sensors 1-4 with the numerical model for a test with 6 mbar 

atmospheric pressure in the chamber. 

Figure 5-38 shows again that a thermal leak exists since the sample does not cool down to the 

imposed 14°C at the border of the experiment. For this reason, when comparing the analysis, it 

was decided to limit the interpretation to the first two hours since the numerical and 

experimental results do not deviate from each other during the initial stages. 

The model displayed a good capacity for reproducing the test results in both cases since the test 

data curve is coherent with the numerical curves. For simplicity, the measurement of 

thermocouple 2, located in the middle of the sample, was decided to be used for the work done 

in the experimental program. This allows to measure at a soil layer subjected to the same stress 

value as the wave velocity measurements (allowing for better eventual comparison). 
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5.8. Experimental program 

A thermal conductivity and wave velocity measurement program was conceived to explore the 

effect of atmospheric pressure and sample stress on the variables of interest. 

The different stresses resulted from 2.5 kPa increments in the acting stress on the material 

sample; 1.12 kPa is added from the vertical stress of the soil above the middle where the 

measurements occur. The experimental program is summarised in Table 5-2. 

Table 5-2. Experimental program 

Pressure/stress Density 0 kPa 2.5 kPa 5 kPa 7.5 kPa 10 kPa 

Stress+Self weight 1.12 kPa 3.62 kPa 6.12 kPa 8.62 kPa 11.12 kPa 

Sample 1: 

4 mbar 

1425.869 

kg/m3 
Test 1-1 Test 1-2 Test 1-3 Test 1-4 Test 1-5 

Sample 2: 

6 mbar 

1425.498 

kg/m3 
Test 2-1 Test 2-2 Test 2-3 Test 2-4 Test 2-5 

Sample 3: 

8 mbar 

1422.324 

kg/m3 
Test 3-1 Test 3-2 Test 3-3 Test 3-4 Test 3-5 

Sample 4: 

10 mbar 

1421.455 

kg/m3 
Test 4-1 Test 4-2 Test 4-3 Test 4-4 Test 4-5 

 

 

Figure 5-39. The experimental setup during the definitive experimental program. 
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5.9. Thermal conductivity measurements 

The results from the experimental program are presented in this section. The thermal 

conductivity results are then obtained by comparing the measured data's initial segment (first 

two hours) with the finite differences in numerical results, as explained further below. When 

performing this comparison, only the initial portion of the curve (0-2 hours) is considered. As 

can be appreciated in Figure 5-46, the final temperature attained during the tests is not the same 

imposed on the Peltier plates. This is because some thermal leaks persist in the setup (despite 

the measures adopted to mitigate this effect, including isolation with thick polystyrene plates), 

resulting in significant differences between the numeric model and the experimental results, 

mainly because the temperature variation does not reach the imposed 3°C of cooling. 

Nevertheless, this effect is less significant in the early portion of the cooling, as was observed 

in the initial testing described in the previous sections, it is considered, and the first two hours 

can be used to obtain the thermal conductivity result. 

Temperature measurements for each test include 7 hours of data recorded. The segment of 

interest begins when both Peltier plates are turned on. The curves constructed with this data 

represent how the middle point of the sample cooled during seven hours under a −3°𝐶 

temperature difference imposed at the wall borders. For easier visualisation, the data 

corresponding to each sample is assigned a family of colours. 

- Sample 1, worked at 4 mbar is red. 

- Sample 2, worked at 6 mbar is blue. 

- Sample 3, worked at 8 mbar is green. 

- Sample 4, worked at 10 mbar is black. 

Experimental data 

The raw data for each sample is presented in the following figures. 
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Sample 1: 

 

Figure 5-40. Cooling process for different stresses of sample 1, worked at 4 mbar. 

 

Sample 2: 

 

Figure 5-41. Cooling process for different stresses of sample 2, worked at 6 mbar. 
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Sample 3: 

 

Figure 5-42. Cooling process for different stresses of sample 3, worked at 8 mbar. 

 

Sample 4: 

 

Figure 5-43. Cooling process for different stresses of sample 4, worked at 10 mbar. 

Analysis of the results 

An extensive program of numerical calculations with the numerical code was launched to 

analyse these results based on the preliminary test described in the previous sections. Initially, 
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the values between 0.05 and 0.45 W/mK were evaluated, obtaining the results shown in Figure 

5-44. 

 

Figure 5-44. The first group of numerical results. 

 

Figure 5-45 The second group of numerical results. 

However, it was seen that these values were not adequate since the curves for values of 𝑎𝑏𝑜𝑣𝑒 

0.25 W/mK had slopes far too steep compared to the test. Consequently, it was decided to limit 

the range to 0.05-0.2 W/mK, but now all the values with a 0.01 interval were included. The 

result for this is seen in Figure 5-45.  
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A general summary of the curves of the experimental results of the thermal conductivity is 

presented in Figure 5-46. It can be appreciated that the thermal conductivity relates to the gas 

pressure as expected since the temperature drops faster for the highest atmospheric pressure (10 

mbar, shown in black) and slower for the lower atmospheric pressure (4 mbar, shown in red). 

Results show that the thermal conductivity 𝑘 increases with both atmospheric pressure and 

stress, as the figure shows that the higher pressures (black) descend in temperature faster, and 

the lower pressure (red) descends. Figure 5-40 to Figure 5-43 show the trend in terms of stress. 

Finally, these results can be superposed with the numerical results to determine the thermal 

conductivity for each scenario. 

 

Figure 5-46. All the experimental results presented in the same coordinate space. 

The experimental results are initially compared to those of the numerical calculation in the 

figure, where it was observed that the thermal conductivity value for all the tests can be located 

in the 0.05 W/mk – 0.2 W/mK. Consequently, the decision was made to compute all of the 

centesimal values between 0.1 and 0.2 and between 0.05 and 0.1. 

When performing this comparison, only the initial portion of the curve (0-2 hours) is considered. 

As it can be appreciated in Figure 5-46, the final temperature attained during the tests is not the 

same imposed on the Peltier plates. This is because some thermal leaks still persist in the setup 

(despite the measures adopted to mitigate this effect including isolation with thick polystyrene 

plates), resulting in significant differences between the numeric model and the experimental 

results, mainly that the temperature variation does not reach the imposed 3°C of cooling. 

Nevertheless, this effect is less significant in the early portion of the cooling as was observed in 

the initial testing described in the previous sections, it is considered, and the first two hours can 

be used to obtain the thermal conductivity result. 

Sample 1: 
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Figure 5-47. Experimental results of sample 1 (4 mbar) superposed with the curves obtained from the finite 

differences numerical calculations. 

Sample 2: 

 

Figure 5-48. Experimental results of sample 2 (6 mbar) superposed with the curves obtained from the finite 

differences numerical calculations.  
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Sample 3: 

 

Figure 5-49. Experimental results of sample 3 (8 mbar) superposed with the curves obtained from the finite 

differences numerical calculations. 

Sample 4: 

 

Figure 5-50. Experimental results of sample 4 (10 mbar) superposed with the curves obtained from the finite 

differences numerical calculations. 

The results of the programs for each sample were presented in different figures to allow for 

better visualisation; however, they can also be grouped in the same coordinate space as seen in 

Figure 5-51 to see the overall range of 𝑘 values measured. 
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Figure 5-51. All the experimental results presented in the same coordinate space. 

Using these figures, the thermal conductivity values for each test can be derived from the initial 

segment of the curve, with an accuracy of +/- 0.01 W/mK. The results are presented in Figure 

5-52 

Based on these results, it can be stated that the range for thermal conductivity for the material 

is in the order of 0.07 – 0.14 W/mK at these very low stresses, and that it can be measured with 

just sufficient accuracy in the devised setup to observe the dependency of this magnitude with 

respect to the variables of gas pressure and sample stress. It is appreciated that the value of 

thermal conductivity increases along with that of the gas pressure; the same is the case for 

sample stress, although the effect over the analysed pressure range seems more subtle than that 

of the one due to atmospheric pressure. 
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Figure 5-52. All the experimental results presented in the same coordinate space. 

For the case of Mars, the atmospheric pressure is near 6 mbar, and thus, the conductivity at the 

surface can be considered lower than 0.1 W/mK, as indicated by the blue line of Figure 5-52. 

Over the first cm, the stress value can be as low as 3 kPa, and consequently, the value 

corresponding to the conditions present at the Mars InSight landing site is 0.08+/-0.01 W/mK. 

Compared with the results reported in thermal conductivity studies with other regolith analogues 

(Nagihara et al., 2022), this is somewhat higher by about 0.02 W/mK. The comparison of the 

results of this work with these reference values is presented in Figure 5-53. 

 

Figure 5-53. All the experimental results presented in the same coordinate space. 

The most probable explanation for this difference is the significant mineralogical composition 

and particle shape difference between Fontainebleau sand and the regolith simulants used for 

that study. This is not too surprising since the simulants used by Nagihara (mainly the Mojave 

Mars Simulant or MMS) are mainly based on basalt, which has a relatively low thermal 

conductivity of 2.5W/mK at 20°C (Halbert & Parnell, 2022), in contrast to Fontainebleau sand 

composed almost entirely by quartz (7.7-8.4 W/mK), one of the highest thermal conductivities 

among soil minerals (De Vries, 1963; Zhang et al., 2015). It is also possible that part of this 

difference is due to the more angular particles of Mojave and the other simulants used by 

Nagihara, which have grains with pointy edges and, in consequence, a lower contact area 

between the particles, thus reducing the flow of heat between the material grains. 

As a final note, it can be seen in Figure 5-54 that the results of Nagihara show little effect of 

sample density on the thermal conductivity result at the pressures reported for the InSight 
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landing site (600 – 800 Pa). These effects also appear to become more relevant at pressures 

below 400 Pa, which should not be encountered at the InSight site. 

 

Figure 5-54. The effect of atmospheric pressure and sample stress on thermal conductivity is directly proportional 

and appears to be rather significant. 

Finally, it must be emphasized that the must substantial contribution of the present study was 

the ability to observe effect of sample stress on material thermal conductivity. Consequently, 

linear models are proposed for the relationship of conductivity k as a function of σ stress, as 

seen in Figure 5-55. 

 

Figure 5-55. Linear dependency of thermal conductivity from sample stress. 

The R2 values for all these fits are above 0.90. The expressions for this dependency are: 

𝑘 =  0.0011σ + 0.0713 (4 mbar) 
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𝑘 =  0.0028σ + 0.0719 (6 mbar) 

𝑘 =  0.0030σ + 0.089 (8 mbar) 

𝑘 =  0.0038σ + 0.0977 (10 mbar) 

The parameters for these expressions are now presented as functions of atmospheric pressure, 

using linear relationships in Figure 5-56. 

 

Figure 5-56. Parameters for the linear models as a function of atmospheric stress. 

Resulting in the following expressions for the parameters: 

𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 0.0054P + 0.0481 

𝑆𝑙𝑜𝑝𝑒 = 0.0004P − 0.0002 

Where P is the pressure in mbar, this concludes the presentation and analysis of the results 

obtained for the thermal conductivity part of the experiment. 

Volume variation during testing 

The sample height was monitored through the development of each experimental program to 

observe eventual density variations. These measurements are presented in Figure 5-57, showing 

that the sample is compressed some 2 mm in total by the 6kPa stress increment. 
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Figure 5-57. Variations of the height of the sample through the testing program. 

The sample volume is a prism with a square base with 80 mm side and an initial height of 160 

mm. Knowing this and the specific gravity of the Fontainebleau sand, the volume changes can 

be computed and expressed in terms of the void ratio. The results of these calculations are 

presented in Figure 5-58 showing that from the initial value of 0.85-.86, it drops down to 0.83-

0.84. Given the values for the maximum and minimum void ratio (𝑒𝑚𝑎𝑥 = 0.866 and 𝑒𝑚𝑎𝑥 =

0.545), Roughly, this translates to a variation from the initial mean density of 1425 kg/m3 to a 

final mean density of 1443 kg/m3 for all the samples, a density variation of around 1%. 

Alternatively, the same result is seen Figure 5-59 in terms of porosity, η = e/(1 + e). 
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Figure 5-58. Void ratio variations in the sample. 

 

Figure 5-59. Void ratio variations in the sample. 
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Figure 5-60. Relative density variations in the sample. 
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5.10. Wave velocity measurements 

Experimental data 

Waveforms acquired for the four samples. P waves are shown in violet, the S in grey, and the 

input signal in blue. 

The first group of data obtained was for the normally consolidated samples. The sample has not 

been subjected to any higher stresses than those applied when the measurement is taken. 

Additionally, intermediate values were taken between each point measured in the thermal 

conductivity test, resulting in a total of 10 stress values measured. The signals are presented in 

a normalised scale for better visualisation. During the experimental program described in Table 

5-2, wave measurements were taken for each sample at the defined stresses. At the end of the 

program for each sample, the measurements were repeated, obtaining results corresponding to 

the material's over-consolidated state. 

 

Figure 5-61. Waves measured in the Sample 1 (4 mbar). The waves produced by the ‘P’ actuator are shown in 

violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 
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Figure 5-62. Waves measured in the Sample 2 (6 mbar). The waves produced by the ‘P’ actuator are shown in 

violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 

 

Figure 5-63. Waves measured in the Sample 3 (8 mbar). The waves produced by the ‘P’ actuator are shown in 

violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 
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Figure 5-64. Waves measured in the Sample 4 (10 mbar). The waves produced by the ‘P’ actuator are shown in 

violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 

The signals obtained using the overconsolidated sample (once the full set of thermal 

conductivity measurements was concluded) are presented now, from Figure 5-65 to Figure 5-68. 

