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I. ABSTRACT

An experimental procedure was devised to investigate the
effects of the lunar environment on the physical properties of
simulated luna:r soil., The test equipment and materials used
consisted of a vacuum chamber, direct shear tester, static
penetrometer, and fine grained basalt as the simulant.

The vacuum chamber provides a medium for applying the
environmental conditions to the soil experiment with the
exception of gravity.ﬂ-tpe ultra-high vacuum will simulate the
essentially zero atmiipheric pressure which exists on the moon.

will al€% allow for the investigation of outgassing

and Feducticn of absorbed gases on soil properties.
;}}The shear strength parameters are determined by the direct

shear test.-~Another mesnsof measuring the shear properties is

the triaxial gompression,test. The direct shear test, however,

is the-most guitable method for granular materials such as

basalt~"

xﬁ;Strength parameters and the resistance of soil penetration
by static loading will be investigated by the use of a static
cone penetrometer. ~This experiment can be used to determine the
soil properties by correlating the actual pressure applied to the

peretrometer and the area ¢f the conical tip.

LY . . . A
- !In order to conduct a soil experiment withocut going to the

moon, a suitable lunar simulant must te selected. This simulant

must resemble lurnar soil in both composition and particle size. -

The particle size of the simulant 15 an Important criteria to

ronsicder due to tFe manner in AmiIZ- a scil sample mav farl. ~e

\Wﬁ



selection of the svil simulant for this test procedure was based

The soil parameters, as determined by the testing apparatus,

will be used as design criteria for lunar soil engagement

equipment.

m



11 PROBLEM STATEMENT
A. Introduction

With the present emphasis on space exploration of the
celestial bEodies in our solar system and in particular the
use of the moon as a space station, it is necessary to learn
more about the properties of the materials which are
expected to be used on these bodies. The success cf future
lunar missions is dep=ndent upon the correct observation and
interpretation of measurenents on the lunar surfaces as well
as the proper design of vehicles and structures to ke pla.ed
on the moon. Therefore, it is essential to have a basic
krowledge of the mechanical properties of lunar soil.

Because of the extreme differences between the lunar
and earth environments, the most important of which is the
absence of an atmosphere on the muon, ore would not expect
that the lunar soil would have the same properties as a
similar material on earth. An experimental procedure was
devised in order to investigate the effects of lunar
environmental conditions on the behavior of the soil
simulant which has a high probability of being
representative of actual lurar soil and to provide basic
engineering data on the properties of the soil to aid in the
design and construction of lunar engagement equipment.

Although the test procedure has bgen largely an
investigation of specific proserties of a selected soil
simulant urdar prescribed envirconmental ccnciticns, an

1mEortant inatent.cr tharcoughout the course cf cesigring tne
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test p-ocedure has been to allow & sufficient margin in
determining to what extent the environmental conditions
should be simulated so that the data obtained from the
experiment will be useful in designing of lunar digging
implements.
B. Performance Objectives _

The soil experiment will be designed to meet th;
following performance cbjectives:
SOIL PARAMETERS

The c0il test should yield mechanical properties of a
lunar soil simulant. The scil propertieé which need to be
determined are cohesion, intermal angle of friction, bulk
density, bearing capacity, soil resistance, and porosity.
The soil test should yield all of these necessary ﬁroperties
through the utilization of two types of tests, the shear
test and the static cone penetration test. These two types
of testing procedures shall be conducted on Earth in a
manner that is least expensive as possible.
PROJECTION OF RESULTS

The design of a lunar digging implement is beyond the
scope of our report; however, 3 methodology will be
proposed describing how our test will produce the necessary
results in crder to design a lunar digging implement. The
~ethodolcgy will explain how ea;h test result will be
applied tc certain aspects of the digging implement,
C. Constraints

Tre s~viroomental characteristics 2f wne mocn ciffer
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greatly from those on Earth. These characteristics will
affect the testing procedure somewhat.

The envirommental conditions on the moon impose the
greatest constraints on the testing procedure. The most
important of these constraints are au follows: temperature
gradient, lack of atmosphere, radiation, and reduced
gravitational pull.

TEMPERATURE

The temperature on the moon ranges from -200 degrees
Fahrenheit in total darkness to 200 degress Fahrenheit in
the sunlight.

ATMOSPHERE

Since the atmosphere on the moon is about one
two-millionth that of the Earth, it is relatively
non-exicstent.

RADIATION

One of the consequences of hawving no atmosphere is the
faect that the moon receives much more radiation upon its
surface than the Earth. This radiation induces an
electo-static charge on the moon's surface. The mocn
receives a particle radiation from the sun composed of
protaons(H+) and alpha particles(He++), The radiation or the
mocn's surface is normally arcund .9 o 1 mrad/hr. During
solar flares, however, this increases dranatically *o rates
up to 7 rac/hr,

GrREvITY
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moon is 1.623 m/s"2. This is approximately 1/6 of the

Earth s gravity.



111 DESIGN DETAILS

A. SUMMARY

Since it is desirable to design digging implements
which will operate on the moon, it is necessary to test the
mechanical properties of lumnar soil. It was decided by our
design group that the direct shear test and the static cone
penetration test would be the best type tests for obtaininrg
the necessary results which are required for the cdesign of a
lunar digging implement. Since the properties of the Moon's
soil <differ greatly from those on the Earth, a great deal of
research had to be conducted concerning lunar soil and lunar
environment. Also, research had to be conducted concerning
the shear tester and static cone penetrometer which are
mainly associated with Civil Engineering. The fact that a
great deal of our project dealt with Civil Engineering
resulted in an extensive amount of time spent in
familiarizing ourselves with aspects of Civil Engineering

and geology.




B. Environmental Simulation

The envi;onmental conditions of the moon differ greatly
from the conditions found on Earth. The determination of
the effects of these differences and the method by which
they may be simulated are very impo:rtant in properly
designing lunar equipment and in devising lunar soil
simulation tests. As previously stated the key conditions
to be considered are temperature, gravity, radiation, and
the reduced atmosphere.
TEMPERATURE

The temperature on the moon ranges from -200 degrees
Fahrenheit in total darkness to 200 degrees Fahrenheit in
the sunlight. The extreme temperatures will affect any
fluids used for the lubrication of test egquipment. Any

m2tal to metal contact would result in cold weld.ng or

achesion of the materials. In order to fully stucy the
effects of temperature on soil proéertiés without narrowing
the temrerature range due to test equipment limitations, the
temperature gradient will be isolated to the soil test
sample only.

Under vacuum conditicons, research has shown that
elevated temperature causes a fairly substantial increase in
the stiffness of the soil. Also, it has bSeen shown that the
increase in temperature will result in the removal of a
greater amcunt of adscrbed gas urder vac..wm £aasing an

incr

352 11 shear strength. Low temperat.res w~ill o reselt o

fl
is|

3m inaCr-eas2 10 the §haar Strangth urier <.it7 -7ignh s3cLLt.
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Also 1t would be expected that a decrease in temperature
would result in readsorbtion cof gas into the particle
sufaces. However, if th? adsorbed raus is mostly water,
temperaturec near the freezing point of water would cause it
to become bound more tightly to the surface and interaction
between ihe adsorbed layers cn different particles may take
place.

In order to simulate the temperature gradient for the
shear test and penetration test, a heating end cooling
apparatus will be reguired (see Fig.! and Fig.2).

The cooling mode will be achieved by flowing liguid
nitrogen through the couils of the apparatus. The heatirg
mode is achieved by flowing steam through the coils. The
temperature simulation for the penetrometer test will
utulize a Whirlpool model xk-1200 heating and cooling unit.
The temperature simulation for the shear test will be
achieved by modification of the ;hear box apparatus (see
section D).

GRAVITY

Gravity is c2finitely a prime consideration in the
design of any lu~ar soil engaging egquiprent. Systems that
work well on Earsth may not function on the moon. A care.Jul
force snalysis must te perfcrmed on any system used.

Arcer ticn musst Da pa:d to the Fact that ~hile a tcdy has the

378 mess on the moor it only has cre sixth of the forzeo
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Lack of gravity afiects the bulk denzity cof lurar soil.
Lunar zci1l is less dense than a typical Earth soii ancd has a
density ranging from 1.36 g/cm™3 to 2.24 g/cn” 3.

The KC-125 aircraft will enable the efiests cf a
reduced gravitational pull on soil mechanice lo ke
evalua“ed. The aircraft is flown in a paraboiic path from
which the reduced gravity is maintained for approximately
two mirutes. This is ample time to conduct the experiment.

Paralielogram gravity simulators are avaiiablz which
can simulate the force of gravity on mechaniczl systems.
This parallelogram simulator could be usea in the
develcpment and testing stages in the production cf lunar
soii engaging equipment.

RADIATION

Radiation needs to be cansiuered in the cesizn of lunar
soil engaging equipment. Ultraviolet radiatisn arz charged
particle radiaticn are particularl; important in the
selection of polymers. This racdiation can csuse chain
scission of organic materials, free radical fcrma.ion, cross
linkirg of organic materials, and secondsry radiezicn
damana. Metals represent ro raciaticn Camage rotlens
except at extrenely high dcses similar to reactor Tiux2s,
Trey are essentially undamaged Zy irradiation from natoral

SC&GCE 3Tur-2s. Tm CceraniL TaIIrials rac: ~ ga“vs3o LS

o
U
)
.
¢

M N = - - - —_- & - -
slmuiteEs o 1r0r surTaT 2TTacTts, R

© Ssez<rslan Szectoison =3I Zzlac =ovoliTic AmLTT L3es
3 <2 -377 21SC2TATIE ZZL.Z T2 LISsT T 53.74.030F -

\S
.\ PRCE
. %HL . TY
oRCgor @M
o




interlocking between the particles would be small. For this
reason interparticle forces were considered to contribute
the major portion of the shear strength at the higher
porosities. When the soil is placed in an ultra-high vacuum
environment, adsorbed gas layers were removed permitting a
closer proximity of the surfaces resulting in an increase
the surface forces.

The environmentai factor of primary concern, therefore,
is not necessarily the vacuum level in lhe soil pores but
rather the amount of adsorbed gas remaining on the surfaces
of the grains. Although the vacuum level in the pores
decreased when the soil was heated but increased when the
soil cooled, some gas was readsorbed on the particle
surfaces during cooling. This would account for the fact
that while the shear strength is unaffected by ult, -high
vacuum at room temperature it appears to increase at these
vacuum levels under elevated temperature.

The amount of gas removed and the magnitude of the
interparticle forces depends largely on the mineralogical
composition of the scil. This removal of adsorbed gas and
development of interparticle forces affects the soil
properties because the =z3i]l is able to maintain a higher
porosity under ultrs-high wvacuum than at lower vacuum,
Ho.ever, the porosity obtalimned at vacuum levels is less than
that cbtained in a‘mosphere. Tnis is due to the removal of
frictiora. air which results in higher impact +velccities

curirg degositisn. In ary Jiven case, the porosity osbiain=cs

]
ORiS GuUALITY.

oF POUR



under ultra-high vacuum may Or may not be‘greater than that
obtained in atmosphere since this also depends on the
mineralogical composition of the soil. Moreover, noting
that the rapid increase in vacuum level may be attributed to
the fact ‘hat at higher temperature the gas is released from
the surfaces of the particles more easily and is pumped out.
As the soil is cooled, however, gas is readsorbed on the
soil grains resulting in an effective increase in speed.

An early study proved that in the porosity experiments
the soi! was much less confined than in the direct shear
tests, and therefore was undoubtedly outgassed more easily.

In order to simulate the vacuum present on tha moon, a
vacuum chamber test apparatus has been proposed. The
interior of the chamber would be 3 cube with dimensions of
4' X 4' X 4. The interior of the chamber would be
constructed of stainless steel to limit the effects of
outgassing. One side of the c~amber has a hinged door in
order to allow easy access.

Measurements on the system would be made through three
different modes. A Pyrex glass window six inches in
diameter will be installed on the chamber in order to
visually calibrate the height of the penetrometer tip above
the soil. Fassthroughs will be provided by elastomer seals
for an electrical current and a hydraulic line which are
ueed for controls and cata aQuUis:tion. Twc typec of gauges
~ill be used %o monitor the pressure cf the vacdaum chamber.,

& trme-mocouple Gauge ~ill e usad for pressures Zo0wn 13

ORIGINAL PAGE 1S
OF POOR QUALITY




10~-2 torr and a cold cathode ionization gauge will provide
pressure readings down to 107-6 torr.

The pumps fo- this system were designed to develop
10°-& torr in the chamber, which is considered the lowest
feasible pressure for our experiment because of the
cutgassing effects of the soil specimen.

The pumping system for the vacuum is composed of two
parts; a roughing pump and a diffusion pump. The roughing
pump is used to take the chamber down to 107-2 torr. At
this point the diffusion pump will cut in énd take the
system down to 107-6 tecrr, the maximum vécuum.

The pumpdown time for the roughing pump and the
diffusion pump can be determined through the use of several
formulas.

T =2.3 X (V/Sn) X log(Pl/P2)

The above formula is used for the roughing pump. T is
the time required for pumpdown to 107-2 torr, 5n is the
speed of the pump in cubic feet per minute, Pl is
atmospheric pressure (approximately 730 torr), P2 is the
vacuum pressure (10°-2 torr in this case), and V is the
volume of the chamber.

The time required for the diffusion pump is more
complicated because it is dependent upon the outgassing
characteristics of the materials involved, the size cf the
materials, anc the size of the diffusion pump. A system of
equatione fcr cetermining the PuMECIwN time regu.red 15 as

follows:



= area X ovutgassing coefficient
total = @1 + Q2 + @3 + ...0n

= the total length of connecting tubing
radius of the pipe
determined from charts using ratio L/a
temperature
area of connecting tube

molecular conductance
molecular wt, of air

pumping speed at chamber wall

pump speed at the mouth of the pump (speed given
by manufacturer)
P = final pressure of system
C = 3.64 KA X (T/M)
Sn = (Sp X C)/(Sp + C)

OD4ATIrO0OQ

n
ho)
[}

A system model proposed by High Vacuum Equipment
Corporation (see Fig.3) would Have 3 pumpdown time of
approximately 146 hours (see sample calculations in
appendix). This system would have all the parameters
established at the beginning of this section. The pumps
used on this system would be the 20 inch Varian diffusion
pump with a net pumping speed of 17,500 1/sec and a Stokes
212 roughing pump wWith a speed of a 150 cubic feet per
minute. A water cooled chevron baffle is used to minimize

backstreaming of oil molecules from the pump.

on



C. Soil Simulant
INTRODUCTION

In order to evaluate a lunar soil engagement device
effectively, the mechanical properties and/or behavior of
the soil must be modeled closely with some material. As
there is little chance of obtaining actual lunar soil in the
guantities necessary for the proposed number of tests, &
suitable simulant must be chosen. This soil simulant must
behave very nearly like lunar soil in the tests that are
proposed; the static penetration test and the direct shear
test. Several soil characteristics are involved in these
two tests which must be considered in selecting a simulart.
CRITICAL PROPERTIES

For this experiment, the s0il simulant sihould behave
like lunar soil in the two tests proposed. In the shear
test, which will be explained in cection D, the simulant
should yield values of cohesion (c) and friction angle (o)
similar to those measured on actual lunar soil. The static
penetration test should produce of values bearing capacity
for the simulant comparable to actual lunar soil.

Another important characteristic cf the scil simulant
is compressibility. Compressibility deals with the change
in density of the soil when it is compressec.
Compressibility will not te reasured cirectly bty the
prcposed tests, hewever it is an important characteristic in

the croice of soil gimulant.
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THE LUNAR SOIL

Tests on actual

data.

and V1),

These data

(11,12,14,15,16,

lunar soil have yielded a spectrum of

the Lunokhods

and 17)

(1 and 1IH,

and the Lunas

include that from the Surveyors

the Apollos

(16 and 20).

(1,111,V1,

All of

this data was compiled for wvalues of cohesion and friction

angle by
strength
friction
figure &4

The

Carrier in an as yet unpublished manuscript.

