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Bearing Capacity of Simulated Lunar Surfaces in Vacuum 

E. C. B ERXETT, * Ro ' ALO F. ScoTT,t L. D. J AFFE, t E . P. Fm K ,§ A o H . E . MARTE N 

California I nstitul£ of Technology, Pa,sadena, Calif. 

The s tatic b earing capacily of a g ranular material cons is ting of dry, crushed ol.ivine basalt 
was determin ed in air a nd in a 10~-mm-Hg va cuum b y means of c ylindrical p1·obes wilh a 
range of diame te r s . S aJDple s with va 1·ious parlicle-s ize dis tributions (all b e low 35 m e sh) 
we1·e u sed for· Lbese tes t s . It was found that Lhc packing d e n s ity of these gi·an uJar matel"ials 
was the fac t01· Lnat bad the grea t es t e ffect on the bearing capac ity. The minimum b earing 
capacily of a loosely pack ed sample with a dens ity of 1.25 g / c m 3 was about 0.1 k g / cm 2• The 
maximum bearing capacily of a d e nsely pac ked saJllple wilh d e n s ity of 2.1 g / c m 3 was about 7 
kg/ cm2• The effects of va c uum were ius ib•uificant compared with Lhe effect of packing d en
sity . Direct s hear lests indicated the cohe s ion in a few densely pac ked samples lo b e 1-2 X 
104 d y n e / c m 2• For the s mall probes u sed, the cohesion was es timated to contribute 85 lo 95% 
of Lhe obser·ved bearing capac ity for the d e n sely packed samples bul m.uch less fo1· Lhe loosely 
pac ked samples . 

Introduc tion 

THERE is a great deal of design \YOrk in progres on t he 
equipment a nd in;;trumentation required for the lunar 

exploration program. Precise information \\;th regard to 
the nature and properties of the lunar surface would be rnry 
helpful to those invoh·ed in this work. Past t udies by 
optical and radio astronomy have indicated that large por
tion;; of the moon's surface are compo ed of a lo"·-density 
material, probably in powder or porou form .1 It is there
fore de;;irable to determine if propert ies of granular or porou 
material are markedly differen t in high vacuum from t hose 
in air. t udies ha,·e been carried out on powdered mineral 
in vacuum ; the properties evaluated include resi tance t o 
dynamic penetration. 2•3 t hermal conducfo·ity, 4 and land 
locomotion values.• In t he pre-ent work, the tatic bearing 
capacity of rock powder was ernluated in air and high 
vacuum. 

Materials and Sample Preparation 

The simulated luna r urface materials used in this bearing 
capacity tudy were prepared from unweathered olivine ba
salt collected from Pi gab Crater, San Bernardino County, 
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Calif. A detailed mineralogical de-cription of thi volcanic 
rock is given in Ref. 2. The rough breakdown, cru bing, 
puh-erizing, and izing operations were carried out as _hmrn 
in the flow diB.f,rram (Fig. 1) . Six lots of granular material 
were obtained ; two were well-graded, with nominal me h 
sizes of -35 and - 150; four were more uniformly ized, 
1\;tb nomi nal me h sizes of -35 + -1 , - 48 + 65, - 65 + 
100, - 100 + 150. :\ part icle-size distribut ion analy i "·as 
carried out on each lot; the resul t a re shown in Table l and 
Fig. 2. 

The rock powders were stored in co,·ered container a.nd 
were dry except for pickup of moisture from the air. CheckS
made during the program by drying selected samples showed 
that t he 11·ater content was alway· le:<.~ than 0.13 by weight . 
The density of the solid part icles wa' found to average 2.97 
g/ cm3. 

It was de ired to mea.;;ure the beari ng capacity of each lot 
of powder over a wide range of packing density. Data. at 
the lowest den it ie were of part icular interest. To obtain 
minimum packing densit ies, extreme care was taken during 
the loading of t he powders into the ample holder. A mall 
coop was used for this purpose, and each coopful was gent ly 

placed on the urface of the material pre\-iously added. 
amples with packing densities as lmr as 1.25 g/cm3 were 

thus obtained. The high-density sample were prepared by 
filling t he container with powder and then tapping it on a 
solid surface. With care in the tapping procedure, palling 
of the surface could be avoided, and packing densit ies as 
h.igh as 2.29 g/ cm3 were obtained. 