 

Figure 5-65. Waves measured in the Sample 1 (4 mbar). The waves produced by the ‘P’ actuator are shown in 

violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 
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Figure 5-66. Waves measured in the Sample 2 (6 mbar). The waves produced by the ‘P’ actuator are shown in 

violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 

 

 

Figure 5-67. Waves measured in the Sample 3 (8 mbar). The waves produced by the ‘P’ actuator are shown in 

violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 
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Figure 5-68. Waves measured in the Sample 4 (10 mbar). The waves produced by the ‘P’ actuator are shown in 

violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 

Analysis of the results 

The waveform signals presented in the precedent section show that the apparatus can transmit 

and receive waves through the soil. Figure 5-61 to Figure 5-68 show that the measures are 

repeatable since for every datapoint (each column plotted), the data acquired for separate 10 

waves superpose from perfectly in some scenarios as is the case of Figure 5-65 to Figure 5-67, 

to small variations as the ones seen in the Figure 5-63. It can also be observed that more 

variability is present for the measurements done on the normally consolidated samples (from 

Figure 5-61 to Figure 5-64). In contrast, very clean signals superposing almost perfectly are 

observed for the over-consolidated samples present in Figure 5-65 to Figure 5-68. 

The violet P wave signals show a clean dampening motion after a few oscillations, generally 

seen more clearly at higher stresses and less at the lowest ones. On the other hand, the grey S 

waves exhibit a first group of 1-3 large peaks and then highly variable irregular shapes. 

Consequently, the possibility that mixed P wave components affect the proper interpretation of 

these waves must be considered. 

Due to the expected dependency of soil wave velocity with the applied stress, in all the figures, 

the first big peak arrives faster for the bigger stress values, which can be observed mainly in the 

violet P waves. Nevertheless, the increase is quite subtle and proper determination requires 

detailing signals at a bigger scale; for this purpose, the results corresponding to sample 1 in an 

overconsolidated state are detailed in Figure 5-69. It can be seen in this figure that the peaks of 

both types of waves (located at around 2.7ms) progressively arrive earlier for the higher stress, 

and even if the difference is very subtle at this scale, it is visible. For the case of the S wave 
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(grey), it is also observed that above 8.75 kPa, one of the S wave's peaks reduces its amplitude 

and even disappears. In contrast, the violet P wave signals show no apparent variation in this 

range, so it is not clear if the variation of the S wave is due to interference with earlier arriving 

P wave components or a noise arriving faster than the S waves. 

 

Figure 5-69. Zoom in of the waves measured in the sample 1 (4 mbar). The waves produced by the ‘P’ actuator 

are shown in violet, and the ones of the ‘S’ actuator are shown in grey. The input signal is displayed in blue. 

Concerning the case for determining the P wave travel time, as explained in the previous 

chapter, it is helpful to use a simultaneous visualisation of P and S wave signals, as presented 

in Figure 5-69. In these curves, it can be observed that the first departure from the axis is roughly 

the same for P waves and S waves alike, in Figure 5-58 and all the precedent figures. In all the 

figures, the violet and grey waves depart from the axis almost simultaneously in opposite 

directions, which can be observed in the zoom-in provided by Figure 5-69. This first arrival can 

then be used to determine the arrival time of the P wave and should be considered consistent 

with the existing criteria for bender element testing. 

Much like in Bender element testing, these observations are more apparent at the higher stress 

values and less evident at the smaller stress values, particularly for the minimum 1.12 kPa point. 

Consequently, assisting the interpretation of each wave with its neighbour stress values could 

be a valuable resource. 

It is becoming clear that interpreting these waveform signals might not be trivial. Nevertheless, 

the similarity with the bender element test can be a reasonable basis for approaching the 

problem. As it was mentioned in the previous chapter explaining bender element interpretation 

(see section 4-2), when looking at the arrival of the S waves, it may be problematic to distinguish 

the arrival point of the actual shear pulse from the misguiding P wave components that arrive at 

a higher velocity. This probably is happening here since, as described in the previous paragraph, 

the effect of sample constraint on travel time is present in the result. Thus, discarding the 
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worrisome possibility that the wave will propagate through the container walls instead of 

through the soil. Hence, it was decided that looking into the frequency content of the signals in 

question would be desirable since it might help identify the different components of the signals 

and possibly even filter them to isolate the specific waves of interest. 

Figure 5-66 shows the Fast Fourier Transform for one of the acquired P-wave signals. The figure 

shows that most of the frequency content is focused on the 0-4000 Hz, with a peak around 3000 

Hz. The red signal shows the obtained waveform when frequencies outside this range are 

excluded; since it is almost identical to the original signal it can be concluded that this signal is 

a P-wave, and no significant S-waves are involved in this frequency range. Notice that this 

waveform consists of a few big peaks followed by a rather complex waveform that does not 

appear too indicative. In contrast, Figure 5-71 displays one of the acquired S wave signals. In 

this case, a small peak appears at about 4000 Hz.  

The used input signals were square pulses with a duration of 6 ms, thus providing a wide range 

of frequencies in the emitted wave, which has some advantages for travel time interpretation. 

The output signals were filtered in the frequential domain making use of lowpass filters cutting 

frequencies at 2.5 kHz with a lowpass to aid determination of wave travel time, but also a 

bandpass Butterworth type filter was used allowing passage of frequencies between 2.5kHz and 

3.5 kHz. This filtering made use of the sampling frequency of the data, which was fixed at 500 

kHz in the oscilloscopes to ensure high quality signals. 

When filtering the signal, allowing to pass only the frequencies around 4 kHz, it can be observed 

that the amplitude is substantially reduced; furthermore, a decaying waveform that appears to 

be coherent with a dampening phenomenon can be distinguished in the red signal, which was 

not evident in the original unfiltered cyan curve. The spectra show that considerable frequency 

in the frequencies 0-2000 Hz has been excluded, corresponding to the range of the P wave 

observed in the P-wave signal. It can thus be hypothesised that P-wave components in the low-

frequency range are affecting the interpretation of the S-wave signals.  
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Figure 5-70. Frequency content of an acquired P-wave. The frequency content shows only P-waves are involved. 

 

Figure 5-71. Frequency content of an acquired P-wave. The frequency content shows both P and S-waves are 

involved. 

To investigate this hypothesis further, the signals registered by the accelerometer facing the P-

wave emitter (which records horizontal motion only) when wave perturbations were induced 

can also be considered (as seen in Figure 5-72b). The spectrum for this wave is shown in Figure 

5-75, where the suspected P-wave of frequencies is allowed to pass, and in Figure 5-74, where 

only the S-wave range of frequencies is allowed to pass. This time, the wave carries considerable 

content in both frequency ranges since it is expected as it is an S wave in nature that generates 

P wave motion in the plane transversal to the movement of the actuator. The filtered P signal 
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exhibits similar behaviour to the pure P signal shown previously, with a prevalent peak 

subsisting after both strikes (at around 3ms and 9ms, respectively); meanwhile, the S wave 

component shows a dampening movement section preceded by a few peaks of residual P-

motion, much like in the near-field complications encountered on bender element signal 

interpretation. 

 

Figure 5-72. The waves recorded included not only a) the waves recorded by the corresponding accelerometer 

but also b) the ones recorded in the accelerometer intended to record the other type of wave. 
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Figure 5-73. Frequency content of an acquired S-wave on the p-plane. S-wave excluded. 

 

 

Figure 5-74. Frequency content of an acquired S-wave on the p-plane. P-wave excluded. 

Considering these observations were consistent for several signals, it seems that this analysis 

could be reliable and that potentially calibrating an adequate filter to allow the S-waves through 

exclusively is the path towards adequate interpretation of S-wave travel time. 

Based on this, a preliminary interpretation can be proposed for the experimental program of 

unconsolidated waves completed for sample 1. The selection of arrival times is displayed in 

Figure 5-75. Note that the P-wave arrival time is selected at the first departure time from the 

axes (coherent for both waves), whereas the S-wave arrival time is selected at the second 
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departure time from the axes, which also coincides in both waves. The utilisation of this criterion 

can be visualised in Figure 5-76. 

 

Figure 5-75. Interpretation of arrival times for sample 1. 

 

 

Figure 5-76. The use of the chosen interpretation criterion for both waves. 

The results for this experimental program on sample 1 are visualised in Figure 5-77, fitted with 

a potential expression which provides reasonable fits. An alternative expression in terms of a 

power law for the logarithm of the velocity is presented in Figure 5-78. Finally, the computed 

Poisson’s ratio is presented in Figure 5-79. 
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Figure 5-77. The use of the chosen interpretation criterion for both waves. 

 

Figure 5-78. The use of the chosen interpretation criterion for both waves. 

Notice that the middle ν value of this result is about 0.15, coherent with the results obtained 

with the bender element measurements. This could mean that the interpretation criterion 

presented here has some value. Nevertheless, it must be noted that this criterion must be further 

supported with the result of the numerical calculations, which is still a work in progress that 

should be completed during the following months before applying it to the considerable amounts 

of data registered. 
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Figure 5-79. The use of the chosen interpretation criterion for both waves. 

Comparison with Bender Element results 

Finally, the obtained results are compared with the measurements presented in Chapter 4 using 

Bender Elements. As seen in Figure 5-80, the curve of the values obtained for Vp and Vs with 

the new setup presents a different slope in the initial segment of low stress. The new setup seems 

to measure values of 𝑉𝑝 that are too high at lower stresses, and that increase too slowly with 

respect to applied stress. The same behaviour is observed for 𝑉𝑠. 

 

Figure 5-80. The use of the chosen interpretation criterion for both waves. 

Figure 5-81 compares of the Poisson ratio of the new experiment with some of the Bender 

element results. It can be seen that both curves oscillate around a value of 0.15. 
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Figure 5-81. The use of the chosen interpretation criterion for both waves. 

5.11. Conclusion 

An experimental setup was developed at the Uniandes laboratory, conceived for coupled 

thermal conductivity and wave velocity measurements. The device allows work with extremely 

low-stress samples deposited in loose arrangements. Bender Elements were replaced by piezo 

actuators capable of generating a potent strike, producing mechanical P and S-waves that can 

traverse the soil sample and be recorded by uniaxial accelerometers placed directly facing the 

wave emitters. 

The required adaptations were made to enable the recreation of most of the conditions of the 

atmosphere of Mars after the measurements of the InSight mission at Elysium Planitia. These 

include applying a vacuum to the experiment to reduce the atmospheric pressure to the very low 

values of 600-800pa (6-8 mbar) present on Mars and CO2 saturation to substitute Earth's 

Nitrogen and Oxygen-rich air. A piston controlled by a pneumatic jack enables control of the 

material stress, which can be accurately monitored using a force cell. The temperature of the 

sample chamber was not recreated since other works showed no effect on the results. 

Experiments consist of prolonged cooling cycles controlled by Peltier plates that impose a 

continuous boundary condition on the metallic walls of the samples. Several thermocouple 

sensors were carefully calibrated to monitor the process, and the obtained data is compared with 

the results of a numerical Finite Difference model, which accounts for heat conduction in the 

sample container, in which good care was taken to correctly impose the boundary conditions at 

the limits and material interfaces. Validation tests showed very good agreement between the 

model and the tests. 

A testing program with four atmospheric pressure values (400, 600, 800 and 10000 Pa) near 

those present at the InSight site was then completed. The effect of sample stress was accounted 

for by testing conductivity at 5 different stresses between 0 and 10 kPa, and wave measurements 
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were done at all these values plus 5 intermediate ones. Values of thermal conductivity of 0.08-

0.14 W/mK were measured, observing an increasing dependency of conductivity 𝑤𝑖𝑡ℎ pressure 

and actuating sample stress. These values are higher than other works by about 0.02 W/mK, but 

this can be attributed to the mineralogical differences in mineralogical composition models 

relating to these magnitudes proposed. 

Square pulses with a length of 6 ms were used to produce P-waves and S-waves in the sample, 

which were recorded with both accelerometers. Very good reproducibility was obtained, 

acquiring 10 similar waves for every data point and observing similar waves in all 4 samples. It 

was verified that the waves were propagating through the soil and not the sample container, the 

signals were identified as a combination of those components, and advancements were made 

towards interpreting the travel times. Wave measurements were acquired for both normally and 

overconsolidated sample behaviour. Frequential analysis was performed, enabling the 

identification of the ranges associated with P and S waves and preliminary calibration for signal 

filtering of the acquired signals was proposed. 

The comparison was made with the measured P and S wave velocities presented in the previous 

chapter using Bender Elements in the horizontal setup used to apply very low stresses on a loose 

sample of Fontainebleau sand. The stress ranges involved superpose since the bender element 

includes 3.75kPa to 10 kPa, whereas the work presented in this chapter spanned from 1.12 kPa 

to 10 kPa. The results obtained over this range from the wave velocity measurements were 

observed to be reasonably coherent with the measurements done using Bender Elements for 

both P and S waves and the computed Poisson ratio. 
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6.  ATMOSPHERIC PRESSURE AND GROUND 

COMPLIANCE 

“I always hope for the best. Experience, unfortunately, has taught me to expect the worst”. 

Elim Garak, 2375(DS9) 

his chapter differs from the previous ones since it focuses on numerical modelling rather 

than experimental activities. The chapter focuses on the surface displacement induced by 

atmospheric pressure variations, a phenomenon often encountered when exploring the 

field of seismic noise. The departing point in exploring this phenomenon is the original 

observation in seismology, from which the definition of a measurement known as ground 

compliance arises. The construction of a two-dimensional transient Finite Difference Model 

conceived to study the process is then explained, and the parameters necessary to apply it to a 

terrestrial context for validation are then explored. After exploring the effects of the key 

variables in the model, the validated approach is used to study the case of the ‘observed’ dust-

devil’ events at the Mars Insight Landing site. The section is finally concluded with some 

comments elaborating on the pertinence of this work for the atmospheric-induced noise for 

seismological observations in both contexts. 

6.1. The atmosphere of Mars 

The properties of the Martian atmosphere have been characterised in detail (Petropoulos, 1989) 

and (Bardera et al., 2020) based on data acquired during the landing descent of both Viking 1 

and Viking 2 probes. Wind velocity, pressure, and temperature profiles were corrected and 

compared here to each other, and the values at Earth's sea level are presented for comparison. 