Shear

data (which inherently includes cochesion and

angle) has been plotted for these missions (see

in the appendix).

Appolo 12 testing included soil compressibility

measurement.

0.01 to 0.11 were recommended.

RECOMMENDED SIMULANT

As a result of this testing,

values of C =

A lunar soil simulant has been suggested by Carrier for

ear thbound mechanical properties testing.

Here,

a material

and a grain size distribution are suggested which closely

model lurnar soil

basaltic

using different sieves on the sand.

distribu

sand.

ticm is shown below

SIEVE NO.
12
S0
100
c00

CPENING

in testing.

1.68

0.297
C.149
Q.C74

RAIN E1

The soil simulant material is

[ =i

(mm)

in Table 1.

The grain size

FINER BY
95
75
cbd
S0

ICN

as MY

The grain size distribution is attained by

WEIGHT

o0t3iTe

i
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from commercial quarries may not have a very large percent

of material which will go through a number 200 sieve. This
can be remedied wifh a grinding machine to reduce the
particle size.
SIMULANT PERFORMANCE

The performance of the iunar soil simulant in
mechanical properties testing is very important. The
simulant must be a reasonable model in terms of bulk
density, shear strength, cohesion, friction angle, and
compressibility.

On the basis of shear strength, cohesion, and friction

angle; data given by Carrier suggests thot on a shear
strength versus normal load graph, the behavior of the
simulant bounds the envelope produced by the Apollo,
Lunokhod, and Surveyor missions. The shear strength
behavior is varied by changing the relative density of the
s0il (see figure & in the appendix). Ncte that this
simulant models the lunar soil accurately to at least 3 m of
modelled depth caused by the normal locad in the shear test.

1n terms of compressibility (C ), the lunar soil
simulant suggested is not as compressible as actual lunar
soil. This is true whether the soils are compared at the
same density or void ratio.

Bulk dersity of the simulant can te varizg a grest cdeal

to model differenrt lurar conditicns, espezially capth. This
is accocmpl:stes 1n the cirect SnEar test Ty inCrEssirg re
cernfining pressaere. Compress:tility deces not molel icnar
g 13
C c



co0il exactly, however the differences are small enough to
yield accurate data.
CONCLUSION

The lunar scii simulant selected (as provided hy
Carrier) is suitable for the tests proposed. The particle
cize distribution allows for the ability to vary density as
needed, as well as provide acceptable values of cohesion and
friction angle. Compressibility, while not modelled as well

is acceptable for the purposes of these tests.

of ¥
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D. Shear Test

INTRODUCTION

The peak shear strength, internal angle of friction,
and cohesion are important coil characteristics which should
be considered in the design of lunar soil engagement
equipment. B=cause it is a costly and laborious task to
exactly simulate the lunar environment, it is desirable to
simulate only those aspects which show an effect on the s0il
properties. It js the purpose of this section to propose a
procedure for evaluating: (1) the effects of various
environmental conditions on the shear properties of lunar
suil and, (2) to determine the extent to which these
conditions must be modelled for future tests.

The shear strength of soil is the resistance to
deformation by continuous shear displacement of soil
~rarticles. The shear strength (T}, is given analytically by
the following straight line equation, known as Coulomb's
shear strength equation: "€ = 0 tan % +c
where the intercept (c) is termed the cohesion of soil. The
slope of the line, tan f, is the coefficient of internal
friction and g is the 'angle of internal friction. ¢
represents th rormal stress on the failure plane. This
relationship shows that the chear strength of a soil is

propcrticnal to the ncrmal stress on the shea~ plare.

T S
TESTING Moir-LbLs
- — . » = - - - — - - - 3
“re metmcs of ceteErnir.ng rme shear STofErTLEs 3703
S35 .z tme gL-2Ct ERhEear @3 Ir oThALs T2ST. N2 OS2



sample is placed in a shear box which is split horizontally
into two parts. A normal load is applied and one half of
the box is held while the other is pulled horizontally,
shearing the snil. For any one test, the normal load is
held constant while the shearing force and the shearing and
vertical strains are recorded.

Using data from a series of tests, the normal loads may
be plotied versus idilure shearing loads to obtain a line
following the Coulomb shear strength equation. In addition,
a plot of strain versus the ratio of shear stress to normal
stress for each test will yield the peak shear stress (see
figure S5 in appendix A). The peak shear stress is the
maximum value of shear stress that can be accomodated for a
given normai load.

The shear properties of a soil may also be found using
the triaxial compression test. In this test, a cylindrical
scil sample is encased in a thin rubber membrane. It is
then placed in a closed chamber and subjected to a fluid
pressure. An axial load is then applied to Both flat ends
and is increased until failure occurs. From a series of
tests, Mohr circles regresenting failure can be constructed.
The common tangent to the circles represents the Coulomb
shear strength lire.

Berause of the sandy, relatively cochesionless nature cf
nasalt, ard by extersicn lurar SzZii, tThe cirect shear "@s:t

czet lrstruTtent TorZ3caticn MaTLT3aIte 2% 5
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direct shear apparatus (model #52213) and a data recording

system (model #553281) which are suitable for the purposes
of

the experiment (see figure & in appendix A). The direct
shear apparatus can easily be set up for remote control and
the data recording system may be set up outside of the
vacuum chamber.

EQUIPMENT MODIFICATIONS

Equipment modificaticns can be divided into two
categories:

a. Those which are known to be necessary.

b. Those whose need can only be established after the

apparatus has been ascembled and tested.

In the first category, a means of controlling the
sample temperature must exist. i1t will be necessary to
lower the sample to —-200 degrees Fahrenheit and raise its
temperature to 200 -degrees Fakrenheit. Cavities for fluid
flow can be drilled into the upper half of the shear box
(see figufe 2 in appendix A). Liquid nitrogen can then be
pumped through the shear bsx tc cool the sample. The sample
may be heated by pumping steam through these same cavities.
The flow rates required to achieve the desired temperature
will have to be determined experimentally (see calculations
in appendix B). Side effects cf the previously covered
heating and coclimg technigues may recuire additicnal
equipment mocificaticnrs. Heat transfar will primarily take
cliace througn conduction. The abserce of air n N2 YaIudT
—hamter przonitits heas rrsnsfer Tty convestior. T.e 3 re

e

sr@mc2  GDEroxinatelg LS2
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degrees Fahrenheit), radiation losses are expected to be

rnegligible. Heat could be conducted to the load cell,
vertical load shaft, cr the horizontal .oad shafi.
Thermocouples should be placed on these components during a
mock satup and their temperatures should be monitored to
evaluate the need for corrective measures. If any of these
temperatures epproach an unsafe or uncalibrated temperature,
then the reépective component must be heated or cooled as
needed. These components can be heated or cooled easily and
economically by wrapping four or five coils of 3/6 diameter.
copper tubing around them and attaching the tubing witn
silver solder. Water should then be pumped through the
coils to achieve thea proper temperature.
PROCEDURE

The following procedure describes the metnod for
actually conducting the direct shear test. The previously
described equipmert modification, sample preparation, and
necessary corrective measur=s must be completed prior to
conductiong the tests.
1.0 Initial Setup

1.1 Level machine using adjustable feet.

1.2 Irctall horizontal LYDT-cdial combinaticn, This i3
the unit with the longer travel. Without disturbing the

porcition of the L/DT with relation to the dial 1rcicator,

insert sheil cf LvDT all tn@ wav 1mT3 TmCurtirg DLZcw. Ta-@
su-o e c:a. tip faces the ==e@ar CT3ox T.zmtEn o The 374
“r_-l2C SI-2w 20 T1CCx S3 NaC e e 23 Lmgrzacte



‘*.’!E‘m mﬂ _:

cannot move. This knurled screw is also used to adjust
the zero. Plug in the electrical connector to
“Horizontal LYDT."
1.3 Remove packing matefial, upper loeding cap and
upper porous plate from inner shear box. The two halves of

the inner shear box are held together by two screws with

i large knurled tops. Tighten the knurled screws prior to
forming the sample and preconsolidation. After
preconsclidation and just prior to shearing, remove the
knurled screws. The four corrner SCrews should now be
tightened sufficiertly to slightly separate the top and

p— bottom of the shear box. UOnce praset, these four screws may
not require further adjustment on subsequent tests. The
four screws pre-load teflon pads that separate the shear box
halves with mini;;l friction and prévent metal to hetal
contact with subsequent scoring. When the four screevs are .
preset properly, they will compress the terion
pads sufficiently to close the gap during subseguent forming
and preconsolidation of the sample.

1.4 Install the vertical loading ascs2mbly after the
sample is in the shear box: Place the loacding assembiy over
the center of the shear box so that the slots in the legs
fall ontoc the alignment pins. The (/2 " diameter rod with
xrurled end is then 1nserted :through the frcnt ard rear 1eGs

of nrme Cy..nrncer armg frame. Magm 2 So-e e ~ud gges 3., the
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1.9 1Install vertical LVDT-dial indicator: Base of

dial indicator with tip down is inserted into dial hclder
arm on air cylinder. Tighten allen screw and zero dial
after initial vertical load is placed on sample. Plug in
electrical connector to "Vertical LVDT." Position wire =so
that it will not inte-fere with test.

1.6 Preset strair rate:

a. Be sure the pin connecting load cell to loading
yoke is removed.

b. Turn on "main power" switch,

c. Turn "rate" control krnob completely
counter-clockwise.

d. Puch "start" button.

e. Turn "rate" knob clcckwise to desired strain rate
as indicated on readout in inches per minute divided
by 10.

f. Push "stop" button.

1.7 Place machine in vacuum chambter.

1.8 Centerirg shear box housing: Remove tre
anti-rotation pin on the gear box assembly. Rotate the
hand wheel in the direction necessary o line up the holes
in the lcading yoke and the lcad ce2ll extens.on rcd. Insert
the pin from rear of machire. FRe-insert tne anti-rotation
pin cn the gear bcx assemblay. The lcad cell should row

read zerd. 1f t*2 locad ze:i:l dces rot read zero, turn he

large snu-.ed 1ca3 <e.
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center position of shear box must be set at this time.
Length of travel can be set between O and 0.8" in both
directions. Decide desired length; select a spacer that
matches desirecd travel and set limits in folling manner:
l-osen knurled limit adjusting screws and slide limit switch
assembly away from the shear box housing. Place the spacer
against housing and slide the limit assembly towards the
spacer until a faint audible click is heard. Tighten the
knurled adjusting screw and repeat the process with the
other limit assembly.

2.0 Test Procedure

2.1 take sure all three air valves a:e closed by
turning clockwise. Do not overtighten.

2.2 Connect the coil of tubing under the frame to an
appropriate air source. 200 PSI is needed tq reach full
capacity of 2200 1lb vertical lcad. Plug in line cord to 115
VAC outlet. Turn on the "main power™ switch.

2.3 ~ =2n the "supply valve” with gage on cabinet
indicating line pressure. Before the air system is
activated by opening the "load apply" valve, the readout
will show a negative load. This is due to the pressure
required to overcome the return spring in the air cylinder,.
When the supply valve is opened, the readout will go to zero
or a slight positive valve. [If the initial valve is tco

high, slightly crack the “vent" valve tc achieve the desirec

readirg. Now open the “lecad apply" valve and apply tre
initial load to the samnle. Thne pcoroos plate shoull rCw °@
25
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seated and it is important to again zero the vertical
LVDT~dial indicator by loosening the allen screw and
retightening.

2.4 Applying Normal Loads:
Always close "load apply" valve before increasing

the normal load, advance the readout to the next desired
normal load by turning the regulator clockwise. When the
desired reading is reached, apply the load to the sample by
opening the "locad apply" valve.

During the shearing portion of the test, the "load
apply" valve must be left open; the SMS regulator will
maintain precise normal load only if the valve is open.

2.5 Shearing the Sample

Begin the shearing portion of the test by pushing
the “"start" button. The rate of strain has previously been
set. The machine will cycle until the operator determines
the test is complete.

2.6 Completion of the test

Try to end at the middle of the cycle. This
eliminates the need to recenter the shear box housing.

a. Shut the “"supply" valve and open the "vent" valve.

b. Turn the rgulator counter-clockwise.

c. Shut off "main power" switch.

d. FRemove air cylinder--be sure to disconnect lire and

remove the vertical LVDT-dial indicatcr by loosening

the allen screw.
e, Remove and clean the shear btox.
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E. GStatic Cone Penetration Test
INTRODUCTION

The static cone penetration test is widely used to
determine the penetration resistance and bearing capacity of
granular soil. The accuracy of settlement determination of
granular so0il depends on correspondence between those
factors that affect co0il compressibility and those factors
that affect penetration resistance. Since it is unlikely
that the factors affecting compressibility and penetration
resistance are entirely the same or of equal influence on
soil compressibility and penetration resistance, settlemnent
predictions must have limited accuracy. Traditionally, most
practicing engineers continue to regard bulk density as the
factor of overriding importance in controlling
compressibility.

The factors that affect the static cone penetration
test (SCPT) are frequently not associated with properties of
the soil. Factors which control SCPT results can be divided
into a number of groups:

a. Ground conditions

b. Temperature

c. Atmosphere

d. Gravity

e. Test method

The compressibility of g anular spil is highly
dependent on its yielding bebavior. Therefore, the
penetration resistance 1S largely depencent on the interhal
angle cf friction of the soil and its offective sSiress

oclare.

n
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MODES OF FAILURE

The penetration of a cone projectile into soil is a
very complex phenomenon which is not easily analyzed by
mathematical treatment. There are two ways in which the
soil may fail under the projectile. One is by compression
of the soil which is basically a reduction in void ratio or
interparticle spacing caused by rearrangement of the grain
structure. The other is by shear which consists of
deformation of-the go0il particle and may or may not be
assisted by a change in particle spacing. Either one or
both of these methods of failure may occur during
penetration. For a loosely packed sample, the soil below
the cone will be compressed and accelerated initially.
Depending on the force of the penetrometer, failure will
occur by compression of the cone in this region below the
cone. Ir a densely prepared sample, very little compression
will occur and failure will take place primarily by the
displacement of soil along shear planes. The amount of
energy requiréd to cause penetration, therefore, will be
highly dependent on the relationship of the soil and its
shear strength.
PENETROMETER

Penetration tests have long been used to evaluate soil
consistency and density. The primitive builder may have
sounded the ground with a pointed stick or his hzel, as can
te seen in tribal villages today. The skilled wecrkman

forced the point of a pick or drove a rzod ints tre groJurc

i
v
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with a mallet of known weight. Today there are numerous
penetrometers of standardized design, but all are based on
the same principle; the penetration of an object into the
soil, forcing the soil acside and developing a shear
displacement similar to the bearing capacity failure of a
foundation.

Various shapes of penetrometers are in use, including
flat-tipped rods, cones of different sizes and shapes,
augers with cone—shgped tips, and cutting edges of
thick-walled samplers. There is comparitive data available
upon the effect of shape on test results. Two types of
loading are used, static and dynamic. GStatic loading
cimulates the shear developed in laboratory testing and can
be easily adapted to continuous penetration and automatic
recording. Dynamic loading is adapted to a very wide range
of soil stengths but introduces the variable effect of
dynamic shear and shock or vibration. The dynamic
penetfation has long been used in terrestrial soil mechanics
as a measure of the bearing capacity. It has never,
thowever, given as reliabie results as the static penstration
test. 1t is for this reason that the static pernetration
test was chosen.

The type static penetrometer we chose to use is a

Braimnard Kilman type AP-2100 with a 1'-6" rod assembly (Fig.

7). The penetrometer consists of a 60'degree apex angle
ccne, rod assembly, head asserbly and gauge. The ccre has a

maximum section oc 1.5 cn™2 macle 3f¥ stainless ste2al, T &C

(A

(9%
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degree apex angle is the maximum angle available with
utilization of the static penetrometer. This angle was
chosen because of its accuracy in obtaining results in a
cohesionless soil. A small apex angle would essentially
slide through the soil initially and give inaccurate
results. The rod assembly of the penetrometer consists of
an outer rod and an inner rod. The outer rod is made of
Centerless Ground 3146 Stainless Steel. The head assembly
consists of handles and a strain gauge; however, these two
jtems will be modified as per equipment modifications
cection. The head assembly is made from high strangth,
light weight &6061-T& Aluminum, anodized for protection.
Stainless inserts prevent rod threads from wearing.
Smoothly finished inside bore and piston account for a low
friction coefficient. The gauge is 2.5 inches in diameter
with a range of 0-1000 pounds. It has a built-in gauge
zeroing adjustment.

