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Abstract-—Cone penetration resistance tests on fine-grained, granular lunar soil simulants of varying
grain-size distribution and consistency, performed under terrestrial gravity conditions and onboard
the U.S. Air Force KC-135 aircraft during &+ ¢, 1 ¢, and 2 g flight trajectories, are described. The
test results indicate that the average resistance to penetration, g., and its average rate of change
with depth, G, of these simulants decrease monotonically with decreasing g level and are sensitive
indicators of the soil dry bulk density, void ratio and relative density. It is also shown that g, and
G can be used with bearing capacity theory to determine the in-place shear strength characteristics
of the soils tested.

Based on the analytical methods developed herein and on crude soil penetration data obtained
from the Apollo 11 and Apollo 12 missions, upper bound estimates of the in-place bulk density
and the angle of internal friction of the lunar soil are of the order of 1.85 g/cm® and 45 deg for the
soil at the Apollo 11 site, and of the order of 1.82 g/cm® and 42 deg for the soil at the Apollo 12 site.
On the basis of measured soil bulk density values of 1.71 g/cm® and 1.74 g/cm®, obtained respectively
from Apollo 11 and Apollo 12 core tube samples, the in-place angle of internal friction of the lunar
soil at the corresponding Apollo 11 and Apollo 12 core tube sites is estimated to be 36.8 deg and
37.7 deg, and its cohesion to be of the order of 9 X 10~2 N/cm? and 7 X 10-2 N/cm?. These findings
are in agreement with independent evaluations of lunar soil mechanical properties.

The functional characteristics of a portable, self-recording penetrometer design concept, which
is currently being brought to flight status for use in future Apollo missions, is described.

INTRODUCTION

BECAUSE NO SPECIAL soil mechanics testing or sampling equipment were included in
the Apollo 11 and Apollo 12 missions and no force or deformation measuring devices
were utilized during the surface activities, analysis of the in-place physical charac-
teristics and mechanical properties of the lunar soil from data obtained during the
LM landing or the astronaut surface extravehicular activities (EVA) has been
primarily descriptive and qualitative (COSTES e al., 1970; ScOTT et al. 1970).
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To gain a better insight on the strength and deformation characteristics of the
lunar soil at the Apollo landing sites, studies on the mechanical behavior of simulated
lunar soils have been carried out at the MSFC Space Sciences Laboratory prior to
and since the Apollo 11 and 12 missions (COSTES et al., 1969 ; OLsON, 1969 ; and SMITH,
1969). Parallel studies, under contract with the MSFC, have been conducted by the
University of California, Berkeley (MITCHELL et al., 1969, 1970a, b) and by the USAE
Waterways Experiment Station (WES), in connection with studies relating to the
Lunar Roving Vehicle program (FREITAG et al., 1970; GREEN and MELZER, 1970).

Parallel with these studies, considerable effort has been spent at the MSFC Space
Sciences Laboratory to develop suitable instruments and techniques for measuring
directly the mechanical properties of lunar soils. Developments in soil mechanics
in the last 30 years have shown that penetrometer tests are proper techniques for
quick determination of the sub-surface soil properties that influence the bearing
capacity and settlement of foundations. The cone penetration resistance has also
been used extensively as a sensitive and convenient measure of soil strength in
mobility research (WES, 1945). Dimensional analysis has been introduced to derive
“mobility performance numbers” (FREITAG, 1965; POWELL and GREEN, 1965) which
lend themselves to the establishment of rational criteria for the design and evaluation
of lunar roving vehicles based on cone penetration resistance measurements performed
on the lunar surface.

The cone penetration resistance has been shown to be not only a sensitive indicator
of the in-situ packing characteristics of cohesionless soils, such as their dry bulk
density, void ratio and relative density (TERZAGHI and PECK, 1948), but also of the type
of cohesionless soil being penetrated. Also, the mean grain size, the uniformity and the
compactibility of cohesionless soils have been found to have considerable influence
on the penetration resistance versus relative density relations for such materials.
Extensive reviews of recent research in this field are given by SANGLERAT (1967);
ScHULTZE and Muss (1967); VEesic (1967); MEeLZER (1968); HvORsLEV (1970); and
MELZER (1971).