As seen in Figure 6-3, Mars has a very light atmosphere compared to Earth (which at sea level 

has a density of 1.293 kg/m3, in comparison to 0.02kg/m3 on the Mars surface), with a different 

composition observed by the Viking 1 and 2 measurements. The pressure is also very low at 

about 600 Pa compared to 101 325 Pa and even lower at altitudes, as seen in Figure 6-1. 

The temperatures on Mars are very low, with the highest values by the Viking probes at ground 

level being lower than -30 °C and lower than -170 °C at altitude, as seen in Figure 6-2. However, 

temperatures on Earth can reach these surface values in winter at high latitudes. Finally the Mars 

dynamic viscosity is 9.81 × 10−6 𝑁 ⋅ 𝑠/m2 at the surface (see Figure 6-4), considerably lower 

than that of the Earth at 1.79 × 10−5 𝑁 ⋅ 𝑠/m2. CO2 is the main component of this atmosphere, 

making up about 95%. The evolution of the atmosphere was also studied based on observation 

of the solar arrays (Lorenz et al., 2020). Martian atmosphere presents variations at the surface 

level in terms of pressure and temperature, in the order of 0.5 Pa and 55K over a day, 

respectively (Petropoulos, 1989). 

T 
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Figure 6-1. Atmospheric pressure of Mars after Viking descent data. 

 

Figure 6-2. Atmospheric temperature of Mars after Viking descent data. 
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Figure 6-3. Atmospheric density of Mars after Viking descent data. 

 

Figure 6-4. Atmospheric viscosity of Mars after Viking descent data. 
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6.2. Assessment of the compressibility of sand deposits by coupling seismic and 

meteorological measurements. (Article 5: Manuscript in process) 

B. Caicedo1, J. P. Castillo Betancourt1,2, P. Delage2 et.al 

1 Ecole des Ponts ParisTech, lab. Navier-CERMES, CNRS, UGE, Marne la Vallée, France.  

2 Universidad de los Andes, Bogota, Colombia.  

Fluctuations in the atmospheric pressure of the surface induce ground surface displacements 

that may be detectable via the utilisation of instruments that are accurate enough and 

consequently constitute a source of seismic noise worth studying to identify when interpreting 

the signals obtained from such measurements adequately. The measurement known as ground 

compliance allows quantifying the effect on the surface displacement, considering the 

contribution emerging from these atmospheric variations in time. While several models and 

approaches have been employed to study this phenomenon, most of them have neglected the 

effect of pore pressure on soil strain. This particular point can be approached from the 

perspective of soil mechanics using effective stresses. Evaluating these strains allows 

determining whether soil porosity constitutes an adequate way to quantify the contribution of 

pore pressure on these pressure variations and their effect on surface displacements. The model 

was validated for Earth conditions; then, the NASA Mars Insight landing site case was 

evaluated. Previous works available on ground compliance are thus reinforced when the effect 

resulting from material porosity is accounted for. 

Introduction 

The first observation that variations in atmospheric pressure can affect the noise levels present 

in seismic measurements in some conditions can be found in the work of Sorrells (Sorrells et 

al., 1971). In that work, observations comparing the seismic noise of measurements conducted 

on the surface, where they would be affected by the atmospheric pressure fluctuations, with 

those obtained in a cave lower into the same rock mass, allow assessing the mechanical 

properties of the shallow layers of a deposit. Several scenarios were also evaluated, considering 

a calm period, a windy period, and the moment a seismic wave propagated through the rock. 

Buoyancy was discarded, and consequently, the source of the remaining noise was determined 

to be caused by the slight variations in the atmospheric pressure (Sorrells et al., 1971). However, 

other observations also address this problem of earth's atmosphere fluctuations and their effects 

(Beauduin et al., 1996, Crawford et al., 1991). 

On Mars, the effect of atmospheric fluctuations on surface deformations has been studied from 

the point of view of seismology for the 2019 NASA Insight Lander (Banerdt et al., 2018), which 

has been able to measure and study the behaviour of the surface material (Martian regolith) via 

the monitoring of events referred to as ‘dust-devils’. To accomplish this, the measure known as 

compliance has played a role of the utmost importance; the effects of the atmospheric 

phenomena have been recorded in the highly accurate Seismic Experiment for Interior Structure 
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(SEIS) instrument (Lognonné et al., 2019), and values for the compliance have been established 

for several of the dust-devil events (Kenda et al., 2020). It is also worth mentioning that these 

works have used their results to try to determine elastic values for the surface regolith below 

SEIS. 

However, compliance works usually consider the surface material as an impervious rock, so the 

fact that the porosity aspect of the medium is most often not accounted for, but in the case of 

granular deposits, their compressibility depends on the change in effective stress and approach 

that differs from the one coming from the seismology perspective. This research aims to 

establish how this pressure variation affects the surface settlement of the ground, considering 

effective stresses. 

Calculations performed for the InSight case (Kenda et al., 2020, Garcia et al., 2020) were based 

on a model formulated in the frequency domain. However, when considering the effect of pore 

pressure soil’s strain, the emerging coupled problem is more accessible from a time domain 

formulation. The model proposed here is based on the model developed by (Scott & Ko, 1968), 

which was initially conceived to study the effect of the gasses involved during the landing 

process of a rocket on the lunar surface. 

This document presents the fundamentals and considerations behind a numerical model using 

the finite difference method (FDM) developed to study the effect of surface atmospheric 

pressure variation on ground surface displacement. The model considers the effect of the 

barometric pressure and its variations as it infiltrates a granular porous material. This porous 

nature is the case for the soils encountered on the surface of Earth, but also for those materials 

on the surface of other terrestrial planets, Mars included. 

In the first part of this chapter, the developed model for ground compliance is presented. Then, 

this measurement is studied in terms of how the variation of the atmospheric stresses affects 

compliance, emphasising the behaviour of the pore pressure directly; the effect of the main 

variables involved is evaluated. The case study for this first section is the scenario of the work 

conducted by Sorrells et al., (1971) in his original work. In the second part, the specific 

conditions of the InSight landing site are used to select the appropriate value for the key 

variables and evaluate the situation at Elysium Planitia. 

Part A: Ground compliance model in effective stress 

The current study considers the case of porous materials and, specifically, their behaviour while 

in a dry state. This last consideration implies that the effective stress, in the absence of water 

pressure, is to be defined as the result of subtracting the gas pressure 𝑃 from the total stress on 

the soil. 

It is also relevant to consider that the material is behaving on a small strain and, thus, is still in 

the elastic regime. Therefore, elastic computation of the strain is employed. 
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The following paragraphs describe succinctly the model for ground compliance. Appendix A 

presents further details on the temporal and spatial discretisation of the problem. 

Variation of total stress due to change in atmospheric pressure 

The first consideration in the model is the description of the variations of total stress acting on 

the porous media resulting from the evolution of a passing surface wave. 

The proposed model conceives the surface pressure variations as a sinusoidal wave with infinite 

depth outside the plane of study. The parameters of this wave, such as amplitude, wavelength, 

and velocity, may be adjusted to the desired values according to the environment and conditions. 

The infinite sinusoidal pressure wave as seen in Figure 6-5 is composed by a juxtaposition of 

vertical straight-line load in plane strains. Therefore, at an instant 𝑡, on a specific point where 

surface displacement or acceleration is being measured, the wave is defined by the following 

expression: 

𝑃𝑔(𝑥, 𝑡) = 𝑃𝑔
𝑚 + 𝑎𝑃𝑐𝑜𝑠 [2π (𝑓𝑤𝑡 −

𝑥

λ𝑤
)]   (1) 

 

Figure 6-5 Vertical stress below the ground surface due to a pressure wave. 

Where 𝑃𝑔 is the gas pressure at a time 𝑡 and position 𝑥; 𝑃𝑔
𝑚 is the mean atmospheric pressure, 

and its fluctuations are added by a wave with amplitude 𝑎𝑃, frequency 𝑓𝑤, and wavelength λ𝑤 

given by 𝑣𝑤/𝑓𝑤. The passage of this wave induces normal and shear stress increments into the 

soil that are calculated using the Boussinesq solution considering a series of thin strips (Braja, 

2011) with infinite depth (2D plane strains), given by the equation: 

Δσ𝑧 =
𝑞𝑥

π
⋅ [α + 𝑠𝑖𝑛α ⋅ 𝑐𝑜𝑠(α + 2β)]   (2) 

Where Δσ𝑍 is the increment in vertical stress, 𝑞𝑥 is the surface load per unit of length, and α 

and β are the angles shown in Figure 6-6. 
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Figure 6-6 Layout of the Boussinesq solution for the stress increment induced by a strip load (Braja, 2011). 

The remaining components for the horizontal and shear stresses increment may be calculated as 

follows: 

Δσ𝑥 =
𝑞𝑥

π
⋅ [α − 𝑠𝑖𝑛α ⋅ 𝑐𝑜𝑠(α + 2β)] (3) 

Δσ𝑦 =
2

π
⋅ (β ⋅ ν) (4) 

Δτ𝑧𝑥 =
𝑞𝑥

π
⋅ [𝑠𝑖𝑛α ⋅ 𝑐𝑜𝑠(α + 2β)] (5) 

Where Δσ𝑧 represents the total stress increment, and the position of the angles α and β can be 

observed in Figure 6-6. Note that the horizontal component in the normal direction to the studied 

plane is obtained via the utilisation of the Poisson's ratio ν. 

To account for the infinite strips, integration along the direction x of each strip whose loas is 

𝑞𝑥 = 𝑃𝑔 𝑑𝑥 leads to: 

σ𝑣(𝑧, 𝑡) = ∫
(𝑃𝑔

𝑚+𝑎𝑃 cos[2π(𝑓𝑤𝑡+𝑥/λ𝑤)])⋅[α+𝑠𝑖𝑛α⋅𝑐𝑜𝑠(α+2β)]

π

∞

∞
𝑑𝑥 (6) 

At each instant, this expression is evaluated numerically, obtaining the total stress increment 

resulting from the wave. 

Model for the diffusion of a compressible fluid into porous media 

The flow of the gas into a porous material is governed by the diffusion equation, as presented 

in the work of Wu (Wu et al., 1998). The corresponding expression is: 

ϕ
∂(ρ𝑔)

∂𝑡
= −∇ ⋅ (ρ𝑔𝑣𝑔) (7) 

Where 𝑡 is the time, ϕ is the material porosity,ρ𝑔 is the density of the gas, and 𝑣𝑔 is Darcy's gas 

velocity. 

As phenomenological relationships, the model uses the real gas law, the elastic compression 

law proposed by Mesri (Mesri & Vardhanabhuti, 2009), and the real gas law (Böttcher et al, 

2012). Gass mass conservation and phenomenological relationships lead to the following 
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expression for the evolution of gas pressure over time. Appendix A presents the derivation of 

this expression. 

∂𝑃𝑔

∂𝑡
=

(1+𝑒)𝑀

(𝑀+𝑃𝑔𝑒)
∇ ⋅ (

𝑘𝑔𝑃𝑔

μ𝑔𝑇
∇𝑃𝑔) +

𝑃𝑔𝑒

𝑀+𝑃𝑔𝑒
⋅
∂σ𝑇

∂𝑡
 (8) 

This differential equation can be solved numerically via Finite Differences in a transient one-

dimensional domain (1D) of the line below a point over which the wave passes. A MATLAB 

script was implemented to evaluate the proposed FEM model in different scenarios. Note that 

while the equation is solved in a 1D domain, the calculation of the total stress due to the passage 

of the surface wave is computed in a 2D domain (integrating the increment induced by every 

segment on which the wave is discretised, as seen in Figure 6-5). Table 6-1 presents the 

parameters involved in the model. Some of these parameters are independent of the planetary 

environment and mechanical state variables. 

Table 6-1. Parameters involved in the model. 

Symbol Parameter name Role 

𝐸 Youngs modulus Material parameter 

ν Poisson ratio Material parameter 

𝑘 Permeability Material parameter 

ρ Density Material parameter 

ϕ Porosity Material parameter 

μ Viscosity Gas parameter 

 

Elastic parameters (ν and 𝐸) enable computing the strains resulting from the induced effective 

stress, as already explained. Another parameter is the soil density ρ, which defines the initial 

material unit weight used to determine the initial stress condition; it also is related to soil 

porosity ϕ, which is necessary to model the compressing behaviour of the soil. Finally, the 

material permeability 𝑘 is the most important parameter since it governs the gas infiltration into 

each soil layer, which induces variations in the effective stress used to calculate compliance. 

The scenarios modelled include incompressible soil layers, such as rock layers, which are too 

stiff to be affected by the variations of effective stress induced by atmospheric pressure 

fluctuations. A bottom stiff layer can be placed on a model and serve as a boundary condition. 

These stiff rock materials have very high values of Youngs modulus. Thus, it is considered that 

𝐸 values for such layers are not dependent on the planetary location of any of the considered 

scenarios but rather on the material present at each location up to the depth of interest. 

 On the contrary, the softer materials, such as the regolith and soils on the earth's surface, may 

be affected by the effective stress variations due to atmospheric pressure fluctuations. Their 

values of 𝐸 are much lower than the rock layers described previously, and in consequence, they 
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must be carefully selected for each scenario. The strains, however, are very small, and the 

material can be described with a single elastic modulus 𝐸.   

For the case of Mars, where the surface material is a very loose deposit, the work presented in 

previous chapters indicates that a value of 20 MPa can be adequate for materials at the very low 

densities present on Mars. 

 

Figure 6-7. Values of intrinsic permeability for several materials (data from Berhane, 2006). 

The value of the intrinsic permeability 𝜅 is not dependent on the planetary environment since it 

has been observed to be heavily dependent on material grain size (Mahmoodlu et. Al., 2018). 

Since it is highly sensitive to mean particle size, it is evaluated over a wide range of values 

around the expected range for each type of material (which can be seen in Figure 6-7). 

Permeability (Côté, 2011) and hydraulic conductivity can be measured with experiments and 

simulations or estimated from other properties (Jarvis, 2002; Wells, 2006). The effect of particle 

shape may be relevant here, too.  