The static cone tesé implements a simple concept. The
operator pushes a simple cone-shaped steel point into the
s0il with a conséant velocity. He measures thg thrust to
accomplish this and div:des by the projected end area cof the
point to give the cone bearing capacity. The
Brainard-Kilman Static Cone Penetrometer features dual red
construction. As the inner rod functions independently of
the outer rod, soil friction is mct a factor with this unit.
Cone strecs 35 read on the jauge <an te easily ccrra2iatec to

lccal conmstants w~ithout having 2o adiust fcor the scis

1l
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friction coefficient.
Equipment Modifications

Some equipment modifications were found to be necessary
in order to achieve maximum environmental simulation. To
actuate the penetrometer manually would require an opening
to be made in the vacuum chamber that would enable the
penetrometer to move freely. This guide opening would not
allow the pressure inside the vacuum chamber to reach the
desired range. A decision was made to remotely actuate the
penetrometer hydraulically which woild eliminate having to
penetrate the chamber vacuum (see Fig.7).

Since the penetrometer will be hydraulically actuated
the head assembly will include no handles. To remove
handlés from the head assembly requires only for them to be
unscrewed. The head assembly will be tapped to include four
3/8 inch steel 5olts at a depth of 3/4 inch.,

The maximum force that the penetrometer can withstand
before buckling is 1200 pounds for a rod length of 18
inches. The hydrauiic actuator was selected from Victor
Fluid Power Inc. and has a lifting capacity of 1000 pounds.
The support truss height was determined from the lergth of

the penetrometer and actuator when fully extended such that

a 2 inch clearance will remain between the conical tip and
the base of the sample container (see Fig.B). The width of
the member was sized acccrdirg to the base of the actuator,
which is five inches (see aggendix 8 ~or fsrce analysis of

support trussl.

fJ

o
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Since the pressure gauge cannot be read through the
vacuum chamber window, it will be routed outside the chamber
through the prescribed outlet with the Tigon Flex tubing so
that the gauge can be read from a control panel (see Fig.9).
The temperature gradient will be isoiated to the soil sample
to avoid having to apply additional modifications to the
testing equipment that might limit the simulation of
temperature. A self-coniained heating and cooling unit will
be utilized in providing this temperature gradient to the
soil sample alone (see section B). The dimensions of the
celf-contained temperature unit are dependent on the size of
the soil sample container (see Fig.1). With the aid of
Brainard and Kilman Inc., a series of preliminary
experiments were performed in order to determine the minimum
size so0il container which would have no effects on the
results. A series of test were conducted in ;hich the
container's diameter and depth were varied in order to
obtain a container in which the edge and bottom effects
would be minimized. The size determined for the penetration
experiment, therefore, was a cylindrical container 10 inches
in diameter and 8 inches deep. This will permit the
experiments to be performed in the sample at a minimum
distance of 3 inches from the container wall and 2 inches
frcm the bottom of the container.

For the flight portion of our testing procedure, the
sample will te securec by a sample hclder to prevent
rorizental sn1fiing and by 8 €contairtert ring «hich Z7avents

33
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vertical movement (see Fig.8).
Performance
The static cone penetration test will enable the

measurement of penetration resistance and the determination

of the bearing capacity. The penetration force or
resistance can be read directly from the gauge of the
testing apparatus for various depths. The depth of
penetration can be read through the window of the vacuum
chamber. Graphs can be generated which show the soil
resistance as a function of cone depth {(see Fig.10). The
penetration force, as jndicated by the gauge, divided ty the
base area of the cone gives the bearing capacity which is
expressed by the following egquation:

qc = F/A

F = so0il resistance

A = area of cone
(cee sample calculations, appendix B)

The bearing capacity is a factor of soil mechanics that
deals with n;rmal force opposing a projectile as it shears
through the soil. The punching or penetration st-ess of an
ideal plastic medium as described by Prandtl can be
expressed by:

't'= Ns
whereT} is the average penetration stress, s is the shear
resistance or stress of the mecdium, and N is a coefficient
which depends cn the geometry of the rcoirt anrd surface ard
cn the angle of internal friction ~n.icn is ostaired from tre

1

direct shear test. For cohasicr.css ccil sucorh a3 nasalt,

b
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the internal friction angle is 30 to TO degrees and for cone
angles of &0 degrees, N is approximately 7.

The static cone penetrometer applies a static force to
a point sufficiently great to produce shear failure.
Therefore, the bearing capacity for a foundation the same
size and shape of the cone is measured directly at that
depth below the surface.

N can be found theoretically or by experiment. This
procedure allows continuous measurement of resistance with
increasing depth by advancing the cone and measuring the
necessary force. The amount of work required to force the
penetrometer a ¢ stance x can be determined by the following
equation.

auw =ax ATp
penetration distance

penetration stress (see sample calc., appendix B}

x
Te
A penetrometer cone area

nnu

Once the soil sample has been prepared the following

stages of a procedure will be carried out.

1.) Check apparatus

Z2.) Position sample container

3. Adjust cone

4,) Sample calculations and plots
Procedure

CHECK APPARATUS
The operator should see to it that the core point and

rods are clean and in good alignment, Tne sharpness of the

-

core poirt can be checked Sy gushi~g tre tiz intd the Ncle

- T .
. . - - ¥
. e 2.7t Ccgrrmct Ze e.3

cf the shargress gauge glate.

~MEA SrLSNEC LiSnhTLly w~ith o tme tip 7 tme finger, the Zcore
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sﬁould be replaced. Proper alignment should be checked soO
that friction between the inner and cuter rods doesn't
jntroduce error in the experiment. The hydraulic controls,
thermocouples, and heating device should be checked for
proper calibration and performance.
PLACEMENT OF SAMPLE CONTAINER

After the soil sample has been through the proper
moisture bakeout and particle distribution prccedures the
csample may be placed in the self-contained heating and
cooling unit. The sample is then heated or cooled to the
desired temperature which is measured by thermocouples.

ADJUST CONE

” The cone and its support should be carefully lowered to
the surface of the scii. Carr must be taken to insure that
the test is conducted 3 inches away from the edge of the
container to avoid inducing error from the side effect of
the container.
MEASURE CONE PENETRATION

Apply the desired load and then measure the total
penetration. All of the loads include the weight of the
cone and shaft. The corrections shall be taken care of by
subtracting the same amount from all readings.
SAMPLE CALCULATIONS AND PLOTS

Cnce the pernetration and direct shear test have teen

corducted the data from these reste will te used to

calculate the bt2aring capacity and shear st-ergth <f e
soil. The amgunt of ~orx dcre <f tme cenetrometer San a.lsz
35
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be determined. Plots of soil resicstance vs. Zspth can be
generated.

The static con2 penetrometer provides an economical
method for investigating the homogeneity of foundation soil
conditions. It has proven especially useful when evaluating
the homogeneity and strength characteristics of cohesionless
s0ils, The soil properties obtained from this test prove
useful in determining foundations for building and digging

equipment for construction.



0 Mot N

. Test Procedure
SAMPLE PREPERATION
Sample preparation is the first stage in the
experimental procedure. The steps in sample preparation
involve obtaining a given particle size, eliminating
moisture, an< trimming the sample. The behavior of
soil is related to its particle size. The
particle size as sdggested by Carrier will be obtained using
a sieve shaker, Inclynotype (see appendix DJ.
The Inclyno sieve shaker consist of a series of sieves that
have openings approximately one-half that of the coarser
above it in the nest. The nest of sieves are clamped to the
vibrating platform which vibrates in a horizontal direcc<ion.
The sand samples are prepared by pouring the basalt in
to the shear box and penetrdmeter container through a tube
with a slotted end piece which ensures that the velocities
of the basalt grains are close to zero as they leave the
tube. By cont-olling the velocity of the grains leaving the
tube and the tube height above the surface of the deposited
socil t(about 1/4 in.) an even particle spacing can be
acheived. The desired de..city can be acheived by applying a
unifaorm load to the sample and measur ing the height of the
soil within the soil container itself (see appendix D).
Since the penetratiocn siress is dependen: apon the

gecmetry of the surface ~nich the ccre cengtroneter

1

sToLie ~111 me T-7:iTmEl LTTLLovt
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simplify the mathematics in determining the penetration
stress as previously mentiored. The sample will be levelled
with the aid of a trimming tool,({See appendix D!.

The majority of the moisture in the sample will be removed
by baking the sample. An electric oven will be used to bake
the sample prior to placing it in the vacuum chamber. After
a sufficient baking period the samples will be removed from
the oven and placed irto their respective self ccntained
heating and cooling units. Before the chamber 1is
depressurized the samples will be heated to remove any
mcisture gained during the transfer from the cven to the
chamber. Once the moisture content of 1% is reached, the
outgassing and temperature processes can be carried out.
EXPERIMENTATION

The second stage in the procedure irvolves conducting
the experiment both in a ground based laboratery and in
flight in a minilab on the maximum simulation of the lunar
environment. The aircraft follows a parabolic fiight path
from which it can maintain a reduced gravity ervirorment fcr
approximately two minutes. This time period is ample ‘%o
carry out the experimental procadures.

Several possible testing arrangements were consicer to
determine which arrangements wculd provide the most
conclusive results. If funcirg permititec, it ~2uld ce

possizie 0 cor:uct the flight zorticn cf tre experiTenc
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only making one flight. However, the decision was made to
use the smae testing apparatus for both fiight and ground
based experiments.

There will be ten flights made by the KC-135 in which
the density of soil, coil temperature, vacuum pressure, and
a reduced gravitation pull will be varied. The first flight
experiment will simulate the maximum environmental
conditions and the most densely packed soil sample. The
conditions which are to be met are as follows:

(1) reduced gravitational pull of 1.63 m/s”2

(2) soil temperature of 200 degrees Fahrenheit .

(3) wvacuum pressure of 107-6 torr

(4) soil density of 3.24 g/cm™3
The second flight experiment will vary the graQitational
pull in order to help determine to what extent gravity
influences the mechanical properties of basalt. The
following conditions are to be met:

(1) reduced gravitational pull of 4.0 m/s" e

(2) soil temperature of 200 degrees Fehrenheit

(3) wvacuum pressure of 107-& torr
) (4) soil density of 3.24 g/cm™3
Flights three, four, five, and six will be conducted varying
the temperature from -200, =100, 100, 200 respectively. All
other conditions will be help constant. The following
conditions are to be met for flights 3 through 6.

(1) reduced gravitational pull of 1.63 m/s”¢@

(2) soil temperature of -200, -109, 100, 200 degree F.

(3) wvacuum pressure of 10°-6 torr

(4) soil density of 3.24 g/cm”~3
The seventh and eighth flights will be conducted varing the
vacuum gre-sure wht'le keeping all other conditiors cznstant.
Aemcecheric pressure (750 torr.) arms 10 torr will te thne

Ny
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testing pressures. The condition requirements are as
follows:

(1) reduced gravitational pull of 1.63 m/s"2

(2) so0il temperature of 200 degree Fahrenheit

(3) vacuum pressure of 107-3 to 750 torr

(4) soil density of 3.24 g/cm™3
In flights nine and ten the soil density will be varied so
as to aid in determing how the environmetal conditions vary
with loosely and densely packed samples; The following
conditions are to be met:

(1) reduced gravitational pull of 1.63 m/s"2

(2) soil temperature of 200 degree Fahrenheit

(3) wvacuum pressure of 107-& torr

(4) soil density of 1.346 g/cm™3 to 2.3 g/em™3

Their will be eight tests conducted on earth in a
laboratory in which the environmental requirements are the
same as the flight experiment neglecting the simulation of
gravity. Experiments ona through eight vary the
temperature, vacuum'bréssure, and so0il density respectively
{see following grocedure steps).

The results of the tests will be compared to determine
to what zxtent the environmental conditions must be
simualtec in order to design a digging implement that would
work most efficient in the lunar envirorment. The intent of
the proposed prozedure is not to limit the testing procecdure
to the suggested objectives, but should be able to yeila
data that wou.d be representative actual lunar soil.
PRCCEDURE
I Zample Preparation

{1) Weizh to 1000 grams each s:eve which i1s to De
usec. Maks surs 2ach sieve is clesn befcre ~2igning

w1
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it.
(2)
mechanical shaker.
(3) Funnel soil into
container.

temperature setting.

o
o

Sieve the soil through a zeries of sieves using a

their respective sample

(4) Pack container to prescribed height to obtain
desired density.

(S) Trim sample to ensure a3 level surface.

(&) Bake sample at 500 cegree Fahrenheit for 1 houv-.
(7) Place samples in self-contained heating and .
cooling unit and heat at 250 degree Fahrenheit for one
hour.

(8) Simutaneously begin outgassing procedure and.

11. In flight environmental condition requirenents
Flight I
(1) reduced gravitational pull of 1.63 m/s"2
{2) scil temperature of 200 degrees F
({3) vacuum pressure of 10°-46 torr
(4) soil density of 3.24 g/cm”3
Flight II
o (1) v 4.9 m/s"@
() " 200 degrees F
(3) " 1076 torr
(&) " 3/24 g/cm”3
Flight III .
(1) " 1.63 m/s"@
(2) " -200 degrees F
3) " 10°-& torr
i 4) " 3.24 g/cm”3
Flight IV
(4) " 1.63 m/s”2
' (3S) " -100 degrees F
(3) " 10°-6 torr
4) " 3.24 g/cm”3
Flight V
(1) " 1.63 m/s"2
} 2) " 100 degrees F
(3) " 107~6 torr
4) " 3.24 g/cm”3
Flight VI
(1) " 1.63 m/s”2
) (2) " 200 degrees F
(37 " 10°"~6 torr
{(4) 3.24 g/ca”3
~ Flignt VI
) ORIGINAL PAGE IS
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(1
(2)
(3)
(4)

Flight I1X
(1)
(2)
(3)
(4)

Fiight IX
(1)
(21
3
(&)

Flight X
(1)
(2)
(3)
(4)

1.63 m/s™2
200 degrees F
10°-3 torr
3.24 g/cm”™3

1.63 m/s™2
200 degrees F
750 torr

3.84 g/cm”™3

1.63 m/s™2
200 degrees F
10°-6 torr
1.36 g/cm™3

1.63 m/s"2
200 degrees F
10°-46 torr
2.3 g/cm™3

II11. Ground based environmental condition requirements

Test 1
(1)
(2)
(2

Test 11
(1
2)
(3

Test 111
(1)
(2)
(3)

Test 1V
(1
(2)
(3)

Test V
(1)
(2)

(3

Test VI
(1)
ve)

v 3)

soil temperature of
vacuum pressure of
s0il density of

-200 degrees F
1074 torr
3.24 g/cm™3

-i00 degrees F
1¢~-6 torr
3.24 g/cm™3

100 degrees F
10" -6 torr
3.24 g/cm™3

. 200 degrees F

10°-46 torr
3.24 g/cm™3

200 degrees F
10°-3 torr
3.24 g/cm™3

20C degrees F
750 torr
3.24 g/Cm‘B
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Test

Test

V1l
(1)
2)
(3

VIII
(1)
(2)
(3)

200 degrees F
107-6 torr
1.36 g/cm™3

200 degrees F
107 -6 torr
2.3 g/em™3



6. Digging Implement Methodolagy

INTRODUCTION

The results obtained from our design project

will be utilized for the design of a lunar
digging implement. The design of this implement is beyond
the scope of our project; However, a methodology will be
given to explain how the results of our design project can
be applied to the design of the implement.
CONSTRAINTS

As mentioned earlier in our report, the lunar
environment displays some very adverse conditions which will
affect equipment which might be exposed to it.