In this paper, emphasis is placed upon the cone penetration resistance test, and
the design characteristics of a portable, self-recording penetrometer, developed by
the MSFC Space Sciences Laboratory for use during the Apollo missions, are dis-
cussed. Comparison is made between the physical characteristics and mechanical
properties of the soils tested and the actual lunar soil mechanical behavior observed
during the Apollo 11 and Apollo 12 EVA’s and the preliminary examination of
returned lunar samples at the Lunar Receiving Laboratory (LRL). From this com-
parison, inferences are drawn regarding the in-situ density and shear-strength
characteristics of lunar soil encountered at the two Apollo landing sites.

APOLLO SELF-RECORDING PENETROMETER

A cone penetrometer design concept that meets the operational constraints of an
Apollo manned mission is the device shown in Fig. 1, developed at the MSFC Space
Sciences Laboratory. The instrument attaches to the Apollo Lunar Hand Tool
(ALHT) Extension Handle to conserve weight and space. As shown in Fig. 1, 1t
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Fig. 1. Self-recording penetrometer developed at the MSFC Space Sciences Laboratory

for use on the lunar surface during Apollo missions. Overall length, excluding ALHT

extension handle: 114 cm (45in.). Weight: 8.9 N (21bs). Maximum penetration:

76.2 cm (30 in.). Maximum force applied by spring: 111 N (25 lbs), compatible with

limiting capabilities of suited astronaut in lunar gravity. Weight of recording drum:
0.28 N (1 oz).

consists of three assemblies: (1) a recording unit; (2) a penetrometer shaft with replace-
able penetrating elements (tips); and (3) a surface reference pad.

Through the cable mechanism shown in Fig. 1, the relative motion between the
surface reference pad and the penetrometer shaft actuates the stylus to move axially
along the recording drum. A sinkage of 76.2 cm (30 in.) produces a 2.5 cm (1 in.)
record. Forces are applied through the extension handle and deflect the calibrated
coil spring. Axial deflection of the spring is converted to rotation of the recording
drum in an amount proportional to the applied force. The maximum force that
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can be applied through the spring causes a 30° rotation of the drum. The rotation
of the drum and the axial deflection of the stylus produce a unique force-penetration
diagram inscribed on the recording drum. According to this concept, only the data
drums, each containing 12 or more individual force-penetration diagrams, would be
returned to Earth.

This basic design concept has been endorsed by the soil mechanics team and
presently is being brought to flight status by the Manned Spacecraft Center for
inclusion on Apollo 15 and subsequent missions.

CoNE PENETRATION RESISTANCE TESTS ON SIMULATED LUNAR SOILS

Physical properties of lunar soil simulants

In order to assess the type of scientific information that can be derived from
penetration resistance data obtained from the lunar surface by a device such as the
cone penetrometer described in the previous section, an extensive theoretical and
experimental program has been carried out at the MSFC Space Sciences Laboratory
using simulated lunar soils at various gradations and consistencies. The basic material
selected for these studies has been a crushed basalt from Napa, California, having
angular grains and a specific gravity of 2.89. The various gradations at which this
lunar soil simulant (LSS) was mixed are shown in Fig. 2 along with grain-size distri-
bution curves from lunar soil samples collected during the Apollo 11 and 12 missions.

In addition to the lunar soil simulation studies with the LSS, lunar roving vehicle
mobility performance simulation studies prior to the Apollo 11 landing were conducted
on a wind-deposited sand from the desert near Yuma, Arizona (FREITAG et al., 1970).
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Fig. 2. Grain-size distribution characteristics of lunar soil simulants compared with
gradation curves of Apollo 11 and Apollo 12 lunar soil samples.
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Fig. 3. Comparative analysis of penetration resistance tests on Apollo 11 lunar soil
bulk sample (CosTEs ef al., 1970) and LSS, both placed at an average void ratio of 0.7.
Note mode of deformation of both samples at failure. Triaxial compression tests
performed on LSS at the same void ratio verified the assumption by CosTEs et al.
(1970) that bearing capacity theory can be used with soil bulk density and penetration
resistance data to determine probable range of shear strength parameters of soil tested.