On the contrary, the values for air viscosity depend on each situation. The kinematic viscosity 

𝜇 of the gas occupying the material depends on the temperature. In the terrestrial case, this 

would be air, while carbon dioxide gas is present in the Martian case. The different parameter 

values for each scenario must then be selected, and Sutherland's Law was chosen for this 

purpose. This expression holds from -170°C to 750°C (Ellis et al., 2010). Since Mars is colder 

than the Earth and temperatures as low as -170 °C are only seen in the higher levels of the 

atmosphere as seen in Viking 1 and 2 data (Petropoulos, 1989), the expression holds valid in 

this context. This relationship enables accounting for the present gas via constants. It describes 
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the variation of the viscosity value at different temperatures, thus allowing the model to account 

for both variables simultaneously. The expression for the law is: 

μ(𝑇) = μ0 (
𝑇

𝑇0
)
3/2

(
𝑇0+𝑆

𝑇+𝑆
)  (10) 

 

Figure 6-8. Mars InsSight data for atmospheric pressure for two years. (Image credit: NASA JPL, n.d.). 

Where μ is the dynamic viscosity in [𝑁 ⋅ 𝑠]/[𝑚2] or [𝑃𝑎 ⋅ 𝑠], μ0 is the dynamic viscosity of the 

gas at a reference temperature 𝑇0 of 273, T is the temperature for the calculation and S is a 

constant known as Sutherlands temperature, with values of 110.4 K for air and 222 K for the 

CO2 which accounts for over 96% of the composition of the air on Mars. The results for the 

cases of Mars and Earth in a range of -200 °C to 300 °C are plotted on Figure 6-9. 

 

Figure 6-9. Kinematic Viscosity dependence on Temperature after Sutherland law. 

Taking Earth's temperature at 20°C and the temperature at the Mars Insight site as -70°C (which 

is the mean value recorded on Mars APSS weather data through an entire year, as seen in Figure 

6-8) and applying these expressions to these scenarios yields a value of 9.817 x 10-6 𝑃𝑎 ⋅ 𝑠 for 

Mars Insight and of 1.8 x 10-5 𝑃𝑎 ⋅ 𝑠 for terrestrial conditions. 
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Part B: Analysis of compliance, effective and total stress. Case of Earth. 

In this first step, the problem is evaluated under conditions that recreate the scenario of the 

original Sorrell's work. The passage of a periodic wave is evaluated under the conditions 

displayed in Figure 6-10 to achieve this. A wide range of 12 frequencies/periods was evaluated 

to determine the effect of the wave characteristics on the results (observed in the Sorrells results 

to be of some significance). The parameters for the model layers were derived from the original 

Sorrells report, summarising this information in Table 6-2. 

Table 6-2. Material parameters adapted for the model. 

Layer Depth Density S wave velocity P wave velocity ν 

Layer 1 0-100 m 1994.63 kg/m3 462.44 m/s 1374.22 m/s 0.43 

Layer 2 100–1000 m 2174.87 kg/m3 2532.95 m/s 4337.52 m/s 0.24 

The layout described in the report consists of a very rigid rock top below a less stiff material, 

and E was estimated to be 4 GPa and 41 GPa for these layers, respectively. Since no information 

has been provided on a layer below the bottom rock, and the measurements of Sorrells were 

taken at a depth of 183m, it was decided to include a stiff impermeable rock at the bottom of 

the model to act as a boundary condition. 

 

Figure 6-10. Conditions for the Sorrells scenario, under the passage of a periodic wave. 

The chosen value for the intrinsic permeability was expected to play an essential role in the pore 

pressure propagation in the studied medium. It was observed that this could reach the extent of 

a determined set of model conditions (i.e., depth, density, Pressure value) being an unsuitable 
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choice due to numerical instability occurring when a too-shallow layer is evaluated under too 

permeable conditions (higher κ values). A range of permeabilities spanning from 1x10-9 m2 to 

1x10-13 m2 was evaluated for this effect. 

Boundary conditions 

Since a one-dimensional domain is being used to solve the problem, the relevant boundary 

conditions for the problem must be specified on the surface and at the bottom of the model. The 

upmost layer is under the direct action of the passing wave, and thus 𝑃(𝑧 = 0, 𝑡)  =  𝑃(𝑡). The 

lower boundary is also considered impermeable and infinitely rigid compared to the modulus 

imposed upon the first layer of the domain. 

Initial conditions 

The initial pressure value at all nodes inside the domain is set to the atmospheric pressure of 

101 325 Pa for this scenario. 

Effect on compliance of gas diffusion 

The results obtained applying the proposed model to the terrestrial case are now presented. The 

MATLAB script of the model stores the necessary information for 5-time instants distributed 

uniformly throughout the calculation and then displays plots of the results of interest. These 

results allow us to appreciate step-by-step calculation of the effective stress and the strain it 

induces, and these calculation results are now presented in order. 

First, Figure 6-11 displays the total stress increment, showing how the value oscillates around 

the mean value of 0; it also shows that stress increments are induced well beyond the depth of 

600 m, showing that calculating only the top 183m to the depth of Sorrells measurement would 

not be sufficient. It can also be appreciated that higher periods result in deeper propagation of 

the induced total stresses. This result is independent of the material's permeability since this 

simply results from calculating the stress increments along the length of the wave and adding 

them. 
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Figure 6-11 Increments of the total stress for the evaluated values of T. 

Next Figure 6-12, Figure 6-13 and Figure 6-14 show the pore pressure for the minimum, 

maximum and intermediate values of permeability used. The highest value is 1x10-9 m2, which 

induces significant gas infiltration into the porous up to depths of around 10-90 m. By contrast, 

the lowest value of 1x10-13 m2 barely varies the pore pressure over the first meter. Meanwhile, 

the intermediate value of 1x10-11 m2 results in effects over the first 5m layer. These results are 

relevant since they show the depths at which effective stress will be affected, which determine 

where strain occurs. Since pore pressure does not vary on the second layer (below 100m), only 

the elastic parameters of the first layer will affect the results when the permeability varies. 

 

Figure 6-12 The pressure penetrates up to around 60 meters into the soil under the considered conditions and the 

highest utilised permeability value. 
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Figure 6-13. The pressure penetrates up to around 8 meters into the soil under the considered conditions and an 

intermediate selected permeability value. 

 

Figure 6-14. The pressure penetrates up to around 2 meters into the soil under the considered conditions and the 

lowest utilised permeability value. 

Figure 6-12, Figure 6-13 and Figure 6-14 also show the significant effect of the period. A higher 

period results in deeper penetration of the gas into the layer. This can be seen in Figure 6-15 

and Figure 6-16, which display the lowest and highest values of the period, respectively. With 

the lowest period of 10s, even the most permeable material only perceives pressure increments 

up to 20 m. In contrast, for the highest period of 200 s, some effect exists even at 60m. It can 
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also be seen in both of these figures that only materials with permeability values above 1x10-10 

m2 will show a significant effect at depths greater than 10 m. 

 

Figure 6-15. Effect of the permeability on material pore pressure for the lowest period of 10 seconds. 

 

Figure 6-16. Effect of the permeability on material pore pressure for the highest period of 200 seconds. 

The following result calculation is the effective stress, which results from subtracting the pore 

pressure from the total stress. The associated results are shown in Figure 6-17 and Figure 6-18 

for the lowest period (10s) and highest (200s) period again. The effective stress changes are 

limited to the first material layer (100m deep) for the lower period. In contrast, the effect only 
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becomes slight for the highest period value when approaching 650m of depth. This means the 

model has sufficient depth to study the considered frequency range. 

 

Figure 6-17. Effective stress profiles for the lowest period case presented for the evaluated intrinsic permeability, 

for the lowest period value of 10 seconds. 

 

Figure 6-18. Effective stress profiles for the lowest period case presented for the evaluated intrinsic permeability, 

for the lowest period value of 10 seconds. 

Finally, these effective stresses can be used to calculate deformations. The results are shown in 

Figure 6-19 and Figure 6-20. Both figures show that the second layer located below 100 m, 
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being very stiff, is only slightly deformed. Strain becomes 0 at the 500m, where the bottom rock 

starts. The surface layer in contrast, is slightly deformed over the first meters for the 10 s case 

(Figure 6-19) and more significantly deformed for the 200 s case (Figure 6-20). 

 

Figure 6-19. Vertical strain profiles for the lowest period case presented for the evaluated intrinsic permeability, 

for the lowest period value of 10 seconds. 

 

Figure 6-20. Vertical strain profiles for the lowest period case presented for the evaluated intrinsic permeability, 

for the highest period value of 200 seconds. 

 It also appears that the effect of the wave period is significantly more substantial than that of 

the permeability value. The loading process can be appreciated for the chosen value periods in 
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the cycles presented in Figure 6-21 and Figure 6-22, making it possible to arrive at these 

appreciations somewhat more easily. 

It can be observed in Figure 6-21a that while the order of magnitude of the maximum values for 

both extreme values of permeability coincide with those in Figure 6-21b, the shape of the cycle 

is more elliptical. The results of 1x10-13 m2 resemble a straight line since it is not far from doing 

the calculation with total stress, as the pore pressure barely infiltrates the soil.  

In contrast, Figure 6-22 shows that the maximum value attained for the extreme values of the 

period differs by an entire order of magnitude, hence confirming the appreciation that the effect 

of the period is more significant than that of the permeability for the considered scenario. 

 

Figure 6-21. Compliance cycles for the lowest and highest values of permeability evaluated. 

 

Figure 6-22. Compliance cycles for the lowest and highest values of period evaluated. 

In these cycles it can already be appreciated that the effect of period is significantly more 

relevant than that of material permeability. The slope for the cycles in figure Figure 6-21 varies 

considerably, while in figure Figure 6-22, no slope variation is apparent. However, the thickness 

of the ellipsis described by each cycle can vary, suggesting the appearance of some potentially 

interesting hysterical response. 
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A global summary of the results is presented in Figure 6-23a and b, where the increasing 

tendency of compliance with the period with respect to the period can be appreciated. It can also 

be observed that the permeability effect is of reduced significance. In part b of the figure, it can 

be appreciated that the variation is in the order of 3 to 4% for the highest permeability value. 

  

Figure 6-23. Global summary of the terrestrial scenario for the compliance model. 

Finally, the comparison with the original Sorrells experimental data with a 95% confidence 

interval and Sorrells's prediction with an elastic calculation is displayed in Figure 6-24. 

 

Figure 6-24. Comparison of the results with Sorrells data. 

A similar tendency is observed in the attained results, with some offset in the value resulting in 

a model better suited for predictions in the higher periods contrasting with the better 

correspondence of the Sorrells model for the lower period range. The model can thus be 

considered adequate and a valuable complement to the existing tools provided by the original 

author. 
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Part C: Application of the ground compliance model to Mars Insight landing site 

The second scenario (see Figure 6-25) is modelled after the Mars InSight landing site and seeks 

to recreate the situation under the lander at Elysium Planitia (Garcia et. al., 2020); it is hoped 

that this model may be used to contribute to the ongoing and already completed studies around 

the observed dust-devil events, by incorporating data directly from the APSS TWINS sensors. 

 

Figure 6-25. Model parameters used for the preliminary evaluation of the Mars scenario. 

This preliminary calculation was done again with a sinusoidal wave. Notice that in this case, the 

1Pa fluctuations are more representative in contrast to the case of the Earth. 

As seen in Figure 6-26, gas penetration concerns the first 2-4 meters of material for the highest 

permeability values and the longest period considered. This time however, the material is much 

more compressible with a value of 𝐸 = 20 MPa. 

Results also become less trivial as seen in Figure 6-27, where a monotonic compliance increase 

with the period is no longer the case (as in the terrestrial scenario). Finally, Figure 6-28 shows 

that in this scenario the effect of material permeability can be much more substantial, being as 

significant as 20% for the most permeable materials. 
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Figure 6-26. Pore pressure in the material for different permeabilities with the simplified Mars scenario. 

 

Figure 6-27. Compliance results for the Mars scenario. 
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Figure 6-28. Compliance results for the Mars scenario as a percentage of a total stress calculation. 

Ongoing work concerns the permeability's effect on the material's damping properties utilising 

the calculation results, and prospects include application for the landing site of Mars InSight at 

the Elysium Planitia. The model is hoped to be used in conjunction with actual APSS sensor 

data instead of the sinusoidal function presented here. 

Conclusions 

Atmospheric pressure fluctuations can induce surface displacement and are detectable with 

instruments that are accurate enough. This phenomenon was first observed in the 1970s and is 

a component of interest when analysing seismic noise. While the case has already been 

addressed for the case of the Mars InSight landing site, the assumption of the material being 

treated as a non-porous elastic material may have some effect on the results. Consequently, a 

model was prepared where the soil is taken as a porous compressible material. 

The model is formulated in the time domain and solved with finite differences. Atmospheric 

pressure is modelled as a passing harmonic wave, which induces total stress increments into the 

material as the gas infiltrates the permeable material, varying the pore pressure. Then, a soil 

column is analysed, and its behaviour is calculated based on the effective stress increments it 

incurs. The equations necessary to derive the model and to implement it in finite differences 

were developed (see annexe) and solved in MATLAB. 

Two scenarios were evaluated, one on Earth and a simplified version of the Mars scenario. The 

key variables explored were the material permeability and the period of the wave. The trajectory 

for the lowest permeability materials was perfectly reversible; this is expected since using the 

lowest permeability value resembles a calculation carried out with only total stresses and means 

that an appropriate range of permeability values was assessed. In materials with permeability 
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values as low as 1x10-13 m2, it was observed that the gas permeates less than 2 m in all cases 

considered; in contrast, for the highest values of 1x10-9 m2, the effects were observed to reach 

over 20 m in depth. 

Hysteretical behaviour was observed for the cases of higher material permeability, indicating 

an effect of the material permeability, estimated to be as high as 3-4% on the compliance value 

obtained in the most extreme cases of the Sorrells scenario. Preliminary calculations indicate 

that this effect may be more relevant in the Martian scenario, where they are more considerable 

with respect to the much lower atmospheric pressure. 