SOIL MECHANICS -

Soil interaction is a very critical concept in the
design of a lunar digging implement. It must be considered
since the design will need to optimize a bucket/soil removal
system. Some of thé'more critical factors which must be
taken into consideration are angle of cut and bearing
capacity. The cutting of the bucket blade through the soil
is a very important feature. The angle at whiéhrthe cutting
edge is designed is very critical in minimizing the forces
required to push the bucket through the soil. This angle 1is
the same as the internal angle of friction of the soil. The
internal angle of friction of the soil is determined frcm

the direct shear test which is cescrited above in the
report.

g Cesigning the cutting ecge =f tre ¢:ggi1ng implament at an
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angle which is equal to the internal angle of friction of
the soil not only reduces the normal forces against the
blade, but also reduces blade wear.

The bearing capacity deals with the normal forces
opposing the bucket blade as the blade shears through the
s0il. Lunar soil bearing capacity increases with soil depth
due to numerous years of compaction. The bearing capacity
is determined from the static cone penetrometer which is
described in full detail previously in the report. The
bearing capacity is the normal force per unit area. This
can be utilized in determining the size and geometry of the
implement.

The extencing force of the implement must be encugh to
supply an acceleration capable of penetrating the soil. The
penetration force can be read directly from the penetrometer
gage for various depths. Once the maximum force has been
éetermined the acceleration of the implement can be
determined from the following equation:

R = m(a-g)
is soil penetration resistance.
i the mass of the digging implement.

is the acceleration of the implement,.
is the gravitational constant.

Co I TRE= I ¢

The amount of work required to force the implement a

distance Ax can be determined by the following equaticsn:
AwW=AXTpA
A X ig the penetration distarce.
Yo is the penetration stress.
A is the implement area.
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on the moon are very extreme. They range from -200 degrees
Fahrenheit to 200 degrees Fahrenheit. Thus, an object
sittina partially in the shade will have a temperature of
-200 degrees Fahrenheit for the the shaded portion anc a
temperature of 200 degrees Fahrenheit for the exposed
portion, creating very large thermal stresses in the
material. "
WEIGHT

Due to the extreme cost of shipping material to the
moon, weight is a very important concern. In order to
minimize weight, maximization of other constraints must be
considered.
RADIATION

The main thing to conside. about radiation is its
affect on matgrials. Research has been conducted concerning
radiation, and it was found that radiation effects on
éetals, in general, are very semall. Ultimately, radiation
hae almost no effect on physical properties at all.
MATERIALS

A very important criteria of the digging implement is
strength versus weight ratio. This ratio indicates the
materials which are extremely strong for their densities.
As stated above, the lunar environment displays very large
temperature variations. For this reason, any type of
ecuipmen® or material working in this environment must be

able to withstand these extreme ccngitiors.,

It was found during our research that lunar soil is
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very gritty and coarse. This characteristic of the s0il
will result in extreme wear oON exposed surfaces and might
cause failure due to poorly designed equipment. Based on
the knowledge which our group has obtained concerning this
subject, it would be advisable to coat the digging implement
with teflon for overall wear resistance. Another important
feature which is advisable ic to design the digging
implement with replaceable teeth on the cutting edge in
order to absorb wear. This will result in a major long term
cost savings and also reduce major wear on the main shell of
the digging implement.

Aanother important characteristic which mis®t be
considered is equipment elongation. The extreme
environmental conditions on the moon, mainly temperature,
can cause a piece of equipment to fail if the material's
elongation is not taken into consideration. For this
reason, thermal stress calculations must be performed in
ordef to determine the type material which is best suited
for lunar equipment.

The geometry too must be cﬁnsidered when designing a
lunar digging implement. This shape must be broken down
into optimum 4imensions, internal radii, capacity, and

weight.
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19, PARTS LIST

Quantity Description Model Price
1 Baseplate (aluminum) N/A
15in.x 15in.x 3/4 in.
4 Insulated Isclaters N/A $10.00
{in. dia. x 1/8 in,
1 Heating and Cooling Pad WP-1200 $100.00
12in. x 12in. x lin.
1 Soil Sample Container N/A $20.00
10in. dia. x B in.
1 Penetrometer 1B in. B-K $4600.00
AP-2100
1 Hydraulic Actuator Victor £€30.00
1/2 ton Fluids
' VF-H300
1 Aluminum Support Truss MH/A $30.00

1in. x Sin. x Séin,

4 Steel Bolts N/A $2.00
3/8in. x 374in.

4 Steel Bolt- N/A $4,00
3/8in. x 10in.

4 Steel Bolts N/A $2.00
3/8in. x lin.

1 Data Aquisition System Brainard $2000.00
Kilman
1 Flange 10in. dia. N/A $2.00
x 1in. ’
Subtstal TT$2780.00
Equliprent _Modificat:cls $2€3.CC
Total $30320.C0
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Quantity

=

1

Shear Test Apparatus

Data Aquisition

Subtotal

Equipment Modifications

Total

Vacuum_Apparatus
1 Vacuum Chamber
9ft. x 4ft. x 4ft.
Gravity Simulation
Flight of the KC-133

High Vac $150000.00
Equip.Corp.

Estimated Flight Time= thour/trial
Rate of Fuel Consumption=20000 1b/hr

Price per pound of fuel=%$0.20

ORIGINAL
OF POOR

Model Price
Geotest $12200.00
Sa2e215
Geotest $2525.00
3281

$14725.00
$150.00
$14875.00
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V. CONCLUSIONS

Since the scopekof this report concerns the development of a
methodology and equipment designed to carry cut the exberiment,
the conciusions are based on the methodology, equipnent, and the
project in general.

The propnsed methodology and equipment should yield
information allowing the most cost and time effective means for
future testing and evaluation of lunar soil engaging equipment.
In simpler terms, this means that if a certain parameter does not
affect the mechanical properties in a substantial way, then that
parameter is not modeled; thus conserving time and money.

It is also concluded that this project required a great deal
of research on the basic civil engineering principles involved in
mechanical progerties testing of soil. While these principles
are not complex, #o one in our design group had been previously
exposed to them. It was a goal of the group to give a firm
}oundation in the civil engineering aspects of our project so
that subsequent work in this area will be facilitated.

In terms of the overall value of the project, the design
group feels that we benefitted in several areas. First, we all
learned of the workings of groups through our experience with
each other. We also developed a professional attitude by dealing
with vendors and engineers in the fields of mechanical and civil
engireering. We also feel that we have learned a greatl deal
about the organizatior. ard delegation of project duties. Lastly
ard most imgsrtant, we feel that -2 Have graatiy e2nhamcsC 2ur

ability %o s<teg tack from a srcblem, analyze 1t clearly, a7c

i
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develop a plan for its solution.



V1. RECOMMENDATIONS

The use of Computer Aided Design is a tremencous asset to the
design process. We,therefore, racommend that the next group
familirize themselves with the available systems as quickly as
possible.

Conservations with Nasa can be great help wher a problem is
encountered. More conversations ehould be conducted so as to
utilize their knowledre to the design's benefit.

This project was an jnitial design of a new idea. the design
procedure is not finalized, because improvements in certain areas
are possitle. The following areas are recommended for further
investigation.

1). Eventhough the shear tester is a state of the art
texting apparatus, it utilizes an snalog system. In
or jer to obtain better data acquisition,the system
should be converted to a digital system.

2).0btairing a data acquisition unit for the penetrometer

was difficult since most of the data is obtaimed by
manual calculation.

3), Further analysis in the methodology of the testirng in
terms of which parameters to vary to yield the mcst
infhrrmation may be teneficial.

4), Recomme-=d that next group devisa mecre specific methceds
where by the data accumulated will =e usec in tre

design of lunar equipment ( i.e. hcw dc ycu use this
information in design process, what are implications.)

. : EIS
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CONE DEPTH VS. RESISTANCE
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Hand Operated Direct Shear Apparatus
Function

Apphes vertical load and manually spohes horuzontal load lo sample to
measure shear strength

Testing Standards
ASTM D-2080
Specifications
d Sizes 2 12 sauace or 2-1/2 Jam .
= bhesrng Force I1XC ™ capacity
bheer | g Hanc operated crank Mvough gear bes -

hear Mossurament S0C B Souble proving TG with d.at sdec 2tor
bheer Bcx Bronze spkt horizomalty

Yot Load 50 © capsc ty counierdbilanced syitem
birgat Measwremens Onal nducatos 1 0CC = 0 001

ol Woaswement Dwiwccator 1000 2 000!
Wegan Two 1-4g and two 43
Frame Welded steel gnamet lvgh
Dmensons 24 _w 826 | [Roor scace)
Models

Inchudes specimen cufter and supph; of data sheels

D-1104 For 2722 samples

D-1108. For 2-1/2 gam samples

Weights

Net 185 ibs . Shog 250 s

Accessories/Options

LC-12. Metric Dual Indwcator. Clock wise, 25 mm x D01 mm

LC-12. Meuric Diat Indicator. Counterclockise. 25 mm x 0 01 mm

SOIL/Direct Shear

Replacement Parts

D181 Shear Bos Housing NI W B ibs | Shog Wt 10 b,

D 182 Duect Shear Box 2-9/2 diam Net Wl 4 ibs Shixg Wi 101,
D183 Direct Shoar Box 2 32 NetW) T ibs Shouy W1 10 Ibs

D 184 Gripper Assembly. For 2172 tham samples Nt Wi & hs  Shrg
W1t 6 lbs

Bionze Porous Plate Set 2-1:2 diam setof twa tor D 184 [T
Assembly Hetwi 1,21b  Shpg Wt 11b

D188

D-185 Gripper Assembly For 2 x 2 samples Not Wi 4 Ibs Stpg 2
61bs

D-136. SpecsmenCutrer For 2-1/2 diarm 31 thack samples Nt Wi 12,
Shog Wi t b

D-187. Square Specimen Culter For2 a2 » 3.4 hack samples Net Wi
17216 Snpg Wt 1 b

D-190. Shear Box Coupling Net Wt 1,215 . Shpg Wi 1ip

WS-1. 1 Ag Weight.

WS-4. 4 kg Weight.

DS-12. Cohesive Materials Data Sheets Prg of 100
DS-13. Cohesionlass Matersals Data Sheeis. Pxg ol 100
LC-8. Dial Indicator. Clockwrse 1000 2 0 001

LC-9. Dual Indicatoe. Counterclockwise, 1 000 = 0 001"

Direct Shear Conversion Set

Function
Converls Hand Operated Dwect Shear Apparatus (D-110 Series) i motorzed
type

Models

includes molonzed transmission uail, sprockets. chan and conneching linkg,
chawn guard. reversing and other conlrols. and 3ssembdly draw.ng

D-125. 110v AC 8O HZ. 158

D-1254. 220v AC S0/60 Hz_ 1>

Weights

Net 155 ibs (70 I kg). Shpg 200 ibs (90 7 kg)

: RS AOTZ S A Sty L
Qﬂ"‘, 3K ... 'I Pt -] , e 3“."_‘_;,,‘*}
Table Model Direct Shear Apparatus

Function

Acches vertical load and manually appies horzontal 0ad 1o sampie '
measure shear sirength

Testing Standards

A5TW D-3080 N

Specitications

Some s D110 Seres pacpt

mrataten Fot 1atie o Bench 31 arls mOLnies 0~ € o 3¢ Lase » e,
Kwet tgme

Models

D130A For2 22 s-mples
01208 F 2.1 7 gam savries
Weghts

het 135 1bs  Srpg 160 s

79
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L solL/Direct Shear

emew i s s WA T & S— LS < o ot m o B

Replacement Parts

D-181. Shear Box Housing. Net Wi B81bs . Shpg Wi 101bs

D 182. Direct Shear Boz. 2-1/2" diam Net Wi 4 bs ; Shpg Wt 101bs

D-18). Direct Shaasr Box. 2" x 2" Nel Wt 71bs, Shpg Wi 10/bs

D-184. a;too" Assembly. For 2-1/27 diam. samples Net Wt 41bs , Steg

6bs

D-128. Bronze Porous Plate Set. 2-172" diam . set of two lor D-184 Gripoe-
Assembly NeiWi 1/21b, Shpg Wt i

D-185. gllppol Assembly. For 27 x 2" samples Netwt 41bs , Shpg va

Ibs

D-186. Specimen Cutter. For2-1/27 diam x 1" thick samples NetWi 172
Shpg Wr.1d

D-187. Square Specimen Cutter. For 2™ 2 2 x 3747 thick samples Nerw:
1/2Ib.Shpg Wt 1 D

D 190. Shear Box Coupling. NetWt 1/21b;Shpg Wt 11b.

wS-1. 1hg Welghl.

wS4. 4 hg Weighl.

D5-12. Cohasive Malerisls Dats Sheels. Prg. of 100.

DS-13. Cobesioniess Mateskis Data Sheets. Prg. of 100.

LC-8. Dial Indicator. Clockwise, 1.000" x0 001",

LC-9. Dial indicator. Counterclockwise, 1.0007 x 0001°.

Function

Appiies vertical and horizontal loads to sample to measure shear strenygth

Testing Standards .

ASTM D-3080.

Specifications

Ssmpe S8 2 12 suare of 2:1/2° CAm,

Shesrng Force 1500 b _capacty

Sheer Loschng. Variabie 30690, slechnC muvmumdmc.wmrmo [:35% -]
Q457 /mn

Shoar Messurament 500D Goutie Droving rng with Gul NGhcator

Shear Bos. Bronze, soht honzontally

VYorhca/ Load D-120 Seres 350 B CaoecHy.

Ay, countardslanced syrem
D-124 Seres 1500 B CapdcHy. counterDalaNced lever system.
8 1 laver DO .
St Mestrement Dul nccaior, 1 000" = 0 001"
Swed Mosswroment Dl indecalor 1 000" 1 Q001"

Woghts Two 149 and two 449
Frame Weloed siesl_anamet hnah
DrenensONs. 21° w 2 34" |_{Noor space)
Models

tncludes specimen cutler and supply of data sheels.

350 B. vertical load capacities:

D 120A. For 272 2" samples. 110v AC. 60 H2 1.

D-120A-4. For 2 x 2” samples 220v AC, 5C/60 Hz. 1.

D-1208. For 2-1727 dam. samples. 110v AC.60 Hz. 1.

D 12084. For 2-1/27 dum. samples. 220v AC, 50/60 Hz. 12

1500 ib. vertical load capacities:

D-124A. For 2° % 27 samples 110v AC. 60 Hz 1.

D-124A4. Fot 272 27 samples 220v AC. 5060 Mz 13

D-124B. For 2-1/27 dam. samples 110v AC. 60 Hz. 12.

D-12484. For 2-1/27 diam samoies 220v AC, 50/60 Hz. 12

Weights

D120 Senes Net 26C o3 (11821g}

D124 Senes Net 29C ks (1318%3)

Accassories/Options

LC-12. Metric Dial Indscator. Clockwise, 25 mmrangex 001 mm ¢racuatons

LC-13 Metrxc Dial Indicator Counterclockwise. 25 mm fange x c0t mm
gracLanens

g0 b
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Field Direct Shear Set

Function .
High loading capacty forinplace
samples and for specal beanng

shear testing of rock blocks. massive sod
appixcations in excavabons, tunnels and

o3t pils.

Specifications

iy e Ram 8 Oan

Stroke 3

Lroctic Pump __3/40D .1 100 walts
Modols

Setincudes 2 Hydraukc Loading Rams with gauges
1 Two Speed. Manual Concentric Pston Pump
§ Variable Speed Elecinc Pump
2 Hoses 12'L
2 Spherical Bearing Arlachments
D-160. 400.000 . Loading Rams. 110v AC, 60 Hz2. 12,
D-160-8. 400,000 b. Losding Rams. 220v AC. S0 Hz2. 1.
D-160M. Metic. 180.000 kg Losding Rams. 110v AC SO Mz 1.

D-160M-8. Met ic. 180,000 kg Loading Rams. 220v AC, 50 Hw 1@

Weights
Net 820 ibs. {372 kg). Shpg. 920 ibe (417 3 Q)

Special Note
Bearing plates not included. order separately aceording 1o local testing
DrOGIam 19QUV BMents. -

83

SOIL/Direct Shear

Need product or help in a hurry?