The gradation of this soil is shown also in Fig. 2. In this paper, reference to this
material is made only for the purpose of testing the validity of methods used in
analyzing soil penetration resistance data.

The mechanical behavior of the LSS has been studied extensively under terrestrial
gravity conditions with basic test variables: the soil grain-size distribution, dry bulk
density, moisture content, confining pressure and testing techniques. For bulk
densities ranging between 1.50 g/cm?® and 1.80 g/cm?, the apparent cohesion and
angle of internal friction of LSS (40/60 mix), placed at water contents ranging between
0.4%, and 2.0 %, bracket the values of the shear strength characteristics of the actual
lunar soil (cohesion: of the order of 7 x 10~ N/cm?; friction angle: 35 deg to 39 deg
in the normal pressure range of a few N/cm?) as deduced from soil mechanics data
obtained during the Surveyor missions (SCOTT and ROBERSON, 1968).

The LSS (40/60 mix) was used in simulation studies prior to the Apollo 11 mission
and has since been used extensively in predictions and comparative analyses, such as
the one shown in Fig. 3, relating to the mechanical behavior of actual lunar soil
encountered during the Apollo 11 and Apollo 12 missions (COSTES et al., 1970;
ScortT et al., 1970). Since the Apollo 12 mission, the gradation of the LSS has been
modified as shown by the curve “LSS (11/12 mix)” in Fig. 2 to match more closely
the grain-size distribution of returned lunar soil samples. The grain-size distribution
of the lunar soil simulant used in lunar roving vehicle mobility performance studies
(GrEEN and MELZER, 1970) is shown in Fig. 2 by the curve “LSS (WES mix).”
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Fig. 4. Cone penetration resistance tests on LSS under terrestrial gravity conditions.
(Top) (0-15 cm) average cone penetration resistance gradient, G, vs. relative density,
dry bulk density and void ratio. (Bottom) Comparison of (0-15 cm) average cone
penetration resistance, ¢, data from same tests with theoretical curves computed from
bearing capacity theory (MEYERHOF, 1961). Curves D, @, @), and ® have been com-
puted, respectively, for cone base areas of 6.4 cm? (1.0 in.?), 3.2 cm?*(0.5 in.?), 1.3 cm?
(0.2 in.2), and 6.4 cm? (1.0 in.?) according to method II. Curves @ and ® have been
computed for a cone base area of 3.2 cm? (0.5 in.2) according to method I.
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Cone penetration resistance tests under 1 g conditions

The results of cone penetration tests performed by standard equipment and
according to standard procedures (Department of the Army, 1959) on LSS (40/60
mix) (SmiTH, 1969), on LSS (WES mix) (GREEN and MELZER, 1970), and on LSS
(11/12 mix) have been plotted in Fig. 4. As shown in Fig. 4, both the average cone
penetration resistance, §,, and the average cone penetration resistance gradient, G,
over a depth of 0 to 15 cm, of the LSS depend upon its grain-size distribution and its
consistency and apparent cohesion (as indicated by its water content at a given void
ratio). They are also strong functions of the packing characteristics of the material as
expressed by its dry bulk density, void ratio, and relative density.

Analysis of the same data has also indicated that bearing capacity theory relating
to foundations with perfectly rough conical tips (MEYERHOF, 1961) can be used to
determine the in-place shear-strength characteristics of the soil, if its dry bulk density
is known or can be estimated from G-versus-density or G-versus-void ratio plots.