T est Equipment and Procedure 

The apparatus used for t he bearing capacity measurements 
was a simple penetrometer (Fig. 3) using interchangeable 
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Fig. 1 Flow diagram for c rus hing of basalt {lo t 6/ 61). 

circular fiat-bottom probes of a range of diameter ; such 
probes are commonly used in soil-mechanics studies. A 
bushing on the probe tern constrained the probe base to 
remain horizontal so that soil displacements would take place 
symmetrically about the probe a>..1.s in the ab ence of bound
ary effects. Lead-shot loading was used for conYenience in 
adapting the unit for operation in vacuum; with this pro
cedure, the load was measured only at failure. The initial 
tests were made in air. :l'Iultiple measurements were made 
on every soil ample. Test locations were kept at least two 

Fig. 2 Particle-size distribu tion of b asalt powd er. 

probe diameters away from the container walls and the edges 
of the crater produced by previou tests; t.bis aJlowed three 
to five tests to be made on the 23-cm-diam surface of a sample. 

As might be expected from the known characteristics of 
soils in air, the load vs depth of penetration behavior (both 
in air and vacuum) was distinctly different for the loo ely 
packed and the densely packed sample (Fig. 4) . For 
loosely packed material, the penetration increased gradually 
as t he load increased. There was relatively little oil move
ment visible except for caving of the walls as the probe pene
trated below the surface. The ma.ss per unit area at which 
the depth of penetration was equal to the probe diameter 
was taken as the mass bearing capacity. For densely 
packed material, radial cracks formed about the probe as the 
load increa. ed; however, the penetration was negligible until 
a critical load was reached at which there wa sudden yield
ing. The probe would then sink to a depth of about t to ID 
and produce a cavity with more or less yertical walls. The 
mass per unit area corresponding to the yield load was con 
sidered to be the mass bearing capacity. 

The vacuum system con isted of a 45-cm glass bell jar, 
15 ft3 / min mechanical pump, and a liquid-nitrogen-trapped oil 
diffusion pump fspeed 00 liter/ sec at 10- 4 mm Hg). The 
principal difficulty in determining the bearing capacitie of 
the samples in vacuum was avoiding any di!>turbance of the 
packing near the surface during erncuation. Starting at 
atmospheric pre ure, the jar could be evacuated to lQ-li mm 
Hg in about 45 min at normal pumping rate. To prevent 
eruptions or other visible di turbances of the sample, ho'\\
ever, the pumping speed was throttled to a point where 
approximately 6 hr was required to erncuate the pace above 
the sample to a pressure of i o -e mm Hg. It should be noted 
that the subsequent repre . urization of a sample could also 
cau e a di:turbance of the packing ; therefore air had to be 

Table 1 Particle-s ize distribution of b asalt powder , batch 6/ 61• 

Nominal mesh size 

- 35 -48 - 65 - 100 
Measured particle size +48, +65, +100, +150, -35, - 150, 

Mesh Microns % % % % % % 

+ 2 >590 0.02 0 0 0 0 . 13 0 
28 + 35 < 590 >420 0 .94 0.03 0 .03 0 .02 0.13 0 .01 
35 + 4 <420 >297 1.96 0.83 0 .02 0 .02 .96 0 .02 
4 + 65 < 297 >210 16 .00 83.42 0 .93 0 .02 12 .75 0.02 
65 + 100 < 210 >149 0.45 14.57 79.29 0.63 13 .56 0 .02 

- 100+150 < 149 > 105 0 .02 0.04 1 .25 85 .25 11.99 0 .91 
- 150 + 200 < 105 > 74 0 .01 0 .03 0 .07 12.46 .83 15 .49 
- 200 + 270 < 74 > 53 0.01 0.03 0 .01 0.0 9 .92 20.73 
- 270 + 325 < 53 > 44 0 .01 0 .02 0 .01 0 .04 10 . 0 9 .67 

< 44 > 35 0 .02 0.02 0 .01 0 .02 7.9 14 .88 
< 35 > 25 0 .01 0 .01 0.02 0.02 5.43 10.75 
< 25 > 12 0 .05 0. 10 0 . 10 0 . 15 4 .57 13.39 
< 12 > 7 0.09 0.24 0 .43 0 .44 2 .99 .32 
< 7> 3 0 .05 0 .21 0 .20 0.37 1. 13 5.69 

<3 0 0 0 0 0 0 

• A.naylsis used 100-g samples on Ro-Tap shaker for 60 min. Sizes below 44µ from micromerograpb analysis. 
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Fig. 3 Apparatus for measuring hearing capacity of rock 
powd e r . Be ll jar and va cuum lead - through not shown. 

admitted lowly after testing. The time to change pressure 
from the 10-e-mm-Hg range to atmospheric was approx-i
mately 6 hr. To check packing disturbance during evacu
ation and repres urization, bearing capacity measurements 
were made in air both before and after a test in vacuum. 

