
JOURNAL OF SPACECRAFT AND ROCKETS

Vol. 39, No. 2, March–April 2002

Earth Impact Studies for Mars Sample Return
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Dynamic � nite element modeling of a series of penetrometer drop tests into soft clay that were conducted as
part of the Mars sample return advanced technology program is discussed. Structural impacts into soil continue to
challenge analysts to develop accurate soil material models for � nite element simulations to predict the observed
deceleration pulse andimpactcrater. Parametric studies are presented for penetrometers of varyingdiameter, mass,
and impact velocity to a maximum of 45 m/s, which is the expected terminal velocity of a sample return capsule.
Parameters in� uencing the simulation such as the contact penalty factor and the material model representing the
soil are discussed. An empirical relationship between peak deceleration and key parameters is developed and is
shown to correlate experimental and analyticalresults. The results provide preliminary design guidelines for Earth
impact that may be useful for future space exploration sample return missions.

Nomenclature
Ap = peak acceleration,g
D = diameter of penetrometer,m
E = Young’s modulus, Pa
EH = hardening modulus, Pa
g = ratio of acceleration divided by acceleration

of gravity, nondimensional
M = mass of penetrometer, kg
V = impact velocity, m/s
® = empirical constant, kgs2/m3

± = density, kg/m3

º = Poisson’s ratio, nondimensional
¾y = yield stress, Pa

Introduction

F UTURE space science missions will involve the acquisition,
storage, and return of sample material collected during space

� ight or planetaryexploration.1;2 These sample return missionsmay
require the design of reliable Earth entry vehicles. Currently, dif-
ferent con� gurations are being studied for such vehicles with the
design requirement to survive a terminal velocity impact with se-
lected areas of the Earth’s surface without the aid of a parachute.
Developing an understanding of this impact scenario will provide
added robustness to the vehicle design and increased reliability of
the system.3;4

An advancedtechnologytest programhas beendevelopedto meet
this challenge. The program has provided important test results for
the overall vehicle design,which can also be used for validating an-
alytical simulation tools.5 The optimal surface for an Earth impact
of an entry vehicle carrying space exploration samples is soft soil.
Thus, as part of the technologydevelopmentprogram, low-velocity
penetrometer drop tests were performed in November 1998 at the
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Utah Test and Training Range (UTTR) into soft clay from a bucket
truck and from a hot-air balloon.Also, a seriesof drop tests was per-
formed from a helicopter onto soil at impact velocities up to 45 m/s
at UTTR in September 2000. These hemispherical penetrometers
of varying diameter were dropped to provide impact deceleration
time-history data for a range of design parameters to support sam-
ple returnmissions.Some limitedpenetrationand soil samplingdata
from the late 1960s for low-velocity Earth impact into soft clay are
also available in Refs. 6 and 7. The impact data and soil analysis in
Ref. 6 were for the UTTR site but focusedon long slender impactors
with deep penetrations.

The objective of this paper is to describe the development of the
soil impact simulation and the correlation between the numerical
results and the penetrometer test data. This paper will present the
drop test data, a brief description of the dynamic � nite element
code MSC.Dytran,8 the discretizationfor the penetrometer and soil
models, the soil constitutive model, contact modeling parameters,
penetrometer size and velocity effects, and a comparison of test
results with analysis. In addition, an empirical relationship is devel-
oped to predict the peak deceleration based on penetrometer size,
mass, and impact velocity. MSC.Dytran was used to simulate these
drop tests and to predict additional results when test data were not
available.

Drop Test Data
Data from penetrometer drop tests conducted at UTTR from a

bucket truckand froma hot-airballoonin 1998aswell as data froma
helicopterdrop in 2000 are summarized in Table 1. Each penetrom-
eter is hemispherical shaped with an internal high-speed (>100k
samples/s)digitaldataacquisitionsystemto recordtheacceleration–

time history. Penetrometers with diameters ranging from 0.203 to
0.66m wereusedwith impactvelocitiesrangingfrom5.74 to 45m/s.
The total penetrometermass varied from 2.98 to 24.5 kg. A posttest
photograph of the 0.408-m penetrometer after a 45 m/s impact at
UTTR in September 2000 is shown in Fig. 1. The photograph illus-
trates the impact crater created in the clay lakebed.