The ultimate bearing capacity of a conical-shape foundation is given approxi-
mately by the Terzaghi equation (TERZAGHI and PEcK, 1948), modified by MEYERHOF

(1961),
q. — C-Nc + pgRN), + PgZNq (1)

in which ¢ and p are, respectively, the cohesion and the bulk density of the soil, g
is the acceleration of gravity, R is the radius of the cone base, z is the depth to the
base of the cone, and N, N,, and N, are “bearing capacity factors” that depend on
the angle of internal friction of the soil, ¢, the depth-cone base radius ratio, z/R,
the roughness of the surface of the cone and on the cone apex angle which was 30 deg
in all of the tests reported herein. In this theory, the soil is assumed to behave as
an incompressible, rigid-plastic material and to fail in shear along bulb-shaped
failure surfaces surrounding the cone. The traces of these surfaces on planes containing
the cone axis can be described by linear segments and segments of a logarithmic
spiral. Accordingly, the term ‘“‘ultimate bearing capacity” refers to the applied unit
load at which the shear strength of the soil mass is exceeded and the material fails
1n incompressible shear.

To test the applicability of equation (1) to the analysis of cone penetration
resistance data, two methods were used, designated respectively as method I and
method II. According to method I, the rate of change of the bearing capacity ¢, with

respect to depth in equation (1),

dq.

(—i; = Pqu’ (2)
was assumed to be equal to the average cone penetration resistance gradient, G.
Accordingly, for a given cone penetration test on LSS of known density, N, was
computed from equation (2) and the indicated angle of internal friction, ¢;,4, of
the soil was then determined from the N, versus ¢ plot for shallow, rough cones with
a semi-cone angle of 15 deg (MEYERHOF, 1961). Having determined ¢;,4, the bearing
capacity factors N, and N, were obtained from the corresponding N, and N, versus

© Lunar and Planetary Institute * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1971LPSC....2.1973C

1980 N. C. CostEes, G. T. Conron, and D. C. Moss

¢ plots appearing in MEYERHOF (1961). Finally, 4, was calculated from equation (1)
at z = 7.5 cm, by entering the value of the cone base radius, R, of the instrument
used, and cohesion values, ¢, obtained from triaxial compression and trenching
tests at comparable densities (COSTES et al., 1969; OLSON, 1969).

According to method 11, the bearing capacity factors were determined from the
N,, N,, and N, versus ¢ plots (MEYERHOF, 1961) by entering ¢ values obtained from
triaxial tests at comparable densities and the rest of the procedure was identical to
that according to method I.

Comparison between values of g, calculated from equation (1) according to
methods I and II, and experimental data on the average cone penetration resistance
of the LSS mixes over a depth of 0 to 15 cm can be made in Fig. 4b. It can be seen
that reasonably good agreement exists between computed and experimental data,
indicating that equation (1) can satisfactorily describe the dependence of the average
cone penetration resistance of the LSS on its grain-size distribution, dry bulk density,
void ratio, relative density and water content which in turn govern its shear strength
characteristics. Also, reasonably good agreement is indicated regarding the depend-
ence of g, on the penetrometer cone size.

To test the validity of equation (1) in expressing the mechanical behavior of another
material of different mineral composition, grain size and shape characteristics, and
different gradation, a similar analysis was performed on data from cone penetration
resistance tests conducted on Yuma Sand (Figs. 2 and 5) by MELzER (1971) and other
investigators (SCHULTZE and MuHs, 1967; TURNAGE, 1971).

The results of this analysis shown in Fig. 5 again indicate very good agreement
between the theoretical and the experimental results. The “theoretical curve” in
Fig. 5 was calculated from equation (1) according to method 1 for a standard cone
base area of 3.2 cm?2 (0.5 in.2%) used in these tests.