Each sample tested in a vacuum thus had pent 6 hr or 
more in the vacuum chamber, during which time the pre ure 
in the space abo\'e the sample had been reduced from at
mo pheric to 10-e mm Hg. Degassing tests on crushed 
samples of the same basalt have been reported. 2 These tests, 
made with a vacuum ystem of lower pumping speed than 
that used in the present work, indicate that the vacuum at
tained was little affected by heating the material. As men
t ioned previously, the rock powder picked up some moisture 
from the air (Jes than 0.13). To determine whether this 
had any effect on the bearing capacity as measured, one 
series of tests was run on material that had been dried in an 
air oven at 105°C for 24 hr. The tests were run in air im
mediately after the material was removed from the o,·en. 

The effects of longer vacuum expo ure time were checked 
by making a measurement on a sample that had been held for 
40 hr in a vacuum that reached 2 X 10-e mm Hg. 

To examine the effects of probe size, probes with 0.45-, 
0.72-, and 1.43-cm radii were used. At least two probe izes 
were used for each sample. With dense soil, the load re
quired with the 1.43-cm probe was beyond the capacity of 
the regular equipment. A few tests were run in air with 
equipment of greater capacity; this equipment was too large 
to fit into the vacuum bell jar. 

Because of the importance of cohesion in test with such 
small probes, cohesion measurements were made in air, on a 
few samples, with a standard oil-mechanics direct-shear 
apparatus.8 Both u ual normal loads and very low normal 
loads (giving pressures less than 3 X 104 dyne/ cm2 on the 
failure surface) were used. The shearing strength (maxi
mum hearing stress sustained) in each test was plotted 
against the normal tress and a line drawn through these 
points. The intercept of this line with the shearing strength 
axis was taken as the cohesion c; the angle between the line 
and the normal tress axis was taken as the angle of internal 
friction. Very small intercepts were found, as reported 
below. To check the role of friction in the apparatus in con
tributing to the intercepts, the direct-shear apparatus was 
set up in the normal way without a sample and operated 

in the shearing mode with the same vertical load applied to 
the upper bearing plate as had been used in the low-pres..'"ll.re 
tests. Ko movement wal'l discernible on the shear proving 
ring dial (O.OOOl·in. division ) as contrasted to maximum 
readings in the range of 0.5 to 1.9 divisions when the sample 
tested was present. A a further check, direct-shear tests 
were also carried out at low normal pressure on a -20 + 30 
mesh dry uniform Ottawa sand; a zero intercept (no cohesion) 
was found on the re ulting plot of shearing strength \'S normal 
stress. 

Test Results 

The measured bearing capacities in air and vacuum are 
plotted in Fig. 5 against corresponding packing densities 
for each of the six lots of basalt; the probe size used are also 
indicated. 

Figure 6 shows, for each nominal mesh size, the range ·of 
bearing capacities measured in air and the individual data 
points measured in vacuum. In the loosely packed condition, 
the lowest mass bearing capacity measured in vacuum 
was 0.16 kg/ cm2 and in air was 0.085 kg/cm~. In the densely 
packed condition, the highest value was 6.2 kg/ cm2 in vacuum 
and 7.1 kg/ cm2 in air. The bearing capacity measurements 
made in air on the material that had been heated to remove 
re idual moisture were not ignificantly different and are in
cluded in the F ig. 5 air data. 

Cohesion measurements, on material taken from the 
surface of samples on which penetration tests had been made, 
gave intercept values of 1.4 X 104 dyne/ cm2 for a densely 
packed sample of -35 me b material, and 2.1 X 104 dyne/ 
cm2 for a densely packed sample of -100 + 150 mesh 
material. 