Finite Element Modeling
The software program MSC.Dytran was used to perform the

impact analysis. MSC.Dytran is an explicit, nonlinear, transient-
dynamic � nite element computer code with its origins related to the
public-domain DYNA3D code developed at Lawrence Livermore
NationalLaboratory.Thesenonlineardynamiccodeshavebeenused
extensively over the last 20 years as increased computer power has
cut the solution time to hours instead of days for many problems.
Although these codes are highly complex, analystshave veri� ed the
codes for a wide variety of impact problems for materials, such as
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Table 1 Test matrix of penetrometer drops at UTTR

Diameter, Mass, Velocity, Peak
Test Description m kg m/s acceleration, g

1 Drop hammer 0.203 2.98 5.74 85
2 Helicopter 0.408 12.05 34.97 1195
3 Helicopter 0.408 12.05 43.15 1482
4 Helicopter 0.408 12.05 44.9 1656
5 Helicopter 0.408 24.5 31.94 614
6 Helicopter 0.408 24.5 39.42 812
7 Helicopter 0.408 24.5 45.35 1016
8 Bucket truck 0.514 11.02 16.7 500
9 Bucket truck 0.514 18.54 19.1 300
10 Bucket truck 0.514 18.91 16.7 210
11 Balloon 0.514 18.91 21.8 325
12 Balloon 0.514 18.91 25.9 510
13 Helicopter 0.66 24.0 35 1080
14 Helicopter 0.66 24.0 40 1295

Fig. 1 Posttest photograph of 0.408-m penetrometer after a 45-m/s
impact (September 2000 at UTTR).

metals, that are well behaved. The input format for MSC.Dytran
was made to be as compatible as practical with MSC.Nastran, a
structural analysis code widely used in the aerospace community.
MSC.Dytran offers a library of structural elements (beams, shells,
and solids) for modeling complex structures. MSC.Dytran also of-
fers a variety of constitutive models for elastic, elastoplastic, and
layered orthotropic materials and for crushable foams and soils,
therebyallowing most engineeringmaterial systems to be analyzed.
Several modeling optionsare available for contact, impact, and pen-
etration including breakable joints and element erosion. Automatic
time-stepcontrol is providedonce the user de� nes an acceptableini-
tial time step. Archive � les for postprocessing data into deformed
shapes and time history � les to generate xy plots of selected grid
points, material variables, or contact variables can be requested by
the user. A restart capability for continuing the solution in time is
also available.

Discretization
The � nite element model of the penetrometer and soil is shown

in Fig. 2. The penetrometer consists of a thick aluminum shell with
internal ribs to make it relatively rigid. In the simulations, the pen-
etrometer is represented as a rigid body with a given mass and
initial impact velocity. To represent the geometry accurately, the
rigid-body hemispherical penetrometer was discretized into a � ne
mesh of 1200 shell elements.

The soil is modeled as a hexagonal-shaped region with dimen-
sions of approximately � ve times the penetrometer radius on each
side. A relatively large soil domain was chosen to reduce the ef-
fects of the � nite soil boundaries.The spatialdiscretizationprovides
a graded mesh with smaller elements near the top-center surface
where the impact will occur. The graded mesh is generatedby using
the two-way bias mesh seed of MSC.Patran with an element side
length in the top-center region that is � ve times smaller than those at
the bounding surfaces. There are 33 elements of varying size along
the length of each side of the soil model. In the full model, the soil

a)

b)

Fig. 2 Penetrometer/soil � nite element: a) full model and b) closeup
section of model.

is discretized into 27,225 eight-node solid single-integration-point
elements. The nodes on the outer vertical surfaces of the soil are
allowed to be free, whereas the nodes on the bottom surface are
fully restrained. The total number of nodes in the model including
both the soil and penetrometer is 31,380. In the vertical direction,
the soil model is divided into two layers. The top layer is approxi-
mately one-� fth of a penetrometerradius deep, and the bottom layer
consists of the rest of the soil. This division of the soil layer is in-
cluded in the model because the properties of the top layer of soil
could differ signi� cantly from the deeper soil. This approach was
used to represent the soil at UTTR, which is typically characterized
by a dry upper layer, while the lower layer may be saturated with
water.