Cone penetration resistance tests under varying gravity levels

The dependence of both ¢, and G on the gravity level, as indicated by equations
(1) and (2), was checked by performing a series of cone penetration tests on LSS
(11/12 mix) and Yuma Sand under varying gravity conditions, simulated onboard
the U.S. Air Force KC-135 aircraft during §-g; 1-g; and 2-g parabolic flight trajec-
tories. During these tests, vertical accelerometers located at the center of gravity
of the aircraft were monitored by the pilot who controlled the ¢-g lunar gravity
level to +0.01 g. These conditions could be produced for about 30 seconds during
each ‘“‘parabola,” giving adequate time to perform a cone penetration test at the
standard rate of 3 cm/sec (1.2 in./sec). The 2 g level during entry was controlled to
within +£0.5 g. However, at recovery, the g level varied between parabolas from 1.5 g
to2.5g.

Both soil samples were placed in containers 35.6 cm by 35.6 cm in cross section
and 43.2 cm deep, by sprinkling each soil from a drop height of 5 cm (2 in.). During
the tests, the dry bulk density of the soils was determined from settlement measure-
ments recorded in flight. At the top of each box, there were nine access holes (Fig. 6),
spaced at 10.2 cm centers. The minimum distance between the center of the holes
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Fig. 5. Cone penetration resistance tests on Yuma Sand under terrestrial gravity
conditions. (Top) (0-15cm) average cone penetration resistance gradient, G, vs.
relative density, dry bulk density, and void ratio. (Bottom) Comparison between
(0-15 cm) average cone penetration resistance, 4., data from same tests with theoretical
curve computed from bearing capacity theory (MEYERHOF, 1961) according to method I.

and the container wall was 7.6 cm. To ascertain the influence of the boundary wall
and adjacent holes on the cone penetration resistance test results, for each g level
there was at least one test performed at an edge hole and one at a corner hole (Fig. 6).

The apparatus for performing the cone penetration resistance tests consisted of
a cone penetrometer with a standard 30° cone of 3.2 cm? (0.5 in.?) base area and an
associated electronic system for sensing and recording the resistance to penetration
of the soil at a given penetration. The overall system from force sensor to digitized
force data is accurate to 4-4.1%. Records of depth pulses at 2.5-cm (1-in.) increments
are accurate to approximately 0.1 %. The results from these tests, shown in Fig. 6,
indicate that inasmuch as the tests at each g level were performed during successive
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Fig. 6. Cone penetration resistance, ¢,, versus penetration from tests on Yuma Sand
and LSS (11/12 mix) performed under varying gravity conditions. Note effect of soil

type on g..

parabolic flights, possible disturbances that could have occurred in either soil due to
the in-flight conditions did not affect materially the test results. From the same plot,
it appears also that the cone penetration resistance and its average rate of change
with depth for both soils decrease with decreasing gravity level.

To test the linear dependence of the bearing capacity equation (1) on the gravity
ratio g,, 4, was calculated for both soils as a function of g, using equation (1) according
to method I. The G values employed in these calculations were obtained from the G
versus g, linear diagrams shown in Fig. 7, passing through the origin and the experi-
mental points at g, = 1. The calculated g, values are shown by the solid lines plotted
in Fig. 8. These plots indicate close agreement between the theoretical and experimental
values of g, at g, levels of ¢ and 1. Furthermore, the values of G and §, for both soils
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Fig. 8. Cone penetration resistance tests on Yuma Sand and LSS under varying gravity
conditions. Comparison between g, experimental data and theoretical values calculated
from bearing capacity theory (MEYERHOF, 1961), according to method I at g, = 1.
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at g, = 1 are in close agreement with results of cone penetration tests performed on
both soils at comparable densities under terrestrial gravity conditions (Figs. 4 and 5).
The apparent discrepancies from linearity in the G and g, values for both soils at
gravity ratio levels of “2 g” are tentatively attributed to uncertainties regarding the
exact g level achieved by the aircraft during the 2 g maneuvers.