In Continental U.S. (excluding llinois), Puerto
Rico, St. Thomas, St. John, and St. Croix,
dial toll-free:

1-800-323-1242
In Winois, dial:

1-800-942-3374

ORIG: g




[ J SOIL/Direct Shear
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Shear Box Housing ' Direct Shear Box

Function Function

Containg shear box and waler lo test salurated sample in Duect Shear Contains and shears soil sample in Direct Shear Apparalus (Model Series
Apparatus (Model Series D-110. D-120, D-124 ang D-130). O-110A, D-120A, D-124A and D-130A).
Specifications Specifications

Cong e on Machned cast bronre Sampie E.20 2 327134 thh

Base WA mounting Noles Centening Ping__ Algn upoet 3nd lower boa sections
Shesr Bozes Accommodates 2-1.2 cum 3nd 2 12 sres Models

Models D-183.

D-181. Weights

Weights Net 7 ibs; Shpg 10 Ibs.

Net 8103 . Shpg 101bs.

el
\eg &

Spare Gripper Assembly
-\/\ s Function
N Holds top and dbottom of soil tample ir. Mod~! D-182 Shear Box during
shear leshing and allows waler 10 pass.
Specificatiors
H Sarple Sus___ 2.1/2 dam
DlreCt Shear BOX - Porous Stones ' upper and lowet sechons, with tr a5t O OOy stroe
Function i ) . Upowr Secior _ Recessed 1o (eceva and 81 gn oading yoks
Containg and shears soil samp'e in Direct Shear Apparatus {Mocel Series
D-1108, D-12C8. D-1208. D124 and D-130B). g‘f.’:b
Weights

Sompm Sae. 2-1/7 gam x 1 Mk
Comoruchon Upoer and lower 1.0g5 Of machned tronte

Net 4 ibs; Shpg 8ibs

Can Ao opoeT Cwer Replacement Parts

) e s T S e D-188. Bronge Pocous Plate Set With Lrass gripping stnps Net Wt 1,21b.,
odels Shpg WL t b,

D182

Welgh's

Net 4 Rou; Shpg. 10 'bs

’ ORIGINAL PAGE IS
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Spare Gripper Assembly

Function

Holds top and botlom of soil sample in Model D-183 Shear Box during shear
testing and allows water 10 $535>

Specilications

Sampie Size 2 x2 sue

Porous Sicnes  In ubpet ard lowefr 34 -1hons, wi'h brass grioping stnos
Usper Sect.on Receased 10 receive and ahgn .2ading yohe

Models

D-185.

Weights

Net4 ibs, Shpg 61lbs

Specimen Cutters

Function

Cut soil sample lo size of shear box.

Models

D186+ > 2-1/2" diam.x 1~ th.ck samples Machined steel
D-187. FLi2 2272 3/47 thick samples. Machined brass
Weights

Net 1/2 % ; Shpg. 1 1b.

She ar Box Coupling

Funct on

Transters shearing load trom proving nng o shear box in Direct Shear
Appartus {Modei Senes D-110, O-120. D-124 and D-130)-

Models

0-190. Cast aluminum construction

Weights
Net1,21b,.5Srpg 1’0

SOIL/Direct Shear

Laboratory Vane Tester

Function

:‘usures shear strength of sample in mold by rolating nserted hrs unt'l
fure

Specifications

Sampie Se Acc M:dwmnmmuowe \ong

Torque Hesd Adpssts 87 v Cally

Tormon Spongs. Four mciuce. . calbrated 10 torgus falings of 2. 3. 4 and S ach Bt
heough aDprorwmatety |

Models

Note: Sample molds not included.
D-200.

Weights

Net 25 Ibs {11 kgl. Shpg 40 .. (19 kgl

82
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-« Rapid selection of loca-

tions for field density
tests

« Evaluating backfills in
trenches and behind
walls

- Light foundation investi.-
gations

. Fo'r rapid correlation of
field CBR tests

« Earthwork control for
embankments

~» Muck & soft soil probes

;. « Probing shallow marine

deposits

« Probing beneath exist-
ing shallow foundations

« Pavement subgrade
evaluations

FAST AND EASY
Brainard-Kilman's new Port-
able Static Cone Pene-
trometer is unmatched in ac-
curacy and ease of operation
for quickly measuring soil
consistency. The Portat'e
Static Cone Penetrome-

ter is specifically decigned ior

use in f:ne-grzined, soft soils
to depths as —uch as 30 feet!

Operation couidn't be easier:

simply force the Cone into the

soil approximately 6 inches,
back off until the gauge reads
zero, then advance another 6
inches. Cone Stress is read
directly on the conveniently
mounted gauge.

NO SOIL FRICTION
The Brainard-K. man Porta-

ble Static Cone Pene-
trometer features dual rod
construction. As the inner rod
functions independently of the
outer rod, scil frictionisnota
factor with this unit. Cone
Stress as read on the gauge
can be easily correlated to
local soil constants without
having to adjust for the soil
friction coefficient.

MEANT TO BE USED
Brainard-Kilman designed the

Portable Static Cone

_ Penetrometer fo be an ex-

tremely rugged device, built
for day-in, day-out use. High
strength aluminum and steels
were used in the design to
protect and maintain the ac-
curacy of the 0 - 70 KG/CM2
Gauge.

LICHTWEIGHT, SELF
CCNTANED

The basic Portable Static
Cone Penetrometer
weighs oriy 5 pounds! Even
with extension rods, the de-
vice is eas’iy carried ty 1
person. Tc:ally selt cia-
tained, the Portable Static
Cone Peretrometer
reguires 19 auxi.ary
ecuicment.

BRAINARD - RILMAN

P . Bzx 1959, Stone kitn, GA 3C086
(404 253-2720 +1-8C0-241-3468

m
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AP-2100

SPECIFICATIONS

o =N j AP-2100 A
N Portable Static Cone Penetrometer with 4’ Rod Assembly
N\ AP-2100 B
C Portable Static Cone Penetrometer with 2.5° Rod Assembly
RANGE: Qc Max: 0-70KG/CM?2
E LOAD LIMIT: 250 LBS
E: R weight 6061-T6 Aluminum.
cazeErial: Stainless Ste Aoccizedforprotecion
3 Cone End Angle: 60° Stainless insert prevents rod
Max. Section Area: 1 Scm? threads from wearing.
% Smoothly finished inside
g - ROD ASSELBLY bore and piston for low fric-
: Materiak tion coefficient.
: Outer Rod: High Strength
i 4140 Chromoly tubing « GAUGE
inner Rod: Centerless Size: 2.5" diameter
é Ground 316 Stainless Range: 0 - 70 KGICM2
Steel Built-in gauge-zeroing ad-
integral e
. HEAD ASSEMBLY it

Material: High Strength, light

PART NO.
AP-2100 A
AP-2100 B

AP-2100-14
AP-2100-16

AP-2100-18
AP-2100-8
AP-2100-11

ORDERING INFORMATION
DESCRIPTION PRICE
Penetrometer with 4' “starter” rod assembly $ 525.00
Penetrometer with 2.5' “starter” rod assembly $ 512.00
ACCESSORIES
4 “extension” rod assembly $ 6350
2 5' "extension rod assembly $ 5350
REPLACEMENT PARTS
Cone Assembly $ 5150
4' “starter” rod assembly $ 6350
2.5 "starter” rod assembly $ 5350

oitective 6:15/87, pricas & specitications subect 1o change without nc1.Le

BRAINARD -KILMAN m‘
rd

P O. Box 1859, Sizne Min, GA 3C086

{404)263-2720 -1-830-241- -6468 $ T OR ¢
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To: GT58128 Gify Von Mcmurray
from: GT2945B Malcolm Todd Butler
Date: 87/06/30. 16.49.0k

Subject:Soill

Yo: Dr.Williams, Me 4182 Instructor 7
from: Group b '
Datz: 6/31/87 .
Group Members: Todd Butler

Charles Cline

Linton Hutcheson

Steve Scruggs

Mike Smith

Nadim Zakhia

the objective of group L is to design a test apparatus and procedure
used to determine the mechanical properties of simulated lunar soil.
we met with gary.to define our objective since initially there was
some confusion as to the guidelines the project was to follow. thus
far, we have discussed our objective, collected literature and
researched some major topics pertaining to our project. in addition
to researching literature, we plan to contact various geological
services in order to collect additional data which might be helpful
in our research.

this progress report reflects the work of each group member on an
equal basis.
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g DATE: July 15. 1987
T0: Dr. Williams, ME L1B2 Instructor

FROM: Grouph
SUBJECT: Progress Report on the Soil ExperimEnt

During the past week, our group has been researching various
reports and data which are relevant to our study of soil mechanics.
Research has been dohe on the types of test that would provide the
most information on the physical properties of soil with the least
amount of test equipment. The shear and penetration tests were selected
pecause (1) they are relatively simple, (2) there is much available
terrestrial experience with these types of tests. These tests would
allow for the measurement of soil properties such as: bearing capacities,
angle of internal friction, stress-strain relationships, base roughness
and failure modes for local and general shear.

A meeting was held Tuesday the 14tk to discuss some methods that
may be used to simulate the lunar test environment. Various reports
have been requested from NASA and should arrive later this week.

INDIVIDUAL INPUT:

Penetration Test: Linton,Todd
Shear Test: Mike,Steve
Vacuum Chamber: Charles,Nadim
Cad/Cam: Rike :
Processing: Linton
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‘ Date: July 22, 1987
T0: DR. WILLIAMS, ME 4182 INSTRUCTOR

FROM: Group b

- SUBJECT: Progress Report on Soil Experiment

This week our group has been involved in further research
of the critical design parameters of the soil experiment. Various
sources of information pertaining to the env.ronmental conditions
of lunar soil have been investigated. The group has determined a
number of areas that are critical to the test design. Radiation has
been a major subject of our research this past week. We are not yet
sure how radiation will effect the soil, if at all, however we do
intend to find out in the very hear future. Our group is also con-
tinuing with reseach of how to best simulate the lunar environment.
This seems to be one of the major problems which will have to be
solved. Each member has selected one or several of the environmental
conditions in order to gain expertise" in that particular ares.
tach member has also been directed to submit, in written form, 3
summary of pertinent information on their area of expertise to
Linton Hutcheson who will be giving the oral presentation next week.

As seen in the initial paragraph, our group has a general fdea
of what we will design, and now we are gathering concrete design
criteria as well as methodology for use of 2 soil experiment.

INDVIDUAL [INPUT:

Soil Simulant: Charles, Nadim
Radiation: Linton, Todd

Temperature Gradient: Mike, Steve
Gravity and Atmosphere: A1l Members
Processing: Linton

Cad/Cam: Mike
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July 29,1987
To: Dr. Williams, ME L182 Instructor
From: Group b

Subject: Progress Report, Soil Experiment

During the past week, we have spent time gathering information and
data for our presentation which was given by Linton Hutcheson

on July 28. Each group member was assigned a certain topic

to research for the presentation. The topics and responsible
group members are as follows:

TOPIC : GROUP MEMBER

introduction i Linton

Environmental Conditions Steve,Mike, Charles,Nadim
Types of Tests Proposed Steve,Mike,Charles,Nadim,Todd
Equip. Design Utilizing Test Todd

Conclusion Linton

In the next week, we are ptanning to continue the research and start
trying to put it all together so that we can be thinking of how we would
like to model the test in order to make it work. Each group mesber
will be responsible for the same topic as assigned previously.
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To: GT5812B Gary Von Mcmurray
From: GT2945B Malcolm Todd Butler -
Date: 87/08/0k. 16.17.03 7

Subject: Soilb

To : Dr. Williams, ME 4182 Instructor o 7 \

From: Group &
Subject: Progress Report, Soil Experiment

Du-ing the past week, our group continued researching the same
topics as assigned previously. However, an effort was made to
determine exactly what the internal angle of friction is and how
jt |s determined. Our drawing for the week reflects this. We are
also at the point of starting to correlate our research material
into a rough draft. Starting this week, we plan to call additional
meetings in order to start finalizing our repcrt. Topics of the week
and responsible group members are as fcllows:

Topic Group Member (s)
Environmental conditions Steve,Nadim,Charles
Type Test Proposed

-Shear test Steve,Mike
~Penetration Teit Linton,Todd
-So0il Mechanics Linton,Nadim
-Word Processing Todd
~CAD/CAM Kike
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To :GT5812B Gary Von Mcmurrar
From: GT29L5b Malcolm Todd Butler
Date: 87/07/07. 17.08.17.

To: Dr.Williams, ME L182 Instructor

From: Group & .

Subject: Frogress report concerning the test apparatus and procedure
used to determine the mechanical properties of simulated
lunar soil. -

Research has been done on the environmental characteristics of the
moon. The environmental conditions of the moon impose the greatest
design constraints on the testing apparatus. The most important
constraints include the following: soil mechanics, radiation,lack of
atmosphere, temperature, and reduced gravitatiopnal pull.

Other related design projects were studied in order to determine if
the digging implement designs in these reports can be used to in our
test apparatus. Various geological companies were interviewed to gather
information on soil testing rrocedures that may possibly be incorporated
into our project.

We wet on tuesday the 7th and discussed the following ideas concerning
our project:

1) What tests we should choose to work on.
a} Shear test
) Penetration test
2} Possible meeting times that are best for everyone. We would like
to irv and split up into three groups of two for the more
frequent meetings and then meetings with all members present.

We also composed a rough draft of our problem statement at the meeting.

List of things to do:

1) Environmental conditions: Linton,Nadim,Todd

2) Soil testing apparatus: Todd, Linton, Nadim

3) Lunar excavating bucket (report):Nadim,Steve,Charles
L) Nasa soil testing Jiterature:Steve,Mike,Charles

5) CAD/CAM:Mike
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DATE: AUG. 10, 1987
T0: Dr. Williams, ME 4182 Instructor |
FROM: Group &
SUBJECT: Progress Report on Soil Experiment

The actual testing procedure is being developed this week. A meeting
was held last thursday to layout an outline for the formal report which is
listed as follows:

i ABSTRACT
It PROBLEM STATEMENTS
A. [INTRODUCTION
B. PERFORMANCE OBJECTIVE
C. CONSTRAINTS
. V11 DESIGN DETAILS
A. SUMMARY
B. ENVIRONMENTAL SIMULATION
C. SOIL SIMULATION
D. SHEAR TEST
E. PENETRATION TEST
f. TIST PROCEDURE
G. METHOD OF EVALUATION / DIGGING VMPLEMENT
IV PARTS LIST / COST ANALYSIS
v CONCLUSION
Vi RECOMMENDATIONS
VIl ACKNOWLEDGEMENTS
vill BIBLIOGRAPHY
1X  APPENDICIES

INDIVIDUAL INPUT:

MIKE SMITH: This week | continued to do research on the direct shear test.
| looked through the vendor catalogs and picked some candidates for our
direct shear machine. | spoke with Hr. Jay Woldenberg of Geotest instrument
Corporation. | am currently awaiting the arrival of information from him.
Geotest has an instrumented model which outputs 0 to 2 volt signals. | am
still searching for a suitable recording device.

LINTON HUTCHESON: This past weekend | worked with Todd on finishing the
abstract and problem statement of the outline. | have located various
studies on cohesionless soil which utilize the static penetrometer 3s
the testing implement. | have gathered books which contain information
on the testing procedures involving the shear and penetration tests. |
also obtained some ball park estimates on the costs of penetrometers.
On Wednsday | am going to contact Brainard Kilman Manufacturing on

some testing apparatus.

CHARLES CLINE: Studied affects of vacyum, racdiation, and temperature on
materials. Searched for vacuum chamber test facilities.

TODD BUTLER: Contacted Civil Engineering and talked with Dr. Bachus,
Dave Brown, and Ed Perkins concerning the static penetrometer and
shear test apparatus. Got information on manufacturers of testing
apparatus.

NADIM ZAKHIA: How temperature results in an increase in the shear strength
and visa versa. Also for the lower normal stress, the stiffness in a vacuum
at ambient temperature is approximatly the same as for elevated temperature
in atmosphere. ( Therefore, stiffness of soil is greater in a vacuum than
at atmosphere).