Although material permeability plays a role in ground compliance, its effect appears to be much 

less significant than the wave period's. Using actual APSS data from the weather sensors present 

at InSight may also be an exciting prospect since signals with a more variable frequency content 

may result in more valuable results. 
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Appendix A: Demonstration of the compliance model 

This appendix contains a detailed demonstration of the procedure to derive the compliance 

model used in this work. 

The starting expression is the diffusion equation as presented by Wu et al. (1998) for a gas in 

porous media: 

ϕ
∂(P𝑔)

∂𝑡
= −∇ ⋅ (ρ𝑔𝑣𝑔)  (A1) 

Where 𝑡 is the time, ϕ is the material porosity, ρ𝑔 is the density of gas, P𝑔  is the gas pressure, 

and 𝑣𝑔 is the Darcy's velocity of the gas. 

The density of the gas can be assumed to be constant at this scale, and the density of the gas is 

given by ρ𝑔 = 𝑚𝑔/ ϕ𝑠. In a porous medium whose porosity is ϕ𝑠 , the mass of gas in an 

elementary volume is: 

𝑚𝑔 = ρ𝑔ϕ𝑠  (A2) 

Therefore, allowing the original expression to be rewritten as: 

∂𝑚𝑔

∂𝑡
= −∇ ⋅ (ρ𝑔𝑣𝑔)  (A3) 

where 𝑡 is the time, 𝑚𝑔 is the mass of gas, ρ𝑔 its density, and 𝑣𝑔 is the Darcy's velocity of the 

gas. This velocity is defined as: 

𝑣𝑔 = −
𝑘𝑔

μ𝑔
(∇𝑃𝑔 − ρ𝑔)  (A4) 

where 𝑘𝑔 is the gas-phase permeability, μ𝑔 and 𝑃𝑔 correspond to the viscosity and the pressure 

of the gas respectively, and 𝑔 is gravity. The latter is an effect that may be considered as 

negligible, given the low weight of gasses even on Earth (which is further decreased in Mars by 

a lighter atmosphere and a lower gravity). The expression may then be simplified to: 

𝑣𝑔 = −
𝑘𝑔

μ𝑔
(∇𝑃𝑔)  (A5) 

Furthermore, the ideal gas law allows relating the temperature, the density and the pressure of 

gas as follows: 

ρ𝑔 =
𝑀𝑔𝑃𝑔

𝑅𝑇
  (A6) 

where 𝑀𝑔 is the molecular weight of the gas, 𝑅 the universal gas constant; and 𝑇 the temperature. 

However, when considering a real gas, the compressibility depends on its state equation. For 

real gases (Böttcher et al., 2012) proposed to use a compressibility factor 𝑍 into the equation of 
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ideal gasses, this coefficient describes the deviation of the gas behavior from an ideal gas. 

Therefore, the density of a gas becomes: 

ρ𝑔 =
𝑀𝑔𝑃𝑔

𝑍𝑅𝑇
  (A7) 

So, it becomes possible to rewrite the original expression into: 

∂𝑚𝑔

∂𝑡
=

𝑀𝑔

𝑍𝑅
∇ ⋅ (

𝑘𝑔𝑃𝑔

μ𝑔𝑇
∇𝑃𝑔)  (A8) 

Moreover, when considering compressible soil, the derivative with respect to time (left side in 

Equation A7 becomes: 

∂𝑚𝑔

∂𝑡
=

∂

∂𝑡
(
𝑀𝑔𝑃𝑔ϕ𝑠

𝑍𝑅𝑇
)  (A9) 

Now consider Equations A2 relating mass and density, and also A7 which relates the variables 

of real gases. Taking the derivative of the product with respect to time of the variables 𝑃𝑔 and 

ϕ𝑠. 

∂𝑚𝑔

∂𝑡
=

𝑀𝑔𝑃𝑔

𝑍𝑅𝑇

∂ϕ𝑠

∂𝑡
+

𝑀𝑔ϕ𝑠

𝑍𝑅𝑇

∂𝑃𝑔

∂𝑡
  (A10) 

The partial derivative ϕ𝑠 = 𝑒/(1 + 𝑒) of the porosity regarding the void ratio is: 

∂ϕ𝑠

∂𝑒
=

1

(1+𝑒)2
  (A11) 

So, since ϕ𝑠 = 𝑓(𝑒), chain rule is applied: 

∂ϕ𝑠 =
1

(1+𝑒)2
∂𝑒  (A12) 

∂ϕ𝑠

∂𝑡
=

1

(1+𝑒)2
∂𝑒

∂𝑡
  (A13) 

Now, the chain rule is applied again, including the derivative of the void ratio as a function of 

the effective vertical stress: 

∂ϕ𝑠

∂𝑡
=

1

(1+𝑒)2
⋅
∂𝑒

∂σ𝑣
′ ⋅

∂σ𝑣
′

∂𝑡
  (A14) 

Moreover, the relationship between the void ratio as of Mesri (Mesri & Vardhanabhuti, 2009, 

2009) of the porous material and the gas pressure is: 

∂𝑒

∂σ𝑣
′ = −(

1+𝑒

𝑀
)  (A15) 

So after replacing A12: 

∂ϕ𝑠

∂𝑡
= −

1

(1+𝑒)2
⋅ (

1+𝑒

𝑀
) ⋅

∂σ𝑣
′

∂𝑡
  (A16) 

To consider this last factor, one makes use of the definition for effective stress: 
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σ′ = σ𝑇 − 𝑃𝑔  (A17) 

After deriving it with respect to time: 

∂σ𝑣
′

∂𝑡
=

∂σ𝑣𝑇

∂𝑡
−

∂𝑃𝑔

∂𝑡
  (A18) 

Thus, the first term on the addition of equation A10, becomes: 

𝑀𝑔𝑃𝑔

𝑍𝑅𝑇

∂ϕ𝑠

∂𝑡
= −

𝑀𝑔𝑃𝑔

𝑀𝑍𝑅𝑇(1+𝑒)
⋅ (

∂σ𝑣𝑇

∂𝑡
−

∂𝑃𝑔

∂𝑡
)  (A19) 

After replacing ϕ𝑠 = 𝑒/(1 + 𝑒) and rearranging the terms, the full equation takes the form: 

∂𝑚𝑔

∂𝑡
=

𝑀𝑔

𝑍𝑅𝑇(1+𝑒)

∂𝑃𝑔

∂𝑡
−

𝑀𝑔𝑃𝑔𝑒

𝑀𝑍𝑅𝑇(1+𝑒)
⋅ (

∂σ𝑣𝑇

∂𝑡
−

∂𝑃𝑔

∂𝑡
)  (A20) 

Factorising: 

∂𝑚𝑔

∂𝑡
= −

𝑀𝑔𝑃𝑔

𝑀𝑍𝑅𝑇(1+𝑒)
⋅
∂σ𝑣𝑇

∂𝑡
+

𝑀𝑔𝑀+𝑀𝑔𝑃𝑔𝑒

𝑀𝑍𝑅𝑇(1+𝑒)

∂𝑃𝑔

∂𝑡
  (A21) 

Which can be rewritten to a simplified form: 

∂𝑚𝑔

∂𝑡
= 𝑐1 ⋅

∂σ𝑇

∂𝑡
+⋅ 𝑐2

∂𝑃𝑔

∂𝑡
  (A22) 

Where 

𝑐1 = −
𝑀𝑔𝑃𝑔𝑒

𝑍𝑅𝑇(1+𝑒)𝑀
  (A23) 

And 

𝑐2 =
𝑀𝑔(𝑀+𝑃𝑔𝑒)

𝑍𝑅𝑇(1+𝑒)𝑀
  (A24) 

It is convenient to evaluate: 

𝑐1

𝑐2
=

−
𝑀𝑔𝑃𝑔𝑒

𝑍𝑅𝑇(1+𝑒)𝑀

𝑀𝑔(𝑀+𝑃𝑔𝑒)

𝑍𝑅𝑇(1+𝑒)𝑀

  (A25) 

Resulting in: 

𝑐1

𝑐2
= −

𝑃𝑔𝑒

𝑀+𝑃𝑔𝑒
  (A26) 

Back to the original expression: 

∂𝑚𝑔

∂𝑡
=

𝑀𝑔

𝑍𝑅
∇ ⋅ (

𝑘𝑔𝑃𝑔

μ𝑔𝑇
∇𝑃𝑔)  (A27) 

And replacing: 

𝑐1 ⋅
∂σ𝑇

∂𝑡
+ 𝑐2 ⋅

∂𝑃𝑔

∂𝑡
=

𝑀𝑔

𝑍𝑅𝑇
∇ ⋅ (

𝑘𝑔𝑃𝑔

μ𝑔
∇𝑃𝑔)  (A28) 
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Solving for the variable interest: 

𝑐2 ⋅
∂𝑃𝑔

∂𝑡
=

𝑀𝑔

𝑍𝑅𝑇
∇ ⋅ (

𝑘𝑔𝑃𝑔

μ𝑔
∇𝑃𝑔) − 𝑐1 ⋅

∂σ𝑇

∂𝑡
  (A29) 

Dividing both sides of the equations by 𝑐2 

∂𝑃𝑔

∂𝑡
=

𝑀𝑔

𝑐2𝑍𝑅𝑇
∇ ⋅ (

𝑘𝑔𝑃𝑔

μ𝑔
∇𝑃𝑔) −

𝑐1

𝑐2
⋅
∂σ𝑇

∂𝑡
  (A30) 

Evaluating this first term: 

𝑀𝑔

𝑐2𝑍𝑅𝑇
=

𝑀𝑔

𝑀𝑔(𝑀+𝑃𝑔𝑒)

𝑍𝑅𝑇(1+𝑒)𝑀
𝑍𝑅𝑇

  (A31) 

Resulting in: 

𝑀𝑔

𝑐2𝑍𝑅𝑇
=

(1+𝑒)𝑀

(𝑀+𝑃𝑔𝑒)
  (A32) 

So after substituting on A27 and A28, the final expression becomes: 

∂𝑃𝑔

∂𝑡
=

(1+𝑒)𝑀

(𝑀+𝑃𝑔𝑒)
∇ ⋅ (

𝑘𝑔𝑃𝑔

μ𝑔
∇𝑃𝑔) +

𝑃𝑔𝑒

𝑀+𝑃𝑔𝑒
⋅
∂σ𝑇

∂𝑡
  (A33) 

 

Discretisation of the model on the spatial domain 

The meaning of the space discretisation is transforming the right side of equation A33, which 

applies to a continuum, into a set of linear equations that applies to the discrete domain made 

by the set of nodes of a grid. 

 

Figure 6-29: Schematic description of the space discretisation for gas flow. 

Figure 6-29 exemplifies how a grid allows the space discretization, then, for a node 𝑖, 
transforming the the right side of Equation A33 in discrete form requires the following steps: 

First, it is possible to calculate the flow of gas, denoted 𝑞𝑔, in each face of the element of the 

grid (𝑖, 𝑗) as follows: 

 



ATMOSPHERIC PRESSURE AND GROUND COMPLIANCE 

224 

 

Flow through the face AB of Figure  𝑄𝐴𝐵 = 𝑞𝑔
𝑖−1/2

 

Flow through the face CD of Figure 𝑄𝐶𝐷 = 𝑞𝑔
𝑖+1/2

  

Afterwards, considering isothermal conditions, it is possible to use Darcy's equation to find out 
the flux of gas 𝑞𝑔 as: 

𝑞𝑔
𝑖−1/2

= ρ𝑔
𝑖−1/2

(
𝑘𝑔

μ𝑔
)
𝑖−1/2

𝑃𝑔(𝑖−1)−𝑃𝑔(𝑖)

Δ𝑧
  (A34) 

𝑞𝑔
𝑖+1/2

= ρ𝑔
𝑖+1/2

(
𝑘𝑔

μ𝑔
)
𝑖+1/2

𝑃𝑔(𝑖)−𝑃𝑔(𝑖+1)

Δ𝑧
  (A35) 

where (
𝑘𝑔

μ𝑔
)
𝑖−1/2

 represents the mean gas permeability between points 𝑖 and 𝑖 − 1. This mean 

conductivity can be evaluated using the solution for permeability when two materials are in 

series: 

(
2μ𝑔

𝑘𝑔
)
𝑖−1/2

= (
μ𝑔

𝑘𝑔
)
𝑖−1

+ (
μ𝑔

𝑘𝑔
)
𝑖

  (A36) 

As well, the gas density ρ𝑔
𝑖−1/2

 is the mean density between points 𝑖 and 𝑖 − 1. Densities in each 

point are related to pressure through the equation of perfect gases, and after all the 

simplifications made to the mass balance equation, the only term remaining in Equation A33 is 

the gas pressure. Therefore, involving the mean density in the flux of gas is equivalent to 

including the mean gas pressure as follows: 

𝑞𝑔
𝑖−1/2

=
𝑃𝑔(𝑖−1)+𝑃𝑔(𝑖)

2
(
𝑘𝑔

μ𝑔
)
𝑖−1/2

𝑃𝑔(𝑖−1)−𝑃𝑔(𝑖)

Δ𝑧
  (A36) 

𝑞𝑔
𝑖+1/2

=
𝑃𝑔(𝑖+1)+𝑃𝑔(𝑖)

2
(
𝑘𝑔

μ𝑔
)
𝑖+1/2

𝑃𝑔(𝑖)−𝑃𝑔(𝑖+1)

Δ𝑧
  (A38) 

Leading to: 

𝑞𝑔
𝑖−1/2

= (
𝑘𝑔

μ𝑔
)
𝑖−1/2 𝑃𝑔(𝑖−1)

2 −𝑃𝑔(𝑖)
2

2Δ𝑧
  (A39) 

𝑞𝑔
𝑖+1/2

= (
𝑘𝑔

μ𝑔
)
𝑖+1/2 𝑃𝑔(𝑖)

2 −𝑃𝑔(𝑖+1)
2

2Δ𝑧
  (A40) 

Subsequently, since the divergence represents the net flux per unit volume, then the divergence 

of 𝑞𝑔 in a discrete form is: 