The direct-shear tests on the -35 mesh material gave 
angles of internal friction of 44 ° for a densely packed (2.0 
g/cm3) sample and 26° for a loosely packed (1.4 g/ cm') 
sample. 

The long-time \'acuum expo ure te t on a densely packed 
- 35 mesh sample howed that very much less cracking took 
place at the sample surface on penetration and that, as the 
probe was pushed further below the surface, the soil at the 
edge of the penetration bole fell into an angle of repose with
out sustaining a vertical wall. This is in contrast to the 
tests in air and after 6 hr in vacuum, where the probe left 
a cylindrical hole with ,·ertical wall , and a vertical trench 
10-cm deep could be excavated without failure of the rnrtical 
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·wall. In a loo. ely packed sample, attempts to excarnte a 
yertical trench were un uccessful. 

Discu ssjou 

As the samples used in thi study were prepared by hand, 
there were differences in tructure and packing density from 
sample to sample among t hose intended to have imilar 
states of packing. undoubtedly, there were some localized 
differences on the surface and within each individual sample 
as "·ell. The difference ca.u. ed ome. ca.tter in the measured 
bearing capacities; ne\·erthele s, t.he te ts clearly sho1Yed 
that the bearing capacity of the rock powder 1rns t he same 
in a vacuum. of the level and for the t ime employed, as in 
air under the test conditions. Figure 6 hows that the 
vacuum results fall within the range observed in air tests. 

The factor that had the greate;;t effect on the bearing ca
pacity wa the packing density. The bearing capacit ies of 
the crusher! basalt mried directly wit h the packing density. 
The greatest range of den itie and corresponding bearing 
ca.pacitie (Fig. 5) wa obtained on the materials \\;th the 
broad range of particle size , i.e., the - 35 and - 150 me;;h. 
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Fig. 5 Bearing capaci ty of basalt powder in 
vacuum and in ai.r . Open symbols de ig
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t ests . 

As \YOuld be expected from the geomet ry of particle packing, 
much higher densitie could be obtained with these broad 
particle-size distributions than with the lots in which mo t 
of the particles fell within a narro11· range of sizes. 

In Fig. 7 the mass bearing capacitic measured for a ll lots 
are p lotted vs packing density. A\·erages are shown for 
air tests and indi\·idual data point for vacuum te ts. It 
is clear that mo t of the results fa ll within a relatively narrow 
catter band, regardless of particle-size dist ribution or at

mospheric pres ure, and represent an approximately linear 
relation between t he logari thm of bearing capacity and the 
packing density. The bearing capacities for the -35 mesh 
material fall belo\Y those for the other part icle izes. 

The approximate a-..1Jression for the bearing load P of a 
circular plate of radiu. R at a depth D below t he urface of 
a soil of unit weight 'Y = pg and cohesion c is7 

(1) 

in \\'hich, if the units are chosen compatibly, N., N., a.nd N -r 
are dimensionle!! parameters, applying to a circula r footing 
and depending only on the angle of internal friction of the 
oil. 

ln t he te ts on the densely packed samples, the depth at 
which "yielding" took place \ms relatiYely small. Thus 
D = 0, and Eq. (1) become 

P = -irR2 [cN. + "YRN-r l = -irR2 [cN• + pgRN-r l (2) 

The maximum bearing capacity p i 

p = P/ rrR 2 = cN. + pgRiY-r (3) 

The gravitational acceleration g \,;11 be different on the 
moon and earth. We may define the mass bearing capacity 
p., = p/ g and can 1nite Eq. (3) as 

Pm = (cN./ g) + pRN'Y (4) 

If the resul ts of t he penetration te' ts on densely packed. 
sample are ell.'trapolated to give bearin"' capacities of larger 
footings, the contribution due to cohesion remain constant, 
whereas that arising from the friction term including N -r in 
Eq' . (3) and (4) increase~ linearly with the width of the foot
ing. To examine t he proportion of the bearing capacity 
attributable to the different item', Eqs. (3) and (4) may be 
rewritten in the form 

p/ pgR = (c/ pgR)N. + N 'Y (5) 

or 

p,./pR = (c/ pgR)N. + .\ '-r (6) 