STEVE SCRUGGS: Attempted to call Bromwell and Carrier Inc. to get information



e to verify our assumptions about the simulant and to '

asalt can be obtained from. Attended meeting Thursday.
ormation on simulant and shear test.

on basalt soil recip
find a quarry that b
Further solidification on inf
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DATE: AUGUST 19, 1987
TO: Dr. Williams, ME 4182 Imstructor
FROM: Group kb
SUBJECT: Progress Report for Soil Experiment

A meeting was held Sat. the 15th to discuss a deadline for the rough draft.
It was decided that the design discussion section of our report should
be ready to submit to Charles on Wed. the 19th for typing. The following list
is a breakdown of each members responsibilities for the final report:

TODD BUTLER: model construction, locate equipment to be used in final
presentation, editing report.

MIKE SMITH: organize and complete drawings to be used in report.

STEVE SCRUGS: aid Charles in preparing report for typing, help prepare visuals
for presentation. i .

NADIM ZAKHIA: outline and organize the appendicies for report, typing

CHARLES CLINE: type report »

LINTON HUTCHESON: model constuction, prepare and give oral presentation, aid
in preparing visuals, help organize final report.

INDIVIDUAL INPUT:

T0DD BUTLER: Borrowed a static cone penetrometer from Brainard Killman Inc.
Gathered materials for model and began construction. Finished rough draft
of digging implement section of report.

LINTON HUTCHESON: Arranged to borrow a direct shear test unit from the civil
engineering school. Aiding in model contruction. Located equipment needed
to modify the penetrometer for our experiment. :

MIKE SMITH: Locating and confering with the manufacturers of the shear tester
to find out if the neccesary modifications can be made. Weekly drawing.
STEVE SCRUGS: Obtained information on soil simulant.

CHARLES CLINE: Located an off the self device that would both heat and

cool the soil sample for the penetration test. Contacted vender to size

the chamber and to spectfy the location of window.

NADIM ZAKHIA: Studied information of outgassing effects on soils.
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SHEAR APPARATUS
INTRODUCTION:

The direct shear test is used to measure the shear strength
of soil under drained conditiors. This test is well suited to a
consolidated drained test because the drainage paths through the
test specimen are short, thereby allowing excess pore pressure to
be dissipated fairly rapidly. The test can be performed on all
soil materials and on undisturbed or remolded samples. A
relatively thin wsoil specimen is placed in a rigid box that 1is
divided horizontally into two frames; the specimen is confined
under 8 vertical (normal) stress and & horizontal force 18
spplied s0 as to fail the specimen along a horizontal plane at
ites mid point. Generally & minimum of 3 specimens, each under a

different normal stress, are tested.

Several other shesr testing systeas have svolved in the last
fev Yyears. Some of the most significant developments are
presented st the end of this section. The biaxial apparatus
developed by Professors Vardoulikss and Drescher and the simple
shear appsratus developed by Professor Budhu are available only
from Geotest. The ring shear and debdris flow apparatus are
available through exclusive sgreements vith the respective

manufacturers.

 MOTORIZED DIRECT RESIDUAL SHEAR APPARATUS

Geotest manufactures 3 different direct shear machines.
These machines offer a cosbinatiom of festures not available fros
any other manufacturer:

Pneumatic spplication of consolidation load

Automatic residual shear feature

Tension and compression load cell for measurement of shear and
residual shear stress

Rapid return feature

Easy access to shear box

Digital display of rate of strain

Consolidation and shear loads up to 2,200 1bf (10 kN) standard
Speed controlled steplessly to within +/- 1%

Use of corrosion resistant materials throughout

Extremely compact in size and attractive in sppearance
Guarsnteed against all defects for 2 years

Made and serviced in U.S.A.

Applying consolidation 1load pneumatically means that

virtually any sample size can be accommodated without <changing

weight sets, as is necessary on lever losded units. Loads can be

spplied instentaneously and wvithout {mpact. There is no effect

fros smbient vibration. When placing the shear box in position,
the vertical loading frase can be easily removed to provide easy
access to the sample.

Performing residual shear tests is sutosmatic. The operator
sets & maximum travel and then begins the shear test. When the
preset point 1s reached, the machine sutosatically reverses
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The folloving 3 models of mwmotorized ditecti residual
apparatus are availaeble: :

§2213 MOTORIZED DIRECT SHEAR APPARATUS :

This machine offers all features previously described.
Normal 1load is indicated on a 6" diameter test gage accurate to
1/4 of 1 percent, Rate of strain 1s digitally dieplayed.
Consolidation and shear strain are displayed by respective dial
indicators included. Shear and residual shear stress are sensed
by & compression-tension load cell and displayed im 1 1bf
increments or in internsticnal units on a digital resdout with &
messured 2 volt output to interface with recorder or computer.
Any -inilo size shear box, housing, cutting shoe and extruder up
to 44 is 1included. No other accessories are necessary.
Capacity is 2,200 1bf 210 kN) for normsl (consolidation) and
shear loads Speed range (strain rate) is .0000%> to .050 iach
(.0005° tol3 mm) per minute. A rapid return feature permits
quick repositioning at ead of test. Speed is controlled to
better than +/- 1% of wset point. Standard voltage
charecteristics are 115 VAC. For 230 VAC, specify S2213-3,
Shipping Weight: 190 1lbs (87 kg); 10 cu. ft.

S2215 DIGITAL DIRECT SHEAR APPARATUS

This machine is a completely instrumented version of S2213,
Both dial indicstors have been replaced with LVDT-dial indicator
combinations and digitsl displays. The 6" test gauge has been
replaced by a pressure transducer which aisplays normsl load in 1
1bf increments or kgf on a digital displsy. All 4 displays have
seasured 2 volt analog output to interface vith s recorder of
computer, A fifth display with no output indicates exact rate
of strain, Size and weight is ssme as $2213. Apparatus 1is
furnished complete with one shear box and accessories up to AX4"
(see description of $2213). Standsrd voltage characteristics are
115 VAC. For 230 VAC, specify S2215-3.

§2216 STRESS STRAIN DIGITAL DIRECT SHEAR APPARATUS

§2216 hss same digitsl displays as $§2215 but d4ncludes
additional instrucentation to persit performance of controlled
stress shear tests as vell as controlled rate of strasin tests.
An additional controller permits load to be applied at @ constent
rate of stress vhich is set at the operators option. Size and
veight is same as S2213 end S2215. Standard voltage
characteristics are 115 VAC. For 230 VAC, specify S2216-3.

R

ACCESSORIES

$2228 Outer Shear Box Housing

The housing is machined from cast paval bronze and is
highly resistesnt to corrosion. It has grooves at bottom to
assist in drainsge of saturation water. This housing will
accommodate any Geotest shear box up to 434" (10X10 cm),

$2230 Shear Box 2I2" (5.04 X 5.04 c=m)

PRECEDING PAGE BLANK NOT FILMED
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§2208 LEVER MOTORIZED DIRECT/RESIDUAL
SHEAR APPARATUS

This apparatus, not menufactured by Geotest, offers a lover
cost method to perform direct and residual shear tests than
$2213, 15 and 16 previously described. Its features and quality
compare very favorably to other foreign manufactured shear
appsrstus nov being sold in the U.S.A,

Any sige standerd shear box up to 4x4" (100x100 mm) can be
accommodated. The vertical load 1s applied to the specimen by =
10:1 lever 1loasding systesm. The carrisge is mounted on 1lov
friction ball tracks. Shearing load is applied by an infinastely
variable electronic drive unit with ectual rate of strain
digitally displayed. Speeds can be varied fros .001 to 1,2 =ma
per =minute, The carrisge constructed of pon-ferrous materisl
contains the 2 halves of the brass shear box.

Two dial indicators measurs ro-goctively consolidation and
shesr strain. A proving ring, 3 kN capacity, measures shear
stress. Four limit switches preveat overrun in any direction.
Residual shear tests are sccomplished by reversing travel,
Maximum horizoantal travel is 40 mm. Apparstus 1includes all
necessary accessories except shear box vhich sust be ordered
separately. Standard weight set of 50 kg total 1is included.
Dimensions are 44x23x46" (1100x580x1160 mm). Standard voltags is
115 VAC. For 230 VAC, specify $2208-3,

Shipping Weight: 570 1bs (259 kg); 42 cu. ft,

Accessories for 52208
§2208-A Shesr Box 2.5" diameter,

The shear box includes 2 porous stones and sdapter to fit

into shear machine carriage. Sample is 1" high,

§2208-B Shear Box 60 mm dismeter.

§2208-C Shear Box 60x60 =mm.

$2208-C Shear Box 100x100 mm.

Sample cutters and tampers for above sizes are also svailsble.

S2340 PORTABLE DIRECT SHEAR APPARATUS (LST)

This sppsratus makes 1t possible to study mechanism to
initiste debdris flovs as undrained shear of loose sediment in
situ. LST refers to Land Slide Testing. Dr. Xyoji Sassa is the
inventor of the LST.

The complete apparatus 1s carried in a 1light, aeluminum
alloy, attache type carrying case. Means are provided to take
an undisturbed sample measuring 20x20x10 cm, saturating the
ssmple and immedistely perforaing the test. Normal losd 1b»

applied by moving & veight along a graduated lever ars. Shearing

force is applied with a hand screv jack, The shear box has an
upper and lower portion which are free to move during test. A
200 kgf proving ring and ruler measure shear strass and strain.

P
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The complete apparatus supplied includes matched set of
proving rings, 50 kg of weights, consolidation dial indicator,
sample preparation rings with hollov punch and porous stones.
Overall dimensions are 70x70x125 c=m, Voltage requirementas are
115/60/1. For 230/50/1, specify S2350-3, :

Shipping Weight: 500 1bs (227 kg); 30 cu. ft.

$2360 . RING SHEAR TYPE DEBRIS FLOW APPARATUS

This apparatus also invented by Dr. Kyoji Sassa is nov being
used by the U.S. Geological Survey to astudy mechanism 1in
l1iquified land slides including debris flow. In use a sample is
placed in a ring type shear box referred to as a sample box and
saturated vith water. The sample box consists of an upper half
ring ,and a lover half ring and the sample shears along the
junction of the two rings vhen a turning movement is applied to
the lover half ring wvhile the upper half ring resmains stationary.
A vertical load is applied to the sample vhile the torque and/or
turaing angle are being measured as the sasple is sheared.

0.D. of sample box is 48 ca; I.D. 4s 30 cm and over all
height of upper and lovwer halves is 9 cm. Shearing force 1is
provided by a servo motor. The high speed range using the motor
drive 1s useful in performing liquefaction tests while the low
speed range is recommended for drained shear tests. Using the
sarvo drive provides a controlled rate of strain test vhile using
the servo drive vith feedback allovws testing to be done under
controlled rate of stress conditions. :

Vertical (amormal 1loading) is done pneumatically with air
provided from an air compressor. Load is applied evenly over
entire top surface of sample.,

Load cells measure vertical and shearing forces; turaning
angle is measured by a potentiometer; volume change by a disl
indicator and differential transformer; vertical displacement is
measured with a dial iadicator. The following 4 properties are
digitslly displayed on electronic readouts with outputs that will
interfece to a data recording systes or coaputer 1f desired: 1ie
vertical load, shearing torque, turning angle and volume change.

More detailed information on this apparstus as vell as
copies of papers presented by Dr. Sasssa are available upon
request from Geotest.

SIMPLE SHEAR APPARATUS
INTRODUCTION

A simple shear test - s plane strain test in wvhich the
principal axes of stress and strain rotate-closely approximates
the conditions likely to occur in s soil mass in many practical
situations. There are several very interesting simple shear
devices being sold throughout the wvorld. Almost all are anov
based on the Norvegian Geotechnical Institute (NGI) design vhich
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5. The device can be controlled manuelly or by s computer.

6. Digital readouts ere standard iteas for pormal stresses, shear
stresses, pore vater pressures, vertical and shear displacements
and volume change. For cyclic tests, 8 six channel high speed
strip chart recorder 1s reconmended and can be provided.

§2401 BUDHU SIMPLE SHEAR APPARATUS

Vertical 1load 1is applied pneumatically in a systenm similar
to our direct shear apparatus (s2213, 15, 16). When placing the
shear box in position, the vertical loading frame can be easily
resoved to provide easy access to the sample and load cell.
Vertical and shear displacements are measured by specilally
designed LVDT's end digitally displayed. Normal stress, shesr
stress and pore pressures are measured by a special load cell in
the center of the top platen and digitally displayed with =
measured output for conmnection to & computer oOr recorder.
Additionally the apparatus has an IEEE-488 {nterface, Maximus
vertical stress is 1500 kPa. Hovever, a higher capacity can be
provided

If cyclic and closed loop control is not required, a lover
cost drive system similar to that provided in our direct shear
appsratus cen be offered. The system provided in S2401 1is =
fully automsted servo-controlled apparatus with capabdility of
applying static or cyclic (up to 2 Hertz) sisple shesr loading to
the sample under drained or undrained conditions to s maximum
applied shear stress of 1500 kPa. The systea is capable of
applying load under both strain-controlled and stress-controlled
conditions. Loesding can be controlled msanually or by s computer.

To achieve sample saturation, back pressures to 1000 kPs can
be applied. Pore pressure can be measured throughout all test
phases. All components in contsct with sample pore fluid ere of
corrosion resistant materials. Soils ranging from loose sands,
dilatant silts and soft to very stiff clays cen be tested.

A separate control panel, similar in sppearancs to S5424,
monitors and controls back pressure, digitally displays pore
pressure and volume change.

Any size saaple square (or circular 1if desired) csn Dbe
provided up to 70x70 mm (or 2.8" diameter). Standard sizes nov
available are 45x45 end 65265 mm. The sasple i{s enclosed within a
rubber membrane and surrounded by square articulsted teflon
coated rings Apparatus includes one size shear box and sample
preparation accessories vwhich permit both tube and stiffer
trismed samples to be conveniently installed.

The basic simple shear apparatus occupies table space of
40x16". The control panel measures 23x12x40 1/2". Additional
space should be provided for a 6 channel recorder, dats logger,
printer setc. i1f needed. Computer softwvare is being developed
and wvill be available in & short period of time.
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The soil specimen 1is =a right rectangular prisa with
dimensions 140x40x80 nn. Two opposite faces are supported by
walls enclosed between tvo rigid walls 1inducing plane-strain
conditions. The specimen 1is surrounded by & thin rubber
membrane. The axial load is kinematically applied by an enlarged
upper plate guided to prevent any tilt or eccentricity. The
bottom plate 1s enlarged and horizontally guided by a 1linear
bearing parallel to the plane of deformation, All the surfaces
in contact with the specimen are glass lined and lubricated to
minimnize friction. The assemblage is placed into a conventional
triaxial cell in a loading frame, in order to apply the confining
pressure and to drive the top plate vertically.

Internally located load-cells allov for accurate measurement
of ‘the axial force, its eccentricity and the friction along the
side valls. LVYDT displacement transducers monitor the axial and
the lateral displacements of the specimen, and the horizontal
movement of the base plate. Additional modifications to the
apparatus will permnit measurement of pore pressurs and
intermediate principal stress.

§2600 4s the basic biaxial spparatus less the various
LVDT's, load cells, and transducers neesded to completely
instrument this apparatus. The cell and instrumentsation are
lilgggzoopntotely. The load frame recommended is §5720, S5721,
or 2.

OTHER SHEAR TEST APPARATUS

£-280 POCXET PENETROMETER
The pocket soil penetrometer is & frequently used instrument
for classifying soils. It is a spring operated device used to
measure compressive strength of soil by pushing =& ground and
polished 1/4" diameter loading piston into soil to a depth
of .25, The end area is .C5 square inch. A special adapter
foot is avaeilable as an option for use in very sensitive soils.
Compressive load ia tons per square foot or kg per square ca
is indicated by resding scale on piston barrel. Maximum reading
reached is showvn by friction ring. A plastic carrying case with
belt loop is included. Length 6 1/4",
Shipping Weight: 1 1b (.45 kg); .1 cu. ft.