∇ ⋅ 𝑞𝑔 ≈
𝑄𝐴𝐵−𝑄𝐶𝐷

Δ𝑧
  (A41) 

After all, the divergence of the gas flow is: 
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∇ ⋅ 𝑞𝑔 ≈ (
𝑘𝑔

μ𝑔
)
𝑖−1/2

1

2Δ𝑧2
𝑃𝑔(𝑖−1)
2 + (

𝑘𝑔

μ𝑔
)
𝑖+1/2

1

2Δ𝑧2
𝑃𝑔(𝑖+1)
2 − 𝑃𝑔(𝑖)

2 [(
𝑘𝑔

μ𝑔
)
𝑖−1/2

1

2Δ𝑧2
−

(
𝑘𝑔

μ𝑔
)
𝑖+1/2

1

2Δ𝑧2
]  (A42) 

Which can be rewritten as: 

∇ ⋅ 𝑞𝑔 ≈
1

2Δ𝑧2
((

𝑘𝑔

μ𝑔
)
𝑖−1/2

𝑃𝑔(𝑖−1)
2 + (

𝑘𝑔

μ𝑔
)
𝑖+1/2

𝑃𝑔(𝑖+1)
2 − 𝑃𝑔(𝑖)

2 [(
𝑘𝑔

μ𝑔
)
𝑖−1/2

− (
𝑘𝑔

μ𝑔
)
𝑖+1/2

]) 

 (A43) 

Back to the expression that is being discretised: 

∂𝑃𝑔

∂𝑡
=

(1+𝑒)𝑀

(𝑀+𝑃𝑔𝑒)
∇ ⋅ (

𝑘𝑔𝑃𝑔

μ𝑔
∇𝑃𝑔) +

𝑃𝑔𝑒

𝑀+𝑃𝑔𝑒
⋅
∂σ𝑇

∂𝑡
  (A44) 

The obtained expression for the flow is to take the place of the term in parenthesis: 

∂𝑃𝑔

∂𝑡
=

(1+𝑒)𝑀

(𝑀+𝑃𝑔𝑒)
∇ ⋅ 𝑞𝑔 +

𝑃𝑔𝑒

𝑀+𝑃𝑔𝑒
⋅
∂σ𝑇

∂𝑡
  (A45) 

Moreover, the variables in this expression are to be evaluated at the point of interest 𝑖, resulting 

in the following: 

∂𝑃𝑔(𝑖)

∂𝑡
=

(1+𝑒𝑖)𝑀𝑖

(𝑀𝑖+𝑃𝑔(𝑖)𝑒𝑖)
∇ ⋅ 𝑞𝑔(𝑖) +

𝑃𝑔(𝑖)𝑒𝑖

𝑀𝑖+𝑃𝑔(𝑖)𝑒𝑖
⋅
∂σ𝑇(𝑖)

∂𝑡
  (A46) 

Discretization of the model on the temporal domain 

The left hand of A33 represents the evolution of the pressure time. Discretized in time this side 

of the equation becomes: 

∂𝑃𝑔(𝑖)

∂𝑡
≈

𝑃𝑔(𝑖)
𝑡+Δ𝑡−𝑃𝑔(𝑖)

𝑡

Δ𝑡
  (A47) 

where Δ𝑡 is the time lapse of discretization. Similarly, it is necessary to approach the term of 

the vertical stress evolution over time: 

∂σ𝑇(𝑖)

∂𝑡
≈

σ𝑇(𝑖)
𝑡+Δ𝑡−σ𝑇(𝑖)

𝑡

Δ𝑡
  (A48) 

These 2 replacements result in: 

𝑃𝑔(𝑖)
𝑡+Δ𝑡−𝑃𝑔(𝑖)

𝑡

Δ𝑡
=

(1+𝑒𝑖
𝑡)𝑀𝑖

𝑡

(𝑀𝑖
𝑡+𝑃𝑔(𝑖)

𝑡 𝑒𝑖
𝑡)
∇ ⋅ 𝑞𝑔(𝑖) +

𝑃𝑔(𝑖)
𝑡 𝑒𝑖

𝑡

𝑀𝑖
𝑡+𝑃𝑔(𝑖)

𝑡 𝑒𝑖
𝑡 ⋅ (

σ𝑇(𝑖)
𝑡+Δ𝑡−σ𝑇(𝑖)

𝑡

Δ𝑡
)  (A49) 

Which is solved for the variable for interest: 

𝑃𝑔(𝑖)
𝑡+Δ𝑡 =

(1+𝑒𝑖
𝑡)𝑀𝑖

𝑡Δ𝑡

(𝑀𝑖
𝑡+𝑃𝑔(𝑖)

𝑡 𝑒𝑖
𝑡)
∇ ⋅ 𝑞𝑔(𝑖) +

𝑃𝑔(𝑖)
𝑡 𝑒𝑖

𝑡Δ𝑡

𝑀𝑖
𝑡+𝑃𝑔(𝑖)

𝑡 𝑒𝑖
𝑡 ⋅ (

σ𝑇(𝑖)
𝑡+Δ𝑡−σ𝑇(𝑖)

𝑡

Δ𝑡
) + 𝑃𝑔(𝑖)

𝑡   (A50) 
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Numerical solution using the explicit FDM. 

Cancelling: 

𝑃𝑔(𝑖)
𝑡+Δ𝑡 =

(1+𝑒𝑖
𝑡)𝑀𝑖

𝑡Δ𝑡

(𝑀𝑖
𝑡+𝑃𝑔(𝑖)

𝑡 𝑒𝑖
𝑡)
∇ ⋅ 𝑞𝑔(𝑖) +

𝑃𝑔(𝑖)
𝑡 𝑒𝑖

𝑡(σ𝑇(𝑖)
𝑡+Δ𝑡−σ𝑇(𝑖)

𝑡 )

𝑀𝑖
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Replacing the expression for the flux, the final obtained equation becomes: 
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And simplifying again: 
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LESSONS LEARNED FROM INSIGHT 

The Mars InSight mission was successful, acquiring and processing over 4 years of data, far 

surpassing the projected 1-year lifespan. It provided quite unique geological insights into the 

red planet, concerning its interior structure and formation history. The SEIS instrument, as the 

first of its type to be deployed outside of Earth, was key to achieve this. Along the important 

SEIS contribution, significant results were obtained from the other two main instruments RISE 

and HP3, as well as from the auxiliary instruments and cameras. 

SEIS accomplished significant milestones for the study of Mars seismicity. The seismic activity 

recorded included numerous events (over 1300 events were registered processed and 

catalogued), particularly the 12 class A events with large and proper enough signals to trace 

their origin back to the formation known as Cerberus fossae (Stähler et al., 2022), where 

marginal activity of magma remains at depths of 30-50 km. The detected activity included a 

very large event (magnitude 5) on May the 4th, 2022, and another very large one (magnitude 

4.2) on August 25, 2021. Impacts were also detected, particularly a very large impact on 

Amazonis Planitia that took place in December 24th of 2021, melting ice layers on the surface 

near the equator. This was a remarkable achievement, given how unlikely it was to have such a 

large impact during the relatively limited timespan of the mission. This impact generated surface 

waves transmitted through the planetary crust, helping its characterisation. Additionally, some 

of the seismic activity detected by SEIS resulted from smaller meteor impacts, such as the one 

that took place on 5 September 2021, which was the first event to be confirmed as an impact 

(Garcia et al., 2022). 

The high sensibility of SEIS not only enabled to acquire signals from impacts on the planet, but 

also to record effects as subtle as the passage of the Phobos moon above Elysium Planitia. This 

effect (known as the Phobos tide), which was slightly delayed but visible on the SEIS data, also 

provided relevant scientific results (Pou et al., 2022a and 2022b). Studying this phenomena was 

also key to assess the size and state of the planet’s core, resulting in a planet core size estimated 

to 1820+/-80 km (Pou et al., 2022b), similar to the liquid core size estimated from radio tracking 

of 1835+/-55 km obtained from the RISE instrument (Le Maistre et al., 2023). These 

contributions also suggested an entirely liquid core, in contrast to previous ideas, another key 

contribution of the mission. 

SEIS data showed periodical spikes, known as glitches, that were not anticipated from pre-

mission testing. Glitches are attributed to step-like dilations inside the instrument components 

due to thermal variations (Scholz et al., 2022). Some tilt also had a mechanical origin, such as 

that induced by the passage of dust devils, that could be observed on both VBB and SP data 

(Murdoch et al., 2017 ).  
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Besides the successful geophysical results gained on the structure of the planet, the InSight 

mission on Mars also provided rich output in the field of meteorology (Kenda et al., 2020 ), 

spatial imagery, and even on the evolution of the magnetic field from the onboard magnetometer 

(Johnson et al., 2020, Mittelholz et al., 2023a, 2023b). The magnetometer founded the remnants 

of an ancient magnetic field larger than expected, and monitored continuous fluctuations 

attributed to solar wind interaction with the thin atmosphere of Mars. 

The effects of dust devils on the seismometer data (Kenda et al., 2020, Murdoch et al., 2017) 

were analysed in details, together with the seismic noise resulting from changes in atmospheric 

conditions. This was repeatedly observed through the contrast between quiet nights, with little 

seismic noise, in contrast to very active days, with convective vortices, noise generated by the 

interactions between the wind and the lander, and the large thermal cooling-heating cycle and 

other vortices that induced ground deformation at surface (Stutzmann et al., 2021). 

The HP3 hammering to penetrate the Martian soil did not attain the desired 5 m depth (Spohn 

et al., 2022a). Nevertheless, the HP3 provided valuable lessons, since it became clear that 

despite its penetration power, it was too light to penetrate the surface of a too stiff material 

(Spohn et al., 2022b). The hammering process resulted in small seismic signals that were 

detected by SEIS and analysed to determine the wave velocities of the surface layer (Brinkman 

et al. 2022). The HP3 also provided interesting data on the thermal conductivity at the surface 

(Grott et al. 2022, Spohn et al., 2022a). These data were coherent with lab estimation provided 

by Nagihara et al. (2022), and also with the results presented in this work. 

The properties of the surface material at the landing site were better known (Delage et al, 2022a). 

Interesting data were also obtained from the arm activities, including digging trenches, pushing 

down on the surface and measuring the SEIS tilt (Golombek et al., 2023, Marteau et al., 2023). 

The grain size distribution of the surface regolith was also better assessed by observing the 

effect of wind transportation during the pouring carried out with the robotic arm to cover the 

SEIS tether (Verdier et al, 2023). 
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GENERAL CONCLUSIONS 

This thesis was focused on the study of the regolith at the Mars InSight mission site from the 

perspective of soil mechanics. It was conducted within this international project, collaborating 

to the goals of the Near Surface Working Group (NSWG) of the InSight Science Team, 

dedicated to investigating the properties of first 15 meters of regolith at the landing site. Within 

the frame of a joint supervision, the thesis has been conducted in the geotechnical laboratories 

of both Ecole des Ponts ParisTech (Navier- CERMES) and Universidad de los Andes in Bogota 

(GeoSI). 

The experimental part of the work was devoted to the investigation of the thermo-mechanical 

behaviour of a sandy regolith simulant at very low stresses, in conjunction with the near surface 

regolith at the InSight landing site, with particular attention paid to the interaction between the 

SEIS seismometer and the ground. The Fontainebleau sand was selected as regolith simulant 

based on orbiter measurements of the thermal inertia and on the subrounded shape of its grains, 

an important feature in terms of mechanical response. Besides the SEIS ground interaction that 

was investigated on a novel device specially developed, other experimental investigations 

concerned the determination of wave velocities at surface (by extending the use of bender 

elements at low stress), another important feature for the analysis of the SEIS seismometer data. 

A specific device to investigate the coupling between wave and heat transfers under Mars 

atmospheric conditions was also developed. Due to the reduced gravity on Mars, all tests were 

conducted in a range of stresses smaller than those usually involved in standard geotechnical 

engineering (down to several kPa), and of low strains staying within the elastic domain. 

Given the very loose density of the surface regolith at the Insight landing site, special attention 

was paid to the techniques of preparing loose samples (mass unit weight of 1400 – 1450 kg/m3 

corresponding to ID around 6% for Fontainebleau sand). Beside the standard pluviation method 

used for preparing the cylindrical samples on which wave velocities were measured with bender 

elements, a specific investigation of the homogeneity of funnel deposited samples, used for 

investigating the SEIS/ground interaction, was carried out by using X-ray microtomography. It 

appeared that this commonly used method is less satisfactory than the standard pluviation one, 

with some heterogeneity observed at the sample bottom, whereas the homogeneity at the sample 

surface, where the interaction was studied, was better.  

The device initially used at CERMES for the design of the SEIS feet was improved to achieve 

more accurate measurements of the parameters governing the SEIS/ground interaction. This was 

made possible by increasing the device stiffness (for better displacement measurements), by 

adopting a more accurate force gauge and by insulating the system from mechanical and thermal 

perturbations, resulting in temperature changes smaller than 0.5° within the device. The 

accuracy was good enough to demonstrate that only two-three sand grains were affected by the 

foot penetration (around 600 µm) under the 10 N force corresponding to the SEIS force 
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supported by a SEIS foot. Negligible load cycle hysteresis illustrated a fairly good reversible 

elastic response. Interestingly, the Young modulus value (around 20 MPa) derived from these 

interaction measurements at low strains (10-6) are comparable to those derived from wave 

velocities measurements. Note that the in-situ wave velocities carried out by analysing by SEIS 

the waves resulting from the hammering sessions of the HP3 self-penetrating probe also 

provided comparable values, in spite of the difference in nature of the true surface layer, mainly 

made up of a loose cohesive sandy regolith with pebbles embedded. 

The measurement of simultaneous compression and shear wave velocities by bender elements 

was extended to stress as low as 1.75 kPa by using a horizontal triaxial sample submitted to 

vacuum, with careful estimation of gravity and membrane effects. Wave analysis was carried 

out by using a specifically developed software. In a standard fashion, the results were fitted with 

a power law, with however slightly different power values for 𝑉𝑝 and 𝑉𝑠, showing that the elastic 

assumption was perhaps not fully valid. The measurement of wave velocities also enabled 

determining the Poisson ratio, found equal to 0.15 with more variability at low stresses (< 5 

kPa) and, perhaps, a tendency to decrease at very low stresses. Further investigation is obviously 

needed in this stress range, that if of particular importance for the surface deposits in planets 

and other celestial bodies of smaller size (comets, asteroids). 