EVALUATION OF LUNAR SOIL PENETRATION DATA
FROM APOLLO 11 AND APOLLO 12

The analysis of the cone penetration tests reported herein indicates that pene-
tration resistance profiles in soils similar to those found on the lunar surface provide
sensitive indicators of the variation of the in-place dry bulk density of the soil with
depth and can be analyzed by bearing capacity theory to estimate the in-situ shear
strength characteristics of the material. During the Apollo 11 and Apollo 12 missions,
various shafts, staffs, and tubes were inserted in the lunar surface (COSTES et al., 1970;
CosTes and MITCHELL, 1970; and ScotT et al., 1970). Although the circumstances
under which these penetrations were performed, the type of apparatus used and the
uncertainties in estimating the forces exerted by the astronauts in pushing these
shafts into the lunar surface do not permit a rigorous analysis of these penetrations,
the data can be used in conjunction with the penetration resistance tests on the LSS
reported herein to make a first-order evaluation of the in-place density and the
shear strength characteristics of the lunar soil in the upper few centimeters of the
two Apollo sites.

From these considerations, upper bounds of the lunar soil in-place bulk density
and angle of internal friction were obtained (Table 1) by analyzing the Apollo 11 and
Apollo 12 soil penetration data according to the methods developed in this paper
and making the following assumptions: (1) the hollow shafts used as penetrators
became plugged at a shallow depth and subsequently behaved as flat-ended pene-
trators; (2) the maximum downward force exerted by a suited astronaut in pushing
these penetrators is of the order of 90 N (CosTes and MITCHELL, 1970; WERNER,
1970); (3) the frictional and adhesive forces mobilized along the penetrator shafts
were negligible as compared to the resistance of the soil to penetration at the “flat-
ended’’ penetrator tips; and (4) the term cN, is very small as compared to the sum of
the other two terms on the right-hand side of equation (1) and may be neglected.

As shown in Table 1, assuming that at a given value of G the void ratio of the
lunar soil (specific gravity of solids: 3.1) is the same as the corresponding void ratio
of the LSS (specific gravity of solids: 2.89), upper bounds of the in-place lunar soil
bulk density at the Apollo 11 and Apollo 12 sites should be of the order of 1.85 g/cm?
and 1.81 g/cm?, respectively. Lunar-soil bulk density data (1.74 g/cm?, 1.96 g/cm?,
and 1.98 g/cm?®) obtained from Apollo 12 core tube samples (ScotT et al., 1970)
tend to corroborate these indicated density values. On the other hand, possible
disturbances in the soil during sampling, caused by the design of the two Apollo 11
core tubes, may have resulted in underestimating the in-place bulk density of the
lunar soil at the Apollo 11 site, as determined from the corresponding core tube
sample bulk density measurements (1.59 g/cm?® and 1.71 g/cm®) (COSTES et al., 1970;
CosTteSs and MITCHELL, 1970; ScoTT et al., 1970).
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Table 1. Evaluation of in-place soil mechanical properties at Apollo 11 and Apollo 12 sites from in-situ soil
penetration data

(1 (2) 3 4) &) (6) ) (®) (9
CL
R z q. GL* pl,* (}BL* Gy, (;61, X 10—2
cm cm N/cm?  N/cm?3 g/cm®  degrees N/cm?® degrees N/cm?2
Apollo 11
Contingency
Sampler Holder 0.80 20 45 2.2 1.92 48 447
Flagpole 1.11 18 23 1.3 1.86 45 21f
Core Tube 1.66  7.5-13 10 1.3-0.75 1.86-1.82  45-43  0.18% 36.87 9.2-8.17
Solar Wind
Composition
Experiment Staff 1.70 14 9.9 0.66 1.81 42 7.5%
Apollo 12
Core Tube 1.66 10-18 10 0.96-0.55 1.84-1.80 44-42  0.241 37.71 7.5-5.6%
Solar Wind
Composition
Experiment Staff 1.70 15 9.9 0.62 1.80 42 5.9%

(1) Penetrator radius.
(2) Penetration depth.
(3) Average resistance to penetration of lunar soil at penetrator tip to an applied force of the order of

90 N.

(4) Average penetration resistance gradient of lunar soil under lunar gravity conditions, estimated from
equation (1) under the assumption that the term ¢N, can be neglected.