E-281 Penetrometer Adapter Foot 1" diameter.

‘E-285 TORSIONAL VANE SHEAR DEVICE

This vane tester is used to rapidly determine shear strength
of cohesive soils in the f1eld or ladboratory. In use the vaned
foot 1is inserted into a flat soil surface and the upper portion
is turned developing increasing torsionsl force until the soil
shears. The saximum resding retained by the pointer 18 recorded
and then manually returned to zero. The standard vane device heas
a medium vaned foot and s scale of O to 1 TSF or Kg/sq. cm. im .05
units. A wrench is included to replace standard vane wvith
sensitive (E-288S) or high capacity (B-285HC) vaned foot. The

11
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m‘:lv of the nqmac:z:n ba:n could L"":;’;.’, 2.5 penetrometer tip—the end secisn § § & swchasical penctrometer. In b‘eh ‘:rf‘ &1:
to hydraubc pesetrometers. the penetrometer, which comprises the 583 brger m“;‘n:‘:‘ m for e 1.8 in.? ﬁ,ﬂr;';:;;
1.3 Mechanical penetrometers of the type Slements that sense the soil resistasct. & . o waer rods
described in this metbod operate incremen- C09¢: a0d in the case of the oo R o ion Sleeve, baving thesame out- REITS
wlly. using a lelescoping penetrometer tip, PERCTOmEIeT. the friction sleeve. = o | o gameter +0.024 16 —0.000 ia. (+0.5 10 axt extent
resulting in no movemeat of the push rods 26 ““_u.' cone-shaged point & W am) as me.bue diameter of the cone cally to tk
during the measurement of the resistance PemEITOmeter BP. TPOR which the ¢339 § gy} 1) No other part o the penetrometer Junp sbrv;
components. Design constraints for mechani- ing resisance develops. @l project outside the sleeve diameier. ot ¥t
¢al penetrometers precivde a complete sepa- 2.7 friction sleeve—a section of the el % sarface area of the sleeve shaltbe 15.50f 3220
Tation of the end-bearing and side-friction OELeT tip upon which the local 82’ (100 or 150 cm?) =2 % shall inc?
components. Electric penctromelers are ad- 508 fesistance develops. o ¥ 113 Steel— The cone and friction sleeve  the slidin
vanced continuously and permit separate 2.8 push rods—the thick-walled "-"- 8 % made from steel of a type and hard- ancs cor
measurement of both componenis. Differ- Otber suitable rods, used for advaoce’ S mitanie to resist wear due to abrasion by 323 ¢
ences in shape and method of advance be- penetrometer tip to the required tes! :T\c friction sleeve shall have and main-  the desig
tween cone penetrometer tips may result in sk o (0.5 um) penetro®
significant differences in one or both resist- V'T\--Nhu.dam;umi":y Kgso:.muw& of 205 (0703 ter is at!
ance components. D18 o S e R e riag ass et P ’MM Push Rods—Made of sauable stecl.  possible |
2. Definitioas T o caon approed ume 9 19°9 mu-ﬁ » must have a section adequat ’
. ) 199 Ongaaily Disned as D M4l -3 T L8
2.1 cone penetromerer —an instrument un mown-g‘r.
553
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Apollo 12: Penetrometer
(Surveyor 111)
Apollo 12: Vacuum 0-0.7
Direct Shear

Apollo 12: Direct 0.1-3.1
Shear (Surveyor III)
Luna 16 & 20: Direct 3.9-5.9

Shear and Coulomb Device

N/A
28-35
13-56
20-25

Mitchell (1970)
Jaffe (1971)

Carrier et al. (1972b,

- 1973c)

Jaffe (1973)

Leonovich et al. (1974,
1975); Gromov et al.
(1972)

go-cm-e-" mmmemeoemmesemsomoomsssosmmoosmoomsmmomooossosommEmmmTEmTmmTTITTTT

Assumed

Mean of 69 values
sHean of 25 values
Estimated
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39 inner rods—rods that slide inside the
\# rods 10 extend the tip of a mechanical

eter. |
P2 0 cone resistance or end-bearing resist-

: ) ::o,'_.mc resistance to penelnti_on devel-
~. P the cone, equal to the vertical force
. ged Lo the cone divided by its horizontally
< '.,‘gd wes. fmthe resistane
Ve 1 friction resistance, J,— e resis e
S, CONE AND FRICTION-CONE ° :;_f‘mﬁ,,, aeveoped by the. friion
. 1 “ o _ equal 10 the vertical force applied to
S OF soiL . - ::gn divided by its surfsce area. This
| et he sumber immaianch lolowing e desgnaion VTS Be g guistaace consists of the sum of friction and
i i bet in parenathy o ey aesion.
: ::&um-mw 4 : 4 7312 friction ratio, R, —tbe ratio of friction
' . . ; ; cone Tesistance, fu/g., expressed in
' _the form of a cylindrical rod with & cosing pasmance 10 J/ge xp
" inaton point designed for pencirating sol aad ot ';u cone sounding—tbe entire series of
* .ompo- Tockand for measuring the end-bearg 0% 3 paeation tests performed at one Jocation
_are de- nt of penetration M|:u1::m _;- ohus Saing 3 CODE penetrometer. .
siopof 22 friction-cone penetron aal § 4. friction-cone sounding—the eatire se-
upplics  pepetromeler with the additional copablly § ' g oererration tests performed i one
' soil i of measuring the Tocal side friction BORe § W ogyy when using a friction-cone penetro-
mstruc-  ent of penetration Tesistance. '3 Y pag, - )
2 3 mechanical _ptuu'?mf"f—% E 2 &-¥
-rﬂ;t:\l:; trometer that uses a set of inner rodslose 3
HTEE . - iate a telescoping pe:(m)arztew-hv-ﬂl . o: -
o bo S e o et AL o e bt dameics o
. of 34 elecrric_penctrometer=—3 ¥ i U2 2 0.016 in. (35.7 2 0.4 mm), resuhiog
’h..d" by ter that uses clccu-gc-l’orcc UMI”"’,.- i"w area of 1.55 in.? (10 cm®).
uge 2%, imto a noniclescoping Pene o :"“‘ st solls, the total soil-resistance
ter tp. OF -!ncu\mns-""m_ the Uip, s e 47 % the cont may be insufficient 1o support the
from the  of penctration resis . " é '-ill-l,mdnduwudmm
Yowever, trometer tip—the ¢8d o Chusical penetrometer. In this case. tips
1o 2.5 penetro A o3 B8 o hwger prosecied ares may be used if their
the penetrometer. "‘“l‘h‘;‘:’g"". 0 | B msies simier 0 the for the 1.3 in?
. elements that sense sty
J::x:x?: cone, and in the casc of ‘l::“ “llj Friction Sleeve, having the same out-
rtes tip. vene:om:"-m“f g,“;‘:';: ed poim 49 :-)na +0.024 to ~0.000 in. (+0.5 10
_sh rods i‘m“;‘::em tip, upon which the W Nl : ﬂ:hl:u diameter of the cone
sisance  PEPCTOT e develops. T2 8 et Noother part of the penetrometer
mechani- 06 resisian . section Il LS project outside the sleeve diameter.
2.7 friction sleeve—8 Wrace grea of the sleeve shall .
cle sepa- - which the w‘ . ”“ (100 | (2] belS.Sor
e-triction ‘tz:nm:::st‘zc:p::vdops- = ;’ 11y Skcl:]!:eo co) ::d*fnc jon sl
s are ad- 2.8 push rods—tbe mick-vul“ s ™ ade from cone tion sleeve
separate 8 pus dfof""'“ g L™ 'neeldnypemd.lwd-
s. Differ- other suitable rods, UseC d”“ -'L.u‘_ 10 resist wear due 10 abrasion by
v;:sce be- pelmromeler npw‘h‘ reqQuer e, :' “hm sleeve shall have and main-
result in  ——— ‘P:'mﬁmdm»m(osm)
o e
b FESSL  oee D-18 08 S04 \2:‘" Rods —Made of suitable steel.
;‘:“.‘m Bust have 2 section adequate
Current . . -
1979 Ong:mally i T

edioa DIML-IST.
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sustain, without buckling. the thrust required
to advance the penetrometer tip. They maust
have an outside diameter not greater than the
diameters of the base of the cone for a length
of at least 1.3 ft (0.4 m) above the base, or, in
the case of the friction-cone penetrometer, al
Jeast 1.0 ft (0.3 m) above the top of the fric-
tion slceve. Each push rod must have the
same, constant inside diameter. They must
screw or attach together to bear against each
other and form a rigid-jointed string of rods
with a continuous, straight axis.

3.1.8 Inner Rods—Mechanical penetrome-
ters require a separate set of steel, or other
meta) alloy, inner rods within the steel push
rods. The inner rods must have 3 constant
outside diameter with a roughness, excluding
waviness, Jess than J0 uin. (0.25 um) AA.
They must bave the same length as the push
rods (=0.004 in. or £0.1 mm) and a cross
section adequale to transmit the cone resist-
ance without buckling or other damage. Clear-
ance between inner rods and push rods shall
be between 0.020 and-0.040 in. (0.5 and 1.0
mm). See 5.8.1. : .

3.1.6 Measurement Accuracy—>Jaintain
the thrusi-measuring instrumentation to ob-
tain thrust measurements within =3 % of the
correct values. .

3.2 Mechanical Penctrometers:

3.2.1 The sliding mechanism necessary in
a mechanical penetrometer tip must allow &
dowaward movement of the cone in relation
1o the push rods of at Jeast ).2 in. (30.5 mm).

NoTe 3—Af certain combinations of depth and
tip resistance(s). the elastic compression of the
faner rods may eaceed the downward strcke that
the thrust machine can y to the inner rods
relative to the push rods. In this case, the tp will
a0t extend the thrust resdings will rise elasti-
cally to the end of the machine stroke and then

jmp Mﬁy when the thrust machine makes con-
tact with the push rods.

3.2.2 Mechanical penetrometer tip design
shall include protection against soil entering
the sliding mechanism and affecting the resist-
ance component(s) (sec 3.2.3 and Note 4).

3.2.3 Cone Penetromeser—Figure 1 shows
the design and action of one mechanical cone
penetrometer tip. A mantle of reduced diame-
ter is attached above the cone 1o minimize
possible soll contamination of the sliding

shanism.
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w &—An unknown amouwt of side friction
rvelop along this mande and be included is
»e resistance.

4 Friction-Cone Penetrometer—Fig-
shows the design and action of ooc
oping mechanical friction-cone peoc-
1er tip- The lower part of the tip, in-
¥ & mantle to which the cone attaches,
ces first until the flange engages the
u sleeve and then both advance.
rts—'l'bcshoulderalthelowerendohk
» sleeve encounters end-bearing resistance.
63 as much as two thirds of the sleeve resist-
-ymdnolb«riuoclﬁlahouldet.lr
his effect in soft 10 medium clsys.
S Measuring Egquipment—Mecasure
snetration resistance(s) at the surface by
able devicesuch as a hydraulic or clec-
wad cell or proving ring.
Electric Penetrometers:
1 Cone Penetrometer—Figure shows
lesign for an electriccose penctrometer
The come resistance is measured by
s of a force transducer attached to the
. An electric cable or other suitable sys-
ransmits the transducer signals to s data
ding system. Electric-cone penetrome-
thall permit continuous advance and re-
g over each push rod-length interval. -
1.2 Friction-Cone Penetrometer—1Ibe
yn of the friction slecve shall not be
:zhmo.ﬁn.(mmm)nbovetbebueof
sone. The same.requirements as 3341
7. Figure 4 shows one design for an elec-
Tiction-cone penetrometer tip.
§ Threst Machine—This machine shall
ide a continuous stroke, preferably over
uncepwermanooewshrodkngth.
machine must advance the penetrometer
{ a constant rate while the magnitude of
hrust required fluctuates (see 4.1.2).
yTE 6-——Deep penetration soundings unscally
ity of at least § tons (43 kN).
. modern machines use hydrautic pistoas with
thrust capability.

$ Reaction Equipment—The proper per-
‘ance of the static-thrust machine re-
-3 a stable, static reaction.
m?—'t\elnedrucn‘o-mvidedm
: the penctrometer resistance(s) measured,
cularly in the surface or aear-surface layers.
recedure
.1 General:

D 3441 s

4.1.1 Set up the thrust machine foy
direction as near vertical as pm‘k&.
4.1.2 Rate of Penetration—Mg, '

rate of depth penetration of 210 4 fypy
20 mm/s) =25 % when obtaining (

data. Other rates of penctration m:;:\ Y.

between tests.

NoTe §—The rate of 2 /min (10 mayy)
the time the operator needs 10 read
resistance values when using the e
tion-cone penetrometer. The rate of 4 Nh
mm/s) is suitable for the single resisuncy <
required when wsing the mechanical cogy
trometer and provides for the efficient y
electric penetrometers. Py

NoTE 9—The engineer may wish 10 oy
duced rates of penetration to study porag, >
pressure and other effects o the resistance Leng
Bent(s) obusined using the standard rate, a

4.2 Mechanical Penetrometers:

4.2.1 Cone Penetrometer—(1) Adwgy
penetrometer tip to the required test
applying sufficient thrust on the push i
and (7) Apply sufficient thrust oo the ling
rods to extend the penetrometer tip (s
1). Obtain the cone resistance ala
point (see 4.2.3) during the downward men
ment of the inner rods relative to the s
ary push rods. Repeat step (/). Apply ol
cient thrust on the push rods to coliaan &
extended tip and advance it 10 & MY W
depth. By coatinaaly repeating this twed
cycle, obtain cone resistance data ot 3
meats of depth. This increment shal st
narily exceed 8 in. (203 mm). A

4.2.2 Friction-Cone Penetro
this penctrometer 83 described in 4218
obtain two resistances during the 14
extension of the tip (see Figs. 2 and B0
obtain the cone resistance during the

~wed

“phase of the extension. When the jovar

of the tip engages and pulls down the Mci®
sleeve, obtain a second measurement o
total resistance of the cone plus the S087
Subtraction gives the sleeve resistancs *
Notz 10—Becaase of soil layerisg. .:

la;
usimmychm:ehmm;ddwﬂ‘.
ward movement of the u'prequindwﬂ‘_
friction measurement (see Note 14).
Nors 11—The soll frict
additional overburden

i @ paa

duce a speci
or special pr
ducer,” into
tween the F
o allowable m
y ,,:ds in relation to the top of the push  push rods wi

_resistance test data, or cone and

l& istance test data when using a fric-
dp. record only those thrust r:?d-

P occurat s well-defined point duning
4"" ward movement of the top of the

se of the elastic compression of  1ip-

> (see Note 3), this point ordinarnily §.2 Preve
- pe at oot less than 1.0 in. 25 _mm) face—VUse ¢
i ¢ relative movement of the inner the thrust !

o ien using the friction-cone penelrom- prevent sigr

. ooint shall be just before the cone between the

Lo ”J: friction sleeve. o?:t?n d:?;
of how w ng thr

-t 1;—F re § s_ho::d oaeneumple Abe™  tem of casit

-.",M"’ mgo(y&enu flrlicc‘ﬁoa—::n: .!‘i‘p. ote the buckling of t

"‘-nl' pressure when the cone engages the $.3 Drift
- i s tion-re- exceeding

1 Obuin the cone plus friction-re

ul reading as soon 38 possible after the f:::bgc:

088 t0 minimize the ecror described in even.u s

% 3 Usless using continuous recording as b rods

sfe 5. 1 operator should mot record a  PUS® o

gt ghes friction resistance if he suspects minm ::d y

poent pesistance i_s changing ;brupdy or \ateral thrt
A Bectric Penetrometers: *;‘:’t"‘:i:

" . tio
411 if using continuous electric cable,
it through the push rods. ;‘r:::z‘ ¢
432 Record the initial reading(s) with the . trucﬁ);
pasirometer UP Banging frecly in air orim ©°b%

s, out- of direct sunlight, and after #n q“:i::““::
ﬂ.ionpeoemlion.ustl\olesotbnthe e

Qeapenature is at soil temperature. - h‘Nm lh
_ 433 Record the cone resistance, of cone m“v*"":_

mamnce and friction resistance. conting-
@ vith depth of note them at intervals of
Sk sk exceeding 8 in. (203 mm).

