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Introduction: NASA’s discovery class mission 

InSight [1] is scheduled to launch in March 2016, and 

will deliver a geophysical lander to the surface of Mars 

in September of the same year. The primary payload of 

the mission consists of a seismometer [2] and the HP
3
 

heat flow probe [3], the latter of which will access the 

martian subsurface to a depth of up to 5 m to emplace 

a string of temperature sensors into the ground. These 

sensors will measure the thermal gradient in the rego-

lith, and together with a determination of the thermal 

conductivity by means of an active heating experiment, 

the geothermal heat flow at the landing site will be 

determined. 

The HP
3
 instrument is a self-penetrating probe, 

which will be deployed onto the martian surface by the 

lander’s robotic arm. After deployment, HP
3
 will pene-

trate into the regolith by means of its hammering me-

chanism (termed the ‘mole’), which delivers 0.3 J of 

hammering energy at 3 second intervals. In the follow-

ing, we will apply the cavity expansion model to esti-

mate the penetration performance of the instrument as 

a function of regolith parameters (density ρ and inter-

nal friction angle ϕ) as well as compaction state DR. 

Theory: We apply the cavity expansion model 

[4,5] for cone penetration to model the penetration 

performance of the HP
3
 instrument. The model calcu-

lates the stresses needed to create a cylindrical cavity 

at the tip of the mole by establishing a relationship 

between shear failure of the soil and the horizontal 

stress state [6]. To first order, the resistance to penetra-

tion qc is given by:  

 
𝑞𝑐

𝑝𝐴

= 1.64 ∙ e  0.1041𝜙+ 0.0264−0.0002𝜙 𝐷𝑅    

×  
𝜎ℎ
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0.841−0.0047𝐷𝑅

 (1) 

 

where pA = 1 MPa is the reference stress, σh is the 

horizontal stress, ϕ is the regolith’s angle of internal 

friction, and DR its relative density [5]. Note, that the 

approximation in Eq. 1 is only valid for friction angles 

between 29 and 36°. The advance of the hammering 

probe per stroke is known as the dynamic cone pene-

tration index (DCPI), and given the penetration resis-

tance qc, hammering energy E, and hammering effi-

ciency α (an empirical parameter), DCPI is given by:  

 

𝐷𝐶𝑃𝐼 =  
4𝛼𝐸

𝑞𝑐𝜋𝑑2
 (2) 

 

where d = 2.64 cm is the diameter of the mole. 

 

 

 

Figure 1: Top:  DCPI as a function of depth z for a 

mole hammering energy of 0.3 J under Earth gravity. 

Bottom: DCPI on Mars and Moon relative to that on 

Earth as a function of soil compaction. DCPI scales 

approximately with the inverse of the square root of 

gravity. 

Results: Results of the calculations are shown in 

Figure 1, where DCPI is shown as a function of pene-

tration depth z for a regolith with density 1500 kg/m
3
. 

The degree of compaction DR is varied between 50 and 

80%, and the soil’s friction angle is 35°.  Depending 

on overburden pressure (depth), the probe advances 

between 0.2 and 0.05 mm per stroke. An increase of 
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relative density by 20% divides penetration speed 

roughly in half. Dependence of results on internal 

friction angle is also quite pronounced, and a decrease 

of ϕ to 30° increases penetration performance by a 

factor of ~1.5 (not shown). 

Given the dependence of penetration resistance on 

σh = K0ρgz, where K0=0.45 is the consolidation ratio, 

scaling of penetration performance for different gravi-

tational accelerations g can be computed. Results of 

these calculations are also shown in Figure 1, where 

the ratio of DCPI on Mars and the Moon to that on 

Earth is shown as a function of relative density. In 

essence, penetration performace roughly scales with 

the squareroot of gravity, such that for intermediate 

compaction (70%) penetration performance is in-

creased by a factor of 1.6 and 2.5 on Mars and the 

Moon as compared to Earth, respectively. 

 

Soil 
ρ 

[kg/m
3
] 

ϕ 

[°] 

zmax,0.3J 

[m] 

zmax,0.8J 

[m] 

MMS 

Sand
[7]

 

1400-

1800 33-35 
1.78-2.18 3.40-4.17 

2.47-3.03 4.73-5.80 

MMS 

Dust
[7]

 

1000-

1600 
35-37 

1.64-2.17 3.14-4.15 

2.28-3.02 4.37-5.77 

MMS 

Mix
[7]

 

1550-

1950 
31-33 

1.95-2.37 3.73-4.54 

2.71-3.30 5.19-6.32 

Mars 

Sand
[8]

 

1100-

1300 
30 

2.67-2.83 5.12-5.41 

3.72-3.94 7.12-7.53 

Mars 

C. C.
[8]

 

1100-

1600 
30-40 

1.37-2.83 2.63-5.41 

1.91-3.94 3.66-7.53 

Mars 

B. I.
[8]

 

1200-

2000 
25-33 

1.93-3.70 3.70-7.08 

2.69-5.15 5.14-9.85 

Moon
[9]

 1500 45 
1.04 1.99 

1.92 3.67 

Table 1: Maximum penetration depth achieved in 

different regoliths and analogue materials, characte-

rized by their bulk density ρ and friction angle ϕ. Up-

per row gives results for penetration under Earth gravi-

ty, second row gives the gravity scaled depth (Mars 

and Moon). Extreme values of ρ and ϕ, as well as DR = 

70% have been assumed in the calculations. In addition 

to the results for a hammering energy of 0.3 J, results 

for 0.8 J are also given. Note that results for lunar 

regolith are only given as a rough estimate, as the 

friction angle of 45° is outside the applicability of Eq. 

1. MMS: Mojave Mars Simulant. C.C.: Crusty to clod-

dy soil. B.I.: Blocky, indurated soil. 

As is evident from Figure 1, penetration speed le-

vels off as a function of depth, and we have calculated 

the maximum depth achieved by the probe by integrat-

ing Eq. 2 with respect to time, and assuming a maxi-

mum hammering time of 24 h, and a hammering ener-

gy of 0.3 J, which is the energy stored in the HP
3
 pro-

totype’s hammering mechanism. Results of these cal-

culations are shown in Table 1, and values for Mars 

analogue materials, Mars regolith parameters as deter-

mined in situ, and lunar regolith parameters as deter-

mined from lunar samples have been considered. In 

addition, results for a hammering energy of 0.8 J are 

also shown. 

Results presented in Table 1assume a mole diame-

ter of d = 2.64 cm, corresponding to that of the HP
3
 

prototype. For intermediate compaction (DR = 70%), 

penetration performance scales with ~  1 𝑑  4 3 , and 

an increase of the diameter by 10 and 20 % decreases 

the maximum achieved depth by 12 and 22%, respec-

tively. 

Discussion: For the present hammering energy of 

0.3 J in the HP
3
 prototype, instrument penetration 

performance generally falls short of the 3 m penetra-

tion depth required for the heat flow measurement. 

Therefore, the strength of the hammering mechanism 

for the HP
3
 flight unit needs to be improved. The new 

design to be implemented in the flight instrument will 

compress the hammering springs by 15 mm, resulting 

in a total hammering energy of 0.83 J for a  spring 

constant of 7.4 N/mm. With this energy, the instrument 

should reach the target depth of 5 m for most expected 

regolith parameters, and safely fulfill the depth re-

quirement of a 3 m minimum penetration depth. 
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