(5) Upper-bound estimate of in-place lunar soil bulk density, determined from the G vs. p plot for
LSS, assuming that Gz* = 6 G;* and that at a given G value the void ratio of the LSS is the same as that
of the lunar soil. Gg = penetration resistance gradient of lunar soil under terrestrial gravity conditions.

(6) Upper-bound estimate of in-place angle of internal friction of lunar soil, based on G;* and pr*
and determined according to method I.

(7) Average in-place penetration resistance gradient of lunar soil, estimated from equation (1) on the
basis of measured value of p;.

(8) 1n-place angle of internal friction of lunar soil, estimated from equation (1) on the basis of measured

value of py.
(9) In-place cohesion of lunar soil, estimated from equation (1) on the basis of measured value of pL-

t Estimated from equation (1) on the basis of a measured average bulk-density value of 1.71 g/cm3,
obtained from Apollo 11 core-tube sample 10005 (CosTes and MITCHELL, 1970).

1 Estimated from equation (1) on the basis of a measured average bulk-density value of 1.74 g/cm3,
obtained from Apollo 12 core-tube sample (Core Tube Serial No. 2011) (ScoTT et al., 1970).

On the basis of triaxial compression tests performed on LSS (COSTES et al., 1969;
MITCHELL et al., 1970), the indicated upper-bound values for the in-place angle of
internal friction of the lunar soil at the two Apollo sites shown in Table 1 are com-
patible with the corresponding upper-bound estimates of the in-place lunar soil
bulk density.

Finally, by solving equation (1) for ¢ on the basis of the measured bulk density
values of 1.71 g/cm® and 1.74 g/cm?, the angle of internal friction of the lunar soil
at the corresponding Apollo 11 and Apollo 12 core tube sites is estimated to be
36.8 deg and 37.7 deg, and its cohesion to be of the order of 9 x 102 N/cm?2 and
7 X 1072 N/cm?, respectively. Based on the same density measurements and pene-
tration data from the locations shown in Table 1, the lunar soil cohesion is estimated
to vary between 7.5 X 1072 N/cm? and 4.4 x 10~ N/cm? at the Apollo 11 site and
between 5.6 X 1072 N/cm? and 7.5 X 1072 N/cm? at the Apollo 12 sites. These
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estimates are in agreement with independent observations and measurements associ-
ated with the analysis of lunar soil mechanics data obtained from the Surveyor and
Apollo 11 missions (SCOTT and ROBERSON, 1968 ; COSTES et al., 1970).

CONCLUSIONS

(1) Studies on the mechanical behavior of simulated lunar soils have assisted
in gaining a better understanding of the actual lunar soil observed during the Apollo
11 and Apolio 12 EVA’s. (2) The cone penetration resistance of soils similar to the
actual lunar soil is a sensitive indicator of the grain-size distribution and in-place
packing characteristics and consistency of the soil. Therefore, it can furnish corrobora-
tive information relative to the in-situ physical properties and stratification of lunar
soil that can prove to be very useful to other scientific disciplines. (3) Through
bearing capacity theory, results of cone penetration resistance tests on lunar soil
simulants can be used in conjunction with soil bulk density data to determine the
in-place shear strength characteristics of such soils. (4) Estimates of the in-situ bulk
density of the lunar soil in the upper few centimeters at the Apollo 11 and Apollo 12
sites, based on cone penetration resistance tests on lunar soil simulants and crude soil
penetration resistance data from the two missions, are in agreement with lunar soil
bulk density measurements from Apollo 12 core tube samples. Estimates of the in-
place cohesion and angle of internal friction of the lunar soil at the same locations,
based on the same data, are in agreement with previous estimates based on independent
measurements and observations. (5) The mechanical properties of the lunar soil at
the Apollo 11 and Apollo 12 sites, as evaluated from this analysis, appear to be of
the same order of magnitude as those of the soils encountered at the Surveyor equa-
torial landing sites.
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