5.4 We
sive soils

“4)4 A1 the end of a sounding. obtain 3 i‘l; pe:e
Sl et of readings as in 4.3.2 and check reof.
Gem aguinst the initial set. Discard the sound- m:u ua;

W, aad repair or replace the tp if this check
%ow satisfactory for the accuracy desired w;??;;'
e resistance componen(s). '

t Sleeve—
el Techalques and Precastioas applies t
A\ Reducrion of Friction Along Push soll in°
—The purpose of this friction reduction  tained 3
%% iacrease the penctrometer depth capabll-  these r¢
®. md a0t 10 reduce any differences be-  depth. {
fesistance componcnts determined by  rauos o
take pre

:u“' and elecric tips as noted in 1.3.
®omplish the friction reduction. intro- betweet
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to interrupt the normal advance of a static
penctration test for purposes such as remov-
ing the penetrometer and drilling through lay-
ers or obstructions too strong to penetrate
statically. If the penctrometer is designed to
be driven dynamically without damage to its
subsequent static performance (those illus-
trated herein in Figs. | to 4 are not so de-
signed). the engincer may drive past such
Iayers or obstructions. Delays of over 10 min
due 1o persoanel or equipment problems shall
be considered an interruption. Continuing the
stalic penetration lest after an interruptioa is
permitted peovided this additional testing re-
mains in conformance with this standard.
Obuin further resistance component data
only after the tip passes through the engi-
neer's estimate of the disturbed zone result-
ing from the aature and depth of the interrup-
tion. As an alternative, readings may be
continued without first making the additional
tip penctration and the disturbed zooe evalu-
ated from these data. Then disregard daca
within the disturbed zoae.’

5.7 Below or Adjacent to Borings—A cooe
or friction-cone sounding shall not be per-
formed any closer than 25 boring diameters
from an existing, undeckfilled, uncased bor-
ing bole. When performed at the bottom of a
boring, the engineer should estimate the
depth below the boring of the disturbed zone
and disregard penctration test data in this
zone. This depth shall be at least three boring
diameters. .

5.8 Mechanical Penetrometers:

.5.8.1 Inner Rod Friction—Soll particles
and corrosion can increase the friction be-
tween inoer rods and push rods, possibly
resulting in significant errors in the measure-
ment of the resistance component(s). Clean
and tabricate the inner rods.

5.8.2 Weight of Ianer Rods—For im-
proved sccuracy at low values of cone resist-
ance, correct the thrust data to include the
accumulated weight of the inner rods from
the tip to the topmost rod.

5.8.3 Jamming—Soil particles between
sliding surfaces or bending of the tip may jam
the mechanism during the many exteasions
and collapses of the telescoping mechanical

tip. Stop the sounding as 300n as uncorrecta-  method.
556
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S g LR T eay: s s giter Tusht e o e
3 e SR S"—T':,“:--":'é!!." g Py e '~ i 5 P Es
- = - SN
@ oun .
. s . LY
beight of the friction sleeve. ble jamming occurs. . v and Accurscy
5.6 Interruptions —The engineer may have 5.9 Electric Penetrometers: L L F“’“

Pecause of the many variables in-

5.9.1 Water  Seal—Provide - $ 1) i

e lack of a superior standard.
wnterpro?ﬁn'g for the electric \ ‘.‘h" no direct data to determine
Make periodic checks to assure thy, ~\ y of this method. Judging from its
bas passed the seals. b Y reproducibility ia approximately
6. Report o0il deposits. plus the g, and £, meas-

6.1 Graph of Cone Resistane o
report of a cone or hcuon-c:.'."..\ :

shall include & graph of the variatioq ™ e ke’ reappro

effects of special equipment and op-

D d44

erator
esh'm.:
2.1.
tion o!
7.1..
$%in
Nort
data fro

is sbject 10 revision et emy time By 1he respoanible sechn:
awderd ved ne withdrawn. Your comments are muite

te1 Yowr ¢

resistance (in units of tons/A* or |m|:|~ ond shewid be addressedio 4STM Heads

depth (in fect or metres). Succeysivg
resistance test values from the .‘:‘
cooe and friction-cone penetromeen,
ally determined at equal incrementy of .
and plotied at the depth corresponding g,
depth of the measurement, may be
with straight lines as an approXimation fy
continuous graph. o
6.2 Friction-Cone Penetrometey: -
6.2.1 Graph of Friction Resistance, L
addition to the graph of sone resistaacs g3
the report may include an adjacent o mygy
posed graph of friction resistance or by
ratio, or both, with depth. Use the my
scaleasin 6.l (s0e55). - - v
6.22 Graph of Frictiom Ratle, R—U%
report includes soil descriptions esinmf
from the friction-cone penetromeler dil$
clude 2 graph of the variation of friclea sk
with depth. Place this graph adjecesi B @
graph for cone resistance, using e W8
depth scale (see 5.5). cE e
6.3 General—The operator shall mut
his name, the same and location of )
date of sounding, sounding number, ns®
coordinates, and soll and water yrfacx @@ § -
tions (if available). The report shall #0 0
clude a note as to the type of pe
used, the type of thrust machine, the oo
used to provide the reaction force, ¥08
tion reducer was used, the W‘:
advancement, the method of '
condition of the rods and tip ofir 2
drawal, and any special difficalties &
observations concerning the perfo
the equipment.
6.4 Deviatios from Standard=T%
port shall state that the test proceds™
ilxcorducewithzhisllnbodo"‘
scribe compietely any deviatioss et

COLLAPSED
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ble jamming occors. ; Procison and Accuracy
i : s B eralor care, persons familiar with thi
s bave 8.9 Electric Penetrometers: g8 Because of the many variables in- estimate its precision ”: f‘:rn ownwx: this method

::o“"‘ wje’r;:,g:: Ms‘;’e m wugng, | v 304 the ack of & superior standard, 2.1.1 Mechanical Tips—Sundard devi

thlay- Make periodic checks 10 assuTe that by § ggoeens have 20 direct data 1o determine  Bon of 10 % in g, and 20 % in /, il

setrate has passed the seals e § B4 sccerscy of this method. Judging from its 7.1.2 Electric ﬁps—-Sundaré.dev' tion of
. 2= el reproducibility in approximately 5 % in g and 10% inf,. lation

ned 10 B ORI Y scil de .
Report <2TY glierm posits, plus the ¢, and f, mess-
etofts 6. R L3 ts of : o * Notr 15—These ds ;
~ v ilus 6.1 Graph of Cone Resistance, ¢ e #udl'ec special equ. ipment and op-  daua from mechanical n':s (T:: l";’)l l"flch similar

_,—@-l'ndmnnﬁ:’nqq-mhlﬁ esponrible sechnicsl od reviewed ever)
.:-4 .-A:r:zprow :‘-;rmu Your comments are ixvaed eithe - for m?jnn:-md ﬂww_m
should , :ud' . Fm.u‘,‘m )':: cm-ﬂmdwunﬁd:uﬂhnmd:'{:c
5-’“ 1y anend. If vou fevl that your commenis have not vecerved 8 far heaving :‘m

so de- upond’nconeorm»on-cou‘
t such shall inclvde a graph of the variation of oy
Jomin resistance (in units of tons/Mt® or OkM)wg
1 shall  deptb (in feet or metres). Successive amy
ingthe resistance test values from the mechumyg
Mionis cone and friction-cone penctrometnn, W
ling re- '.ﬂydewminedueq\nlhcrew‘.
wndard. and plotted at the depth correspoading Wl
u dsta depthofthe measurcment, may be ©
¢ engi- with straight lines as an spproximatisn iy
resuh- “continuous graph. e

terrup - 6.2 Friction-Cone Penetromenr:, =252
. asy be  €.2.) Graph of Friction Resisencefe

A ditiona] -sdditioa to the graph of eone reeistanct

knowm 10 the ASTM Communier on Stendards, 1916 Race Si., Philadelphia. Pa. 19103

hix

sevalu- the report may include an ad 2 .= ég :
.. rd data poudynphoff:kﬁanndsunai_ b e ’ ]
.Acone @epth scale as in 6.1 (see DNkl § 23 B
be per- 622 Graph of Friction Rasie, BB R == - 1R 2
ameters Teport includes soll descriptions _§_ - ¢ :
d bor- from the friction-cone kA § 1
ocmofa dudeamphdthevmﬁon L . it
ate the with depth. Place this graph b
ed zope graph for cone resistance, ) H 35 7om
in this depth scale (see 3.5)- w
cboring 6.3 General—The operatot et T
his name, the name and locstios of
date of sounding, sounding pumber. ol -
- particles coordinales.mdwilmd“lerﬂﬁ' et -5 - COLLAPSED ExTEND
von be- !ions(nfuvnihbk).mrepd‘“ i Tomea - - C e NDED
e Exsmple OMC-W'I?MMC‘L

possibly dudeanoteuwthetypeof 2
peasure- used, the type of thrust machine. " o
). Clean 'usedloprovidclhenacﬁoﬂ”"'
ton reducer was tsed, be -"‘
- For im- advancement, the me of !“"
»e resist-  condition of the rods and W@~ ¢
de the drawal, and any special dificeli®
ds from  observations concerning the P& -
the equipment. -
between 6.4 Deviations from SIOA""
may jam port shall state that the test p)‘
(ensions  in accordance with this Hﬂ:l”,‘ »
.chanical  scribe compietely any deviano® -3
corrects-  method. .=

b
e
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Designaton: D 1586-84 . o
qslﬂ’ — LR -~ !"’ . e of tBe operator’s rope slackening to  cave
i - o AR T N.‘lhm“m,'dividcdby360'(5« Fig. ). samp
- o pling rods—rods that connect the 5.2
- ) T LR sssembly 1o the sampler. Drill rods  rods
i for this purpose. samp’
’ d“' ;:;wzﬁation for Standard Pene- pling
Standard Method for "; Tex 8 tem b.ﬁoim engineers com-  tia) *
. A"
PENETRATION TEST AND SPLIT-BARREL SAMPUNG o it 74 to this me em;
S'O'LS' * * e .. - T - and Use of 1.
T . - . N "'muﬁodpmvideslsoilsampkfot No-
ﬁ:&d;h—g:ﬁh}ﬂlqﬁ?o}s&u_qxb{m@?uﬁg ; ~ '..,_."” AP purposes and for laboratory tests :n:m_L
adoption o, is revinoa, . i d
?mﬁ:(c)&nmahhhmjﬁ!*@ - _‘-\ Wuhﬂo&ﬂn@dﬁ:ﬁ:ﬂlﬂp‘t{ﬂlﬁ; peglig
m-nwuu—wpm»mm»huﬁdma&m,hfm&,&‘: ,wwmm urbaace 100 £t
o Stonderds A C B L E = B O mebod is used extensively i a great 53
1. Scope v C e """”m"‘""""“""’"‘“"% o T: geotechnical exploration projects. B¢ cor
1.1 This method describes the procedure, gea- ”‘;‘J'";ﬁ,"“m"‘m'h':::m - & toeal conelations and widely published  Fif- 2
enally known as the Standard Penetration Test mmawmmm?“ peeitions which relate SPT blowcount, or N.  ands®
(SPT). for drivinga split-barrel sampler t0 obtain 'S e ey Al B 0t the engineering bebavioe of eanh.  denie
& representative 3ol sample and s measure of the - “"3“’““. . Lo b = s ead foundations are available. a eon:
: B s drive-weight axse &". L% Voo permi-
pu:nmdmwﬂmmmdthem- m"""‘&?m"&w' fall g, g, ‘ record
N . N mer system, - - ” . . H
12 This standard may involve hazardous ma- J.;'zam—uwﬁondm ia § 81 Dnlling Equipment—Any drilling oquip- ™ "g
tevials, operations, and equipment. This standard, it #at provides at the time of sampling a  PE¢
does not purport 1o address all of the safety prob  $5XTHY contising of the 140 2 1 B Wligt bty cean open Bole before insertion of the  Nor
lems associated with its use. It is the responsibifs '8 impact weight is successivaly e nde:::sum!he tion test iy B -
ity of whoever uses this standard to consult gnd  4709P3 10 provide the energy that acomylify por o undisturbed wﬂwﬁ-‘tx hoers 1
establlsh appropriate safety and health practices .. ™ 8mPling and peactration.. . s :"l:‘buo-m;u ing pieces of equi “ﬁf’ 5.4
: and devermine e applicxbility o regulatorylims.”. 38 Aemover diop systen th pERmEI L L e e s borchoke 5.4
~ tations prior to use. For a specific precautiondry ™. M'&'ﬂdﬂm‘:’d "hdg Seme mbsurface conditions. =~ - weigh
- mament se 541 e 0 roduce the ow, iyl A1 Dreg Chopping, and Fisiai Bius, les %08
13 Thenluasut_edm inch-pound units are 37 MWMM—MPO“‘.‘ -“?.(162 nm)anduuﬂtr_lhan.u_id. !hean\
10 be regarded as the standard. weight asembly used to guide the & A8 :-)n&mmybemdmcoojucuon ::?g
L hammer. » I apes-bole rotary drﬂlin.qcujn;-adme& L
* : . 3.8 N-value—the blowcount represcamind '-*‘ll methods. To avoid disturbance of  Catheac
21 ASTM Standards: o the penctration resistance of the wol. The B Wadertying soll, bortom discharge bits are pot  imped:
D 2437 Test Method for Qlassification of Soils . . only side discharge bits are permitted.  ®m). |
o, value, reported in blows per foot, equels " .
for Enginecring Purposes’ .. of the sumber of blows required w @@ ¥ 112 Roller-Cone Bits, less than 6.5 in. (162 ssemt
D 2438 Practice for Description and Identifi- sampler over the depth interval of 6 0 B :dm!hnZJin.(ﬁmm)indhm- Nott
cation of Soils (Visual-Manual Procedure)® (150 10 450 mm) (see 7.3). M ey be used in conjunction with open-hole  be per:
D4220 Practices for Preserving and Trans- 3.9 AN—the number of blows obaiasd I8 filing or casing-advancement drilling T
pocting Soil Samples’ each of the 6in. (150-mm) imervabof s J Shots ifthe drlling fluid discharge s defleced. ~ 5.4.2
. penctration (see 7.3} 28 e lollow-Stem Continuous Flight Augers,  trip, se:
3. Descriptions of Terms Specific to This Stand- the 1ol oo® Without a center bit assembly, may be  system:
3.10 rumber of rope turns— @) Neaq . e a
ard angle between the rope and the cabesd 8% .hh_’:’:bonn;mmdednmmof ratus =
3.1 anvil—that portion of the drive-weightsss — - augers shall be less than 6.5 in.  while =«
sembly which the hammer strikes and through 'mmiwm%“:‘_’l *‘:;)‘?dmmmZJin.(Sé mm). 55 .-
b o s e e SR ST o S i el
32 cathead—the rotativg drum or windlam _Curs sbeos sorovd S 11 1964 T2 gt ~-‘:'11im(56 mm) in dameter may be  vided ir
in the rope-cathead iRt system around which the og0a D 1384 - 67119741 - - N ﬂﬂthesideofdlebotin;doesno( project
operator wraps 2 rope to lift and drop the ham- 1 tnmns! Bk of ASTM Sondarsh. Vol 04 Eall
<3
99
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AND SPLIT-BARREL-SAMPLING OF .

. P

) Mmﬁm-ﬁ-ﬁ.‘
}tum'd:m-,mﬁnmmmd--—!
e the b I e DOD ndes of Soelicam
. =Py dnd for Kning 8 Dt
wwind-_-,f: T e P

sicoesvely tightcaing ind loosaing e

3.5 hammer
2y prod- - 3y impect weight which is

036 hammer drop sysiem=-2bat pitt

e which the
orylims- Arive-weight assembly by which ¢
JHONATY - pomplishes the