Soil Constitutive Model
The soil was modeled as an elastic–plastic material with strain

hardening (DYMAT24). The nominal values used to characterize
the soil were an elastic secant modulus E D 4000 kPa, Poisson’s
ratio º D 0:3, a yield stress (or bearing pressure) ¾y D 68:9 kPa, and
mass density ± D 2201:6 kg/m3 based on a 65% moisture content.
A hardening modulus EH of 800 kPa (0.2E ) was used in the � nal
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model. Soil near the surface is estimated to have moisture content
of approximately 22% during dry conditions. This soil model is
an approximation to the actual soil properties and was obtained by
using the charts in Ref. 6 and from information obtained by using
soft clay surrogates in the laboratory.

The simple elastic–plastic material model of the soil was quite
successful in predicting the UTTR test accelerationpulses and was
recommended in Refs. 9 and 10. Improved correlationwas obtained
with the portionof the experimentalaccelerationpulse after the peak
by including strain hardening. More complex material models for
the soil such as the cap model11 were also considered.However, the
coef� cients and parameters needed for the cap model could not be
determined given the available data.

Contact Modeling
Contact between the rigid-bodypenetrometerand the soil is mod-

eled by using the penalty method with the bounding top surface of
the soil serving as the master contact surface.The nodes on the rigid
penetrometerwere de� ned as the slave nodes. Note that contact be-
tween a rigid body and a deformable body can cause numerical
dif� culties.However, the use of a rigid body may speed up the anal-
ysis by an order of magnitude. Generally, a master contact surface
can be coarsely discretized. However, because the master surface
(soil surface) deforms signi� cantly, the discretizationof the master
surface is quite important for this problem. Thus, the master surface
mesh in thecontactzonemust bemuch � ner thanfor a nondeforming
surface.

Some of the other contact parameters in MSC.Dytran include
the type of contact (VERSION), the weighting factor (WEIGHT),
the selection of the monitoring side (SIDE), and the contact

a)

b)

Fig. 3 Coarse contact zone model using FACT = 0:1: a) acceleration–

time history and b) velocity–time history.

penalty factor (FACT). The results presented in this paper used
VERSION D V4, WEIGHT D SLAVE, and SIDE D BOTH.

The parameter FACT is quite important because it represents a
scale factor for the contact force. When a slave node penetrates the
master surface too deeply, the contact can be made stiffer by in-
creasingFACT. However, for dissimilarmaterials with signi� cantly
differing stiffnesses, even the default value of FACT (0.1) may lead
to a large contact force that may arti� cially overaccelerate the less
dense material. Such a result could cause a separation between the
slave node and master surface until the slave nodes catch up to the
master surface again. Monitoring the position of adjacent nodes on
the master surfaceand correspondingslavenodesaids in identifying
this numerical artifact of the contact simulation. If the separation
distance becomes too large, the value of FACT may be reduced to
decrease the likelihood of excess separation between the contact
surfaces.

Results and Discussion
Selected penetrometerdrop tests into clay were simulated before

the drop tests, and later the analytical results were correlated with
the correspondingtest data from UTTR. The matrix of drop tests is
shown in Table 1. A Unix workstationperformed the simulationsby
usingMSC. Dytran version2000.A typicalsimulationwas executed
for 0.025 s of actual time by using a maximum time step of 10 ¹s,
which required about one CPU hour.

Soil Discretization and Contact Penalty Factor
The discretization of the soil beneath the penetrometer, that is,

in the contact zone, and the contact penalty factor are both critical
in achieving meaningful analytical results. If the soil is discretized
too coarsely in the contact zone and/or the contact penalty factor is
too large, the resulting graph of the penetrometer acceleration may
look like a series of spikes. When the contact force is too large,

a)

b)

Fig. 4 Re� ned contact zone model using FACT = 0.1: a) acceleration–

time history and b) velocity–time history.
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the soil is accelerated ahead of the penetrometer. Each time the
penetrometer catches up with the soil, another acceleration spike
occurs. Using the default penalty factor (FACT), the contact zone
mesh discretization was varied to determine its effect. The results
for a 0.2-m-diam, 2.98-kg penetrometer with an impact velocity of
5.74 m/s are shown in Fig. 3. For the results in Figs. 3a and 3b, the
master surface mesh beneath the sphere was coarse, with only 25
element faces in the contact zone directlybeneath the penetrometer.
The acceleration response of the penetrometer shown in Fig. 3a is
a series of spikes, and the velocity response in Fig. 3b resembles a
monotonicallyincreasingstep function.This responseillustratesthe
repeated contact and separation that occurs because of an excessive
contact force.