in which the left-hand sides are dimen ionJess bearing ca.paci-
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ties and c/ pgR is a dimensionless factor e>qJressing a relation 
among the cohesion and density of the soil and the size of the 
footing and gravity. For densely packed samples of the 
-35 mesh material (c = 1.4 X 104 dyne/ cm2), c/ pgR has 
values of 15 and 9.4 for the small (0.45-cm-radiu ) and large 
(0.72-cm-radius) probes, respectively. For densely packed 
samples of the -100 + 150 mesh material (c = 2.1 X 104 

dyne/ cm2), the values are 29 and 1 . 
From texis,7 theoretical values of N. and N.., can be ob

tained as functions of the angle of internal friction of the 
soil, so that the right side of Eq. (5) and (6) can be plotted 
vs the angle of internal friction. For a given test, the left 
side of the equat ion can be evaluated and from the literature 
data a value obtained for the angle of friction. In this way 
it was found that, in a penetration test, the angle of friction 
of densely packed - 35 mesh sample varies from 45° to 47°. 
At 45° the theoretical values of N. and N.., for a circular 
footing are 175 and 220, respectively, so that it can be seen 
from Eq. (5) that the very small cohesion (1.4 X 104 dyne/ 
cm2) of this material accounts for about 923 of the bearing 
capacity for the small probe and 883 for the larger probe. 

Similarly, the a.ogle of friction of the densely pa.eked -100 
+ 150 mesh sample was found to be a.bout 36°. At this 
value rv. and N.., for a circular probe a.re 65 and 32, respec
tively, o t hat the cohe ional term provides a.bout 983 of the 
bearing capacity. 

All of these calculations were carried out on the basis that 
the cohesion of the sample at the point of application in the 
penetration tests was the same as that indicated by the 
direct shear test. Thi is inexact, since the cohesion would, 
in practice, probably vary with the atmospheric humidity 
and from place to place within the test sample. It can be 
seen from an examination of the factor c/ pgR and Eq. (5) 
that a. change as small as 5 X 103 dyne/ cm2 in the value of 
c very markedly affects this factor and t hereby the calculated 
angle of friction and the relative contribution of the N. and 
N.., terms. Changes of the amount indicated in c would be 
\·ery ha.rd to measure. 

In the tests on t he loosely packed samples, the bearing 
capacity was defined as the load per unit area when the probe 
had penetrated t-0 a depth equal to the diameter of the probe. 
Although the two modes of failure differ, it is convenient to 
employ Eq. (1) to give 

p = P/-rrR2 = cN, + -yR(2N. + N..,) (7) 

Exprrimental work in oil mechanics has indicated that for a 
circular footing N • is approximately tN ..,, so that Eq. (7) 
can be reduced to 

p = cN. + 2pgRN.., (8) 

or 

p,.. = cN./g + 2pRN.., (9) 

Since the cohesion in the loosely pa.eked material is con
sidered to be negligible, Eqs. (8) and (9) can be simplified to 

(10) 

p,.. = 2pRN.., (11) 

It should be noted from Eqs. (4) and (11) that the bearing 
capacity should increase with an increase in the radius R or, 
more generally, with the smaller dimension of the contact 
area. For the loosely packed material, the bearing capacity 
is directly proportional to the radius. For the densely 
packed material, the cha nge would be smaller because of the 
large contribution attributed to cohesion, which is inde
pendent of probe size. On this basis, the range ~f bearing 
capacities observed for all samples in rncuum with the small 
probes would correspond to bearing capacities of 1.3 to 7.0 
kg/ cm2 on a contact area of 10-cm radius. 

The effect of a difference in gravitational field on the 
static bearing capacity can be examined by reference to Eqs. 

Fig. 7 Mass bearing 
capacity vs packing 
density of ba salt 
powder for sma ll 
probes. Solid symbols 
indicate ind iv id u a I 
data points in vacuum. 
Air test po in ts are 

averages. 
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(4) and (11). In a loosely packed sample (negligible co
hesion), the mass bearing capacity (kilograms per square 
centimeter) would be the same in any gravitational field, since 
g does not appear in Eq. (11) . The stress supported (dynes 
per square centimeter or pounds per square foot) would be 
directly proportional to the gravitational field [Eq. (10) ]. 
In a densely pa.eked sample, the cohesion contributes a major 
portion to the bearing capacity, and, since in Eq. (4) the 
cohesion term increases with a decrease in g, the mass bear
ing capacity (kilograms per square centimeter) would also 
increase at lower values of gravity. 