A theoretical model based on the mechanics of contacts was developed to better account for the 

effects on wave velocities of the local rugosity at the inter-grains contacts, suspected to become 

more influential at very low stresses. Atomic Force Microscope observations supported the 

characterisation of grain rugosity, and the effects of inter-grain slippage were also considered 

in the estimation of the Poisson ratio through wave velocities. The model satisfactorily predicted 

the change in wave velocities with stress, with perhaps a need of further improvement in the 

very low stress range (< 5 kPa), where it seems that a linear trend is observed. 

A novel experimental device for the coupled measurements of thermal conductivity and wave 

velocities in loose sand was designed, set up and used. Low stress conditions are ensured by 

using a sand sample deposited in a parallelepiped container on which a low stress can be applied 

by using a piston. Wave velocities along the container length were measured by using piezo-

actuators and accelerometers, preferred to bender elements at very low stresses. Thermal 

conductivity measurements were carried out by using Peltier plate actuators placed on both faces 

of the container, generating a one-dimensional heat flux along its length. Martian atmosphere 

conditions were ensured by using CO2 as pore gas, with a pressure controlled between 600 and 

1000 Pa by a special vacuum pump. Thermal tests carried out on Fontainebleau sand confirmed 

the significant effect of gas pressure on the thermal conductivity, with data reasonably 

comparable to the (scarce) literature values, showing an increase in conductivity with gas 

pressure. A combined effect of  stress on thermal conductivity was also evidenced, probably for 

first time in Martian atmospheric and stress conditions, with an increase in conductivity with 

stress. Compared to the thermal conductivity directly measured at the InSight landing site 
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surface (0.01 W/mK under 600 Pa, Grott et al. 2022), our data (0.05 - 0.1 W/mK) are larger, 

probably because of the higher conductivity of the quartz grains of Fontainebleau sand, 

compared to the basaltic mineralogical composition of the Martian InSight regolith.  

Note that the wave measurements were less successful. Data analysis still deserve more attention 

with, probably, a need of improving the device, that could be useful for future missions on 

planets and other celestial bodies, in which thermal surface properties are easier to get from 

orbiter observations. 

Finally, a numerical model was formulated to account for the effects of changes in atmospheric 

pressure on the vertical displacements of the surface. These data give access to the ground 

compliance and provide a value of the elastic properties at surface. The changes in atmospheric 

pressure, that are measured by the InSight weather station, are particularly sudden when dust 

devils pass close to the lander, and their effects are accurately detected by the SEIS seismometer. 

These calculations were done to extend the original Sorrels approach, in which atmospheric 

pressure changes are applied as a change in total stress (as if the surface was impervious). We 

accounted for the penetration of gas in the porous surface medium, allowing for a more relevant 

effective stress approach. In a first approach, two scenarios were evaluated, showing that this 

effect might account for a 5-15% difference in the estimation of ground compliance and surface 

elastic parameters. Further refinement accounting for the true profile detected at the InSight 

landing site is now necessary, but it has been showed that the permeable nature of the surface 

has to be accounted for in proper compliance estimation. 

Globally, the various experimental, theoretical and numerical contributions of this thesis show 

how innovative approaches in soil mechanics may help analysing the surface properties in 

planetary missions. The approaches developed here may be extended to other missions on Mars, 

but also on the Moon where conditions are different, with no atmosphere at all and quite angular 

regolith grains, and probable significant consequences on the thermo-mechanical response of 

the surface regolith. Extending the performance of our device for the coupled analysis of waves 

and heat transfers seems particularly relevant, since it would allow improving the estimation of 

mechanical surface properties by thermal measurements, easier to conduct from orbiter 

measurements. Besides planets, these developments may also be useful for the extreme cases of 

small celestial bodies, known to be covered by granular angular material and submitted to 

extremely low gravity, a quite challenging condition for further soil testing and analysing. 
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PERSPECTIVES 

The results of this work show that existing knowledge of soil mechanics enables exploration of 

the thermal and mechanical behaviour of the surface regolith of other planets by exploring the 

novel range of very low stresses. Samples of varied sizes and geometries can be prepared at 

very loose density levels using simple methodologies for different experiments aimed to 

measure stiffnesses, thermal conductivities and other properties. Numerical calculations and 

theoretical tools also can be used to interpret such data and further complement the findings to 

better interpret the results. 

This novel domain of low stress soil mechanics remains relatively unexplored and presents 

interesting prospects for the field of extra-terrestrial geotechnics. One of the clearest prospects 

is the application of the experiments conceived and used in this work to other environments, 

such as the Moon or the landing sites for other future Mars missions. Other developments 

include the consideration of other characteristics of the soil for regolith analogue choice, such 

as the inclusion of less uniform gradation (to account for the effects of the pebbles observed at 

the landing site which may be displaced by the landing exhaust gases), and the use of analogues 

with some degree or cohesion for cases where it is adequate. Exploring more complex aspects 

of the material such as anisotropy, or considering the plastic behaviour present at higher stresses 

is also an interesting prospect. 

A concrete application shall be the exploration of support structures of instrumentation to be 

placed in contact with the lunar surface. The regolith present there is subjected to vacuum and 

thus results from different formation conditions due to the complete absence of atmosphere. 

Nevertheless, the experimental setup used during the foot-regolith interaction work can be used 

with some modifications. The glitches observed on SEIS data were unexpected in all previous 

work, and should be carefully considered for future design. They are attributed in general to 

small thermal cycles inducing dilation of the metallic components of the instruments. It was 

observed that very small displacements in the scale of micrometers occured (though large in 

comparison to what SEIS is capable of detecting), which can be related to the rugosity of the 

metallic components of the SEIS foot design. This can be better evaluated in future works. A 

setup that induces somewhat greater stresses on the surface material may be worth considering 

(considering stronger manual installation in comparison to the very careful robotic arm), while 

also ensuring proper contact with the surface below and proper restrictions to potential lateral 

movement. 

The materials encountered on the landing site have also shown to be quite complex. Use of 

clayeous material to study the rare clay deposits that have been encountered in Mars may also 

be possible. Partial inclusions of finer or coarser material into some simulants may pose an 

interesting prospect. 
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Another potential experimental prospect is the use of experimental setups in reduced gravity 

environments. Alternatively, the reduced gravities present on these extraterrestrial objects mean 

that terrestrial gravity could be used as a geotechnical centrifuge, and making adequate use of 

scale laws, such models can be sized to induce stress similarity conditions since Earth gravity 

is from 3 to several times larger than the one encountered on these sites. 
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A.  Appendix A: Wave velocity software 

eeking to enable the interpretation of the numerous waves acquired during the 

performed measurement experimental programs within a reasonable timeframe, a 

series of software tools were developed utilizing the built-in app construction tool 

Guide of the MATLAB computational environment. This chapter departs from the initial 

concept and main purpose of the tool, presenting and detailing the main and secondary versions 

of the tool up to its current state. Emphasis is placed upon the possibilities that the environment 

offers to aid the user implement the different methods for identification of wave departure and 

arrival times, as well as the computation of the wave velocities and the Poisson ratio. The 

interface components and functionality of the key versions are also presented in detail, as well 

as the software architecture and a utilization guide are provided; in general, the chapter intends 

to play the role of an advanced version of a user manual for the tool in question. 

1.1. General concept and purpose of the tool 

The idea for the tool originated from the necessity of processing numerous wave velocity n 

based on the existing time domain methods. Since the adequate interpretation of the data poses 

a key question, the idea was to design a User Interface that enabled the visualization of the 

acquired signals, and to identify the departure and arrival time instants for each wave. 

Over the development process of the tool, the interface and even the general concept itself 

evolved as testing identified some defects and potential for improvement of the tool. Because 

of this, barely any resemblance is apparent between the initial version, consisting of a series of 

list selectors for automatically detected candidate points on a single wave, to the current version 

on which an entire program is displayed simultaneously, P and S waves analysed simultaneously 

and separate windows for Poisson ratio calculation and advanced functionality functions have 

been implemented. 

1.2. Versions of the tool 

As the idea for the tool evolved over its development, a series of versions were developed and 

tested. While a plethora of minor modifications took place, and a considerable number of 

versions existed, they can be grouped into three main stages of development. 

Version 1.0 

The first version of the program set out the general layout of the interface and the basic concept 

of the tool. In this version, a single group of either P or S waves were loaded along a txt file 

containing the associated stress values. Then, an automatic method (detailed in the next section) 

initialized a series of candidate points that were plotted along with the selected wave. The user 

was then able to utilize a series of list selectors to specify the departure and arrival times for up 

to three interpretation time-domain-based methods. The results were plotted in a curve for the 
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user to see before exporting them to a txt file for further utilization. This first version remains 

adequate for when maximum accuracy is required for the determination of either a single or a 

few waves. 

Version 2.0 

The second version originated from the realization that the utilisation of list selectors to 

determine the key instants was not optimal for the interpretation of extensive experimental 

programs containing numerous signals. It also was observed that under some circumstances the 

automated identification of the candidate points of either departing or arriving times might 

malfunction. The utilization paradigm then switched to letting the automatic identification 

suggest initial values for both arrival and departure times for commonly utilised methods, and 

then having the user specify the rest of the points via manually clicking on a secondary 

visualization of the wave which would enable to do so accurately. This methodology was 

observed to be significantly better and enables to work within a single session with both P and 

S waves acquired during the same experimental program, as well as providing a useful 

visualization of the whole experimental program. Advanced persistency functionalities and the 

possibility of computing the Poisson ratio if desired were also added. 

Version 3.0 

The most recent version of the program emerged from observing that proper graphical 

visualization of the program could significantly aid into the interpretation of the acquired 

signals. It includes several modifications that enable parallel interpretation of the P and S wave 

signals acquired in similar conditions, particularly useful for the methods that take support in 

comparing both signal such as the Wang et. Al approach adopted during several stages of this 

work. 

1.3. Software architecture of the tool 

The basis for the tool is the input files. These are given in csv format and copied into the input 

folders created automatically by the program for every session. A txt file associating every data 

file to the value of the variable of interest (most often stress) exists in each input folder. It is 

used to create vectors where the departure and arrival times for every wave are stored, updated, 

and utilized for the calculation of wave travel times. 

1.4. User interface of the tool 

The user interface of the tool has been designed seeking to display the considerable amount of 

information of a full P wave and S wave experimental program in an easily comprehensible 

fashion. In this sense, the interface is structured into five main panels that are associated to the 

steps of the analysis process. The first panel enables for the selection of a group of data and 

displays the location of the chosen directory all through the session. This panel also contains a 
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text box that enables to specify the length of the sample, to be utilised for the wave velocity 

computations. The button to read the files and redraw the results is also located on this panel. 

The main panel contains the two graphs utilised to display the acquired waves, and the obtained 

velocities with the currently specified values for both departure and arrival times. 

1.5. Utilization of the tool 

Preparing the data 

To begin, do not forget to set the desired value for sample length to be utilised in wave velocity 

computations; to do this, use the box available in the head panel for this purpose and push the 

“set length button”. The acquired waves must be organized into a folder containing two 

subfolders engulfing a series of files with the measured data. To utilize the tool, the acquired 

data, in form of csv files, is introduced into a folder divided into two subfolders containing the 

P Waves (ONDAS P) and another one containing the S waves (ONDAS S). In each folder, a txt 

file named DATOSX contains the stress values associated with each measurement. 

To begin, push the button Browse on the first panel of the user interface. A window opens 

enabling to select the location of the folder containing the data to be analysed. Once the folder 

directory has been chosen, all the relevant files will be automatically copied to the current work 

location on a folder with the name Current session. If the data is properly loaded in, the button 

“Draw results” can now be pressed, and the selected data will be displayed in the graphic placed 

in the main panel. Additionally, a secondary figure window will display the same results, 

enabling the user access with full MATLAB figure functionality to interact with the results, 

which can be useful to rapidly zoom in or out, produce result figures, and other purposes. The 

lower panel will also display the graph for both the first P and S wave file found in the directory 

(considering alphanumerical order), and a series of coloured lines will display the result of the 

depart and arrival time initialization. 

The second panel in the right contains two selector lists which have been updated to the 

filenames of every csv file found in each folder, and thus enable the user to select a desired P 

and S wave simultaneously for individual visualization and analysis. The buttons placed above 

the graph will then enable the user to initialize all the departure times, and to perform the minor 

adjustments if needed. Then, the lower panel displaying the active P and S wave can be used to 

use the button Initialize Departure times, to determine the departure times of up to 3 desired 

methods for n desired values; a small window will enable to specify the desired number of stress 

values to be manually adjusted, and then these times can be specified by clicking the graph near 

the desired value. The next step, and key activity for each session, is to determine the arrival 

times for each wave individually. The button Specify arrival time located in each panel for the 

P and S waves enables the user to accomplish this in a similar fashion, clicking 3 times for the 

3 desired methods. 
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Further correction of initialization and arrival times can be performed with the other options 

from the interface. Since the specification of the arrival times for an abundant experimental 

program may become a considerably long task, advanced persistence functionalities have been 

implemented into the tool since its second version. By pushing the Save session button, all the 

necessary files to store the results and the analysis performed in the active session are created 

and stored into the “Last session” folder. This folder can be then used to continue the analysis 

in a later time simply by selecting it from the browser window displayed when pushing the 

button “Load Session”. If the user so desires, the poisson ratio may be computed for any 

combination of the measurement methods employed simply by clicking the “Analyze results” 

button. The results are loaded here and may be written to a file using the Export Results button. 

The output results create files containing the departure and arrival times specified for every 

method, so that wave velocity may be computed with a varying length if the user so desires. 

1.6. The future of the tool 

While the MATLAB guide tool considerably facilitated the development effort of this program, 

the requirement of having a MATLAB license to utilise the tool may hamper its extensiveness 

significantly. The idea then exists to develop a version of the tool on Python or other open-

source code so that it may be accessible for free and potentially further utilized.  

The MATLAB Guide-developed application (shown in Figure 8) enables both highly accurate 

and quick identification of both the departing and arrival times of the analysed waves, while 

enabling the user to consider simultaneously up to three methodologies for identifying the 

departing and arrival times. 

Methodologies for travel time assessment are of special relevance when dealing with the 

identification of the S-wave, which is not trivial to identify in most of the cases. During the 

interpretation process, it was observed that simultaneous visualization of the waves recorded at 

different confining pressures in the same space can be of the utmost importance to achieve 

adequate identification of the first arrival in the signals; in the case of some measurements, the 

effects of the graphical scale at which the wave is displayed can also be of a high relevance for 

ensuring accurate locating of the points involved in travel time determination. This was often 

observed to be the case for the low stresses in both P and S wave signals. Proper signal 

visualization is also particularly important when making use of the finally chosen Wangs 

approach (choosing the S wave arrival with assistance from its appearance in a corresponding 

P signal) for the choice of the arrival time, since it becomes necessary to view P and S waves 

simultaneously on the same timescale to make adequate use of this approach. 

The data is first read from csv files containing the registered waves and a txt with the utilised 

stress values. Once a set of data has been selected and visualized, the MATLAB based app 

allows for the identification of the relevant timestamps for the departure and arrival of the 
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waves. For convenience, the tool allows the user to work simultaneously with up to 3 methods, 

as well as to visualize the results for the current set of signals and to export both a plot and a 

result file. For identification of the timestamps, a method was developed seeking to 

automatically identify the existing local maximum, minimum and zero values that make up the 

potential points of interest of the signal. This identification serves as an automatic initialization 

method, especially for the wave departure times. In order to achieve this, the following 

procedure is implemented. 

 

Figure A-1. Interface of the originally developed GUIDE tool for single wave data analysis. 

Initially, a set of candidates for local maximum and minimums is established after evaluating 

the sign function of numerically calculated derivatives between every point in the signal and its 

surrounding neighbours. This procedure is a recursive method based on a parameter which was 

selected to determine an adequate number of points (seeking to not saturate the visual interface 

with too many choices of potential candidate points). After that, the search is widened from each 

of these candidate points by following the curve up to the previous existing inflection point (or 

the beginning of the signal should it be the case). A new candidate point is then proposed. 
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Figure A-2. Aspect of the second iteration of the result interpretation program. 

After some work with the MATLAB application, a second version was developed, enabling 

simultaneous visualization of all the waves in a single experimental program as seen in Figure 

9. Direct specification of arrival and depart was improved by enabling the user to specify them 

by clicking in a visual interface. Corrections of the automatically initialized values for departure 

and arrival times can be specified both separately and simultaneously for waves taken at the 

same stress value. 

Another modification was then incorporated in the final version making it possible to directly 

visualize and compare corresponding P and S waves with the same timescale, which can be seen 

Figure 10. This was observed to be considerably more efficient, enabling accurate interpretation 

of the considerable of the data acquired using the criteria proposed by Wang; as seen in Figure 

10, the points for the S wave arrival are chosen at the same location when the first negative peak 

with considerable amplitude appears in the matching P wave signal.  The obtained travel times 

can then be exported for the chosen interpretation methods and are also utilised in the ‘Process 

results’ tool to compute the Poisson ratio. The wave velocities can also be visualized in the 

interface (see Figure 9) as they are displayed inside the program for a specified value of sample 

length. 
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Figure A-3. Simultaneous visualization of the P and S waves using the result software. 

An example of the waveforms acquired during one of the four experimental programs completed 

is now presented in Figure 11, along with lines marking the identified locations of the departure 

and arrival of the waves for the three utilized criteria. All the signals acquired at the same stress 

value are averaged to account for measurement variability and repeatability. 

 
Figure A-4 Waves acquired during the 23/09 experimental program. Depart an arrival times are signaled both for P and S 

waves. 

After trying several of these approaches, authors chose the common peak-to-peak method and 

the method proposed by (Wang et al., 2017) that chose the arrival time of the S-wave aided by 

a corresponding P-wave signal recorded at the same stress level in the sample. Once the travel 

time is determined, the velocity can be calculated dividing it with the travel distance 𝐿. This 

distance is not only the separation of the sample caps (corrected for every datapoint with the 

adequate measurements), but the length of the bender elements must also be subtracted so that 

the bender element tip-tip distance is utilised (Lee & Santamarina, 2005). 
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The obtained wave velocities are presented in Figure 12, showing that the expected trend of 

wave velocity increases due to the acting stress. The apparent continuity of the curves in all the 

𝑉𝑝 and 𝑉𝑠 obtained curves seems to indicate the absence of any significant hysteretical effects 

occurring due to the unloading-reloading effect underwent by the sample. 
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B.  Appendix B: Original expressions for the boundary 

condition 

The proper boundary conditions were adopted following the equations developed by Dong-Joo 

Min et.Al, 2004. In this work the solution to the Elastic wave equation was bi-dimensional and 

formulated in the frequency domain. Although the formulation in the case of the code is three-

dimensional and in the temporal domain, the same principle and notation is used for the equation 

notation. 

The equation to solve was: 

ω2ρ𝑢 +
𝛿

𝛿𝑥
[λ (

𝛿𝑢

𝛿𝑥
+
𝛿𝑣

𝛿𝑧
) + 2μ

𝛿𝑢

𝛿𝑥
] +

𝛿
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[𝜇 (

𝛿𝑣

𝛿𝑥
+
𝛿𝑢

𝛿𝑧
)] + 𝑓𝑥 = 0 
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+
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)] + 𝑓𝑧 = 0 

Where 𝑢 and 𝑣 are the Fourier-transformed displacements, λ and μ are the Lamé constants, and 

𝑓 are the vertical forces. The notation for the discretization can be seen in Figure B-1. 

 

Figure B-1. Reference system for finite differences. 

The formulation is based on applying the material properties in terms of cells rather than in 

terms of nodes at the boundary, much like it would be done in the finite element method. The 

material properties for the wave propagation problem are given the Lamé constants and the 
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material density. Treating these properties at constants, the finite difference approximation for 

each term becomes: 
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)
𝑖−1/2,𝑗

] 

𝛿

𝛿𝑧
(𝑘

𝛿𝑢

𝛿𝑥
) =

1

Δz
[(𝑘

𝑑𝑢

𝑑𝑥
)
𝑖,𝑗+1/2

− (𝑘
𝑑𝑢

𝑑𝑥
)
𝑖,𝑗−1/2

] 

The local terms can be evaluated as: 

(𝑘
𝑑𝑢

𝑑𝑧
)
𝑖+1/2,𝑗

=
1

2
[𝑘3 (

𝑑𝑢

𝑑𝑧
)
3
+ 𝑘4 (

𝑑𝑢

𝑑𝑧
)
4
] 

(𝑘
𝑑𝑢

𝑑𝑧
)
𝑖−1/2,𝑗

=
1

2
[𝑘1 (

𝑑𝑢

𝑑𝑧
)
1
+ 𝑘2 (

𝑑𝑢

𝑑𝑧
)
2
] 

 

(𝑘
𝑑𝑢

𝑑𝑥
)
𝑖,𝑗+1/2

=
1

2
[𝑘2 (

𝑑𝑢

𝑑𝑥
)
2
+ 𝑘4 (

𝑑𝑢

𝑑𝑥
)
4
] 

(𝑘
𝑑𝑢

𝑑𝑥
)
𝑖,𝑗−1/2

=
1

2
[𝑘1 (

𝑑𝑢

𝑑𝑥
)
1
+ 𝑘2 (

𝑑𝑢

𝑑𝑥
)
2
] 

With: 

(
𝑑𝑢

𝑑𝑥
)
1
=

1

Δ𝑥
[
1

2
(𝑢𝑖,𝑗−1 + 𝑢𝑖,𝑗) −

1

2
(𝑢𝑖−1,𝑗−1 + 𝑢𝑖−1,𝑗)] 

(
𝑑𝑢

𝑑𝑥
)
2
=

1

Δ𝑥
[
1

2
(𝑢𝑖,𝑗+1 + 𝑢𝑖,𝑗) −

1

2
(𝑢𝑖−1,𝑗+1 + 𝑢𝑖−1,𝑗)] 

(
𝑑𝑢

𝑑𝑥
)
3
=

1

Δ𝑥
[
1

2
(𝑢𝑖+1,𝑗−1 + 𝑢𝑖+1,𝑗) −

1

2
(𝑢𝑖,𝑗−1 + 𝑢𝑖,𝑗)] 

(
𝑑𝑢

𝑑𝑥
)
4
=

1

Δ𝑥
[
1

2
(𝑢𝑖+1,𝑗+1 + 𝑢𝑖+1,𝑗) −

1

2
(𝑢𝑖,𝑗+1 + 𝑢𝑖,𝑗)] 

And in the other direction: 



 

K 

 

(
𝑑𝑢

𝑑𝑧
)
1
=

1

Δ𝑧
[
1

2
(𝑢𝑖−1,𝑗 + 𝑢𝑖,𝑗) −

1

2
(𝑢𝑖−1,𝑗−1 + 𝑢𝑖−1,𝑗−1)] 

(
𝑑𝑢

𝑑𝑧
)
2
=

1

Δ𝑧
[
1

2
(𝑢𝑖−1,𝑗+1 + 𝑢𝑖,𝑗+1) −

1

2
(𝑢𝑖−1,𝑗 + 𝑢𝑖,𝑗)] 

(
𝑑𝑢

𝑑𝑧
)
3
=

1

Δ𝑧
[
1

2
(𝑢𝑖+1,𝑗 + 𝑢𝑖,𝑗) −

1

2
(𝑢𝑖+1−1,𝑗−1 + 𝑢𝑖−1,𝑗−1)] 

(
𝑑𝑢

𝑑𝑧
)
4
=

1

Δ𝑧
[
1

2
(𝑢𝑖+1,𝑗+1 + 𝑢𝑖+1,𝑗) −

1

2
(𝑢𝑖,𝑗+1 + 𝑢𝑖,𝑗)] 

So, the term is evaluated as: 

𝛿

𝛿𝑥
(𝑘

𝛿𝑢

𝛿𝑧
) =

1

4Δ𝑥Δ𝑧
[𝑘1𝑢𝑖−1,𝑗−1 + (𝑘1 − 𝑘3)𝑢𝑖−1,𝑗−1 − 𝑘3𝑢𝑖+1,𝑗−1]

+
1

4Δ𝑥Δ𝑧
[(𝑘2 − 𝑘1)𝑢𝑖−1,𝑗 + (𝑘3 − 𝑘1 + 𝑘2 − 𝑘4)𝑢𝑖,𝑗 − 𝑘3𝑢𝑖1,𝑗1 + (𝑘3

− 𝑘4)𝑢𝑖+1,𝑗] +
1

4Δ𝑥Δ𝑧
[−𝑘2𝑢𝑖−1,𝑗+1 + (𝑘4 − 𝑘2)𝑢𝑖,𝑗+1 + 𝑘4𝑢𝑖+1,𝑗+1] 

𝛿

𝛿𝑧
(𝑘

𝛿𝑢

𝛿𝑥
) =

1

4Δ𝑥Δ𝑧
[𝑘1𝑢𝑖−1,𝑗−1 + (𝑘1 − 𝑘3)𝑢𝑖,𝑗−1 − 𝑘3𝑢𝑖+1,𝑗−1]

+
1

4Δ𝑥Δ𝑧
[(𝑘1 − 𝑘2)𝑢𝑖−1,𝑗 + (𝑘3 − 𝑘1 + 𝑘2 − 𝑘4)𝑢𝑖−1,𝑗−1 − 𝑘3𝑢𝑖1,𝑗1 + (𝑘4

− 𝑘3)𝑢𝑖+1,𝑗] +
1

4Δ𝑥Δ𝑧
[−𝑘2𝑢𝑖−1,𝑗+1 + (𝑘2 − 𝑘4)𝑢𝑖,𝑗+1 + 𝑘4𝑢𝑖+1,𝑗+1] 

And for the case of the free surface terms: 

𝛿

𝛿𝑥
(𝑘

𝛿𝑢

𝛿𝑥
) =

1

Δ𝑥2
[
1

2
𝑘4(𝑢𝑖+1,𝑗 + 𝑢𝑖,𝑗) −

1

2
𝑘2(𝑢𝑖,𝑗 + 𝑢𝑖−,𝑗)] 

𝛿

𝛿𝑥
(𝑘

𝛿𝑢

𝛿𝑧
) =

1

Δ𝑧2
[
1

2
(𝑘2 + 𝑘4)(𝑢𝑖,𝑗+1 − 𝑢𝑖,𝑗)] 

𝛿

𝛿𝑥
(𝑘

𝛿𝑢

𝛿𝑧
) =

1

4Δ𝑥Δ𝑧
𝑘4(𝑢𝑖+1,𝑗+1 + 𝑢𝑖,𝑗+1 − 𝑢𝑖+1,𝑗 − 𝑢𝑖,𝑗) −

1

4Δ𝑥Δ𝑧
𝑘2(𝑢𝑖−1,𝑗+1 + 𝑢𝑖,𝑗+1

− 𝑢𝑖−1,𝑗 − 𝑢𝑖,𝑗) 

𝛿

𝛿𝑧
(𝑘

𝛿𝑢

𝛿𝑥
) =

1

4Δ𝑥Δ𝑧
𝑘2(𝑢𝑖,𝑗+1 + 𝑢𝑖,𝑗 − 𝑢𝑖−1,𝑗+1 − 𝑢𝑖−1,𝑗) −

1

4Δ𝑥Δ𝑧
𝑘4(𝑢𝑖+1,𝑗+1 + 𝑢𝑖+1,𝑗

− 𝑢𝑖,𝑗+1 − 𝑢𝑖,𝑗) 

 