A re� ned model of the soil with approximately 120 elements in
the contactzone was also analyzed to determine the effect of contact
zone discretization. Results shown in Fig. 4 for the re� ned contact
zone model differ signi� cantly from those in Fig. 3. The stair-step
behavior in the velocity– time history is replaced with a smooth
curve. However, the acceleration response exhibits high peaks and
high-frequencyoscillationssuperimposedon the basic acceleration
pulse.

The effect of the contact penalty factor (FACT) on the
acceleration–time and velocity– time histories for the coarse and
re� ned contact zone models is shown in Figs. 5 and 6, respectively.
The response is now more characteristic of a penetration transient
response. Changing the value of FACT to 0.001 is needed because
of the large difference in stiffness between the penetrometer (rigid)
and the soil (very weak). The acceleration– time histories shown
in Figs. 5a and 6a are similar; hence, subsequent simulations use
FACT D 0.001and contactzonere� nement.All velocity–time histo-
ries in Figs. 3–5 exhibit a direction change at approximately10 m/s
and a � nal rebound velocity of 1 m/s.

a)

b)

Fig. 5 Coarse contact zone model using FACT = 0.001: a) accelera-
tion–time history and b) velocity–time history.

a)

b)

Fig. 6 Re� ned contact zone model using FACT = 0.001: a) accelera-
tion–time history and b) velocity–time history.

Penetrometer Size and Velocity Effects
Next, a larger diameter penetrometer with a higher impact ve-

locity was studied. The impact and penetration event for the
0.408-m-diam penetrometer with a mass of 12 kg and an initial
velocity of 35 m/s can also be used to illustrate the effects of alter-
ing the contactpenaltyfactorFACT in MSC.Dytran. The simulation
was executed for 15 ms of real time by using a maximum time step
of 10 ¹s. The soil model for this case and the remainder of the sim-
ulations has 27,225 eight-node solid brick elements with a single
integration point. The contact zone for this case has approximately
80 element facesbeneaththe sphere.The rigidpenetrometeris again
discretizedwith 1200 four-node shell elements to represent the sur-
face contour accurately. For the acceleration– time histories shown
in Fig. 7, the default value of 0.1 was � rst used for the contact
penalty factor. However, adjacent nodes on the penetrometer and
soil were found to move apart rather than stay in contact. When the
contact factor was reduced to 0.001, the node at the bottom of the
sphere and an adjacent node of soil were found to move together,
and the resulting rigid-body penetrometer acceleration response is
smoothed without requiring digital � ltering.

Effect of Soil Material Model
When the elastic perfectly plastic model was used, soil material

parameters were varied to determine the effects on the acceleration
pulse. If either the elastic modulus or the yield stress (bearing pres-
sure) of the soil were varied by 20%, the in� uence on the resulting
acceleration pulse was minimal. However, the effect of lowering
the soil density by 20% from the nominal value reduced the peak
acceleration by approximately 20%, as shown in Fig. 8. Thus, the
density of the soil is an important factor in the simulation. Drier
soil, like that found in the top layer at UTTR, is less dense than the
bottom layers of soil, which may be saturated with water.
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Fig. 7 Effect of penalty factor (FACT) on acceleration–time history of
penetrometer.

Fig. 8 Effect of clay density on peak acceleration for 0.408-m pen-
etrometer with 12-kg total mass and impact velocity of 35 m/s.

The acceleration response in Fig. 8 for a 0.408-m-diam penetro-
meter weighing 12 kg with an impact velocity of 35 m/s was a
pretest prediction. The acceleration peak (1200 g) for the nominal
density matched the test data very well, but the dropoff of the ac-
celeration after the peak was too sharp when compared with the
test data. The pretest soil model was elastic perfectly plastic. As is
evident in Fig. 9, when a hardeningmodulus EH equal to 20% of E
was added to the material model, the peak value was not changed,
but the acceleration dropoff matched the test data more closely.
The hardening modulus is needed to approximate the compaction
of the soil. The experimental acceleration response shown in Fig. 9
was integrated to obtain velocity and penetration depth. The pre-
dicted penetration depth, shown in Fig. 9b, compared well with
the experimental value. Before the hardening modulus was intro-
ducedto simulatesoil compaction,theanalyticalpenetrationwas too
deep.