The high bearing capacity of the small probes, the cracks 
that appeared in the surface of the sample when the probe 
was pushed into it, the ability of the sample to stand ver
tically when a t rench was excavated in it, and the cohesion 
intercept values all indicate that in the densely packed state 
the material used in this investigat ion posse...~ cohesion 
that, though small, was certainly unexpected. Similarly 
graded materials a.re normally considered cobesionless. 
Since the era.eking appeared to diminish or disappear for the 
sample exposed to vacuum for a long t ime, the presence of 
molecular layers, possibly of water, on the surface of the 
grains could account for the cohesion Prolonged beating 
may remove these surface films, but they probably re
establish before the tests are carried out. The significant 
proportion of fine material in t he - 35 mesh sample may also 
contribute to the observed behavior. 

The inability of the loosely packed samples to stand 
vertically when an attempt was ma.de to excavate a t rench 
indicated that in this condition the material exhibited 
negligible cohesion. 

It would be predicted that effects of atmosphere upon 
static bearing strength for material of a given internal struc
ture would a.rise only from the effect of reduced pressure 
upon the adhesion and the surface friction coefficient of the 
individual grains and, thereby, on cohesion and the gross 
friction angle of the material. (In dynamic tests, forces 
associated with movement of air through the pores of the 
soil also play a role.) Since no differences in static bearing 
behavior in air and vacuum were observed, the surface 
adhesion and friction of the individual grains was probably 
not much different as a result of the relat ively short exposure 
to lQ-6 mm Hg from what it was after exposure at 1 atm. The 
pressure on the moon's surface is much lower than that used in 
t.his series of tests, and the surface of lunar rock particles would 
be freer of adsorbed gases. This would tend to raise the 
friction and adhesion between particles and, as a conse
quence, the bearing capacity. It is also possible that some 
sintering of the lunar dust occurs over the years. 

In applying the results of the present work, perhaps the 
most important finding is that vacuum, at least to the levels 
studied, appears to have little effect on soil bearing capacity 
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and that the bearing capacity of a given soil in vacuum is 
certainly at least a.s high a.s in air. (The effect of a small 
amount of cohesion on the bearing capacity as measured by 
small probes is also of interest.) The state of packing of the 
soil is the major factor in determining its mechanical proper
ties. It is extremely difficult to maintain very low packing 
densities on dry rock powders under terrestrial conditions of 
mineral friction and adhesion. Even the slightest vibration 
or other disturbance induces an increase in packing density 
and therefore a major increase in bearing capacity. The 
lunar surface is subject to meteoroid bombardment, severe 
thermal fluctuations, and possibly some seismic disturbances. 
It seems most unlikely, then, that rock powders comprising 
contacts between the particles without adhesion could remain 
at extremely low densities corresponding to degrees of pack
ing as low as or lower than some employed in the present 
work. If adhesion is present, it is possible that very-low
density granular materials could exist on the lunar surface 
in spite of vibrational disturbances; the adhesion would 
increase their strength. 

Conclusions 

On the basis of the work described, the following conclu
sions were reached : 

1) The static load bearing capacity of rock powder is the 
same after a short period in a vacuum of lQ-fi mm Hg as it 
is in air. 

2) The bearing capacity is dependent principally on t he 
state of packing of the material. 

3) In vacuum the lowest mass bearing capacity, measured 
with a probe of radius 1.43 cm, was 0.17 kg/cm2 for a very 
loosely packed sample. For a very den..."llly packed sample, 
the highest mass bearing capacity was about 7 kg/cm2 ; 

because of the small probe size (0.45-em radius), this capacity 
aro-.."l! primarily from a small amount of cohesion. The cor
responding bearing capacities on a contact area of 10-em 
radius, as calculated from these measurements, would be 
approximately 1.3 and 7 .0 kg/ cm2• 

4) Small amounts of cohesion may make an important 
contribution to soil bearing capacities measured with small 
probes. 

5) Analysis indicates that for a given loosely packed 
sample the mass per unit area which can be sustained should 
be the same in the moon's gravitational field as in that of 
the earth. The stress that can be sustained should be one
sixth as great. When cohe ion is present in a densely packed 
sample, the mass per unit area which can be sustained should 
be greater in the moon's gravitational field than on the earth. 
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