Comparisons of Test with Analysis
Additionalcomparisonsbetween test and analysis(with and with-

out strain hardening) are shown in Figs. 10–12. The predictedaccel-
eration peaks match the experimental data quite well and generally
are within 10–15% of the experimentalvalues. The pulse shape and
duration are also simulated quite well, especially when strain hard-
ening is included. These results indicate that the peak acceleration
for a penetrometerof � xed size and mass increasesas the initial im-
pact velocity increases. For a � xed initial impact velocity, the peak

Fig. 9a Comparison of test with predicted acceleration pulse for the
0.408-m penetrometer with 12-kg total mass and impact velocity of
35 m/s.

Fig. 9b Crater shown in soil model.

Fig. 10 Comparisonof test with analysisfor the 0.408-mpenetrometer
with 12-kg total mass and impact velocity of 45 m/s.

acceleration increases with size (diameter) and decreases for larger
masses.

Empirical Relationship for Peak Acceleration
Based on test results and analysis, it was deduced that the peak

acceleration was likely to be proportional to the product of the
penetrometer diameter and the square of the initial impact veloc-
ity divided by the total penetrometer mass. Thus, the maximum
accelerationin gravitationalunits g was plottedvs ®DV 2=M , where
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Fig. 11 Comparison of test with predicted acceleration pulse for the
0.66-mpenetrometer with 24-kg totalmassandimpactvelocityof35m/s.

Fig. 12 Comparison of test with predicted acceleration pulse for the
0.66-mpenetrometer with 24-kg totalmassandimpactvelocityof40m/s.

D is the diameter of the penetrometer in meters, V is the veloc-
ity in meters per second, M is the total mass of the penetrome-
ter in kilograms, and ® is an empirical constant to be determined.
Thus, the peak acceleration in the test data follows the empirical
relation

A p D ®DV 2=M (1)

This empirical relationshipcan be useful in conceptualdesign stud-
ies to estimate peak accelerations for soft-clay impacts. Consistent
results for test and analysis were obtained over a wide range of val-
ues, including penetrometer size, mass, and initial impact velocity.
These accelerationestimates should be conservativebecausethe an-
alytical results are based on a rigid penetrometer,whereas the actual
vehicle may include energy-absorbingstructure in the design.

InFig. 13,both theexperimentalandanalyticalpeak accelerations
are plotted vs DV 2=M . Linear curve � ts were made to both the
test and analytical data and are shown in Fig. 13. The slope of the
test data gives ® D 27, although the slope of the analytical data is
slightlyhigher at 29. The results show good agreementbetween test
and analysis for these drops into clay. If the density of the soil were
lowered, the analysis would be expected to match the experimental
data even better.

Fig. 13 Peak acceleration of penetrometer test data and analysis plot-
ted against DV2/M (linear � t to each set of data is shown).

Conclusions
The ideal surface for terminal-velocity Earth impact of future

spaceexplorationsample-return-missionvehicles is soft clay.Thus,
to characterize the expected impact response, a series of penetrom-
eter drop tests into soft clay was performedas part of the Mars sam-
ple returnadvanced technologyprogram at the UTTR with different
penetrometer sizes, masses, and impact speeds.

Pretest predictions of the peak acceleration for the tests were
made with the nonlinear transient dynamic � nite element code
MSC.Dytran. The predicted peak accelerations that were obtained
by using an elastic perfectly plastic material model for the soil were
within10–15%of the testdata.However, thepredictedacceleration–

time history dropped off too quickly after the peak. By the addition
of a 20% hardeningmodulus to the soil material model to represent
compaction, the pulse after the peak was simulatedmore accurately.
Consistent results for test and analysis were obtained over a wide
rangeof values includingpenetrometersize,mass, and initial impact
velocity.

In the analytical model, the master contact surface was de� ned
to be the top surface of the soil, and the slave nodes were de� ned
to be the nodes forming the rigid penetrometer. The MSC.Dytran
results were found to be sensitive to the mesh discretization in the
contact zone and to the contact penalty factor. The best results were
obtained by reducing the contact penalty factor by two orders of
magnitude from the default value (from 0.1 to 0.001).

The peak accelerationsfor the dropsof differentsizedpenetrome-
terswith differentmassesanddifferingimpact velocitieswere found
to vary linearly with DV 2=M , where D is the penetrometer diame-
ter, V is the impact velocity, and M is the penetrometer mass. This
empirical relation should be useful in conceptual design studies to
estimate peak accelerations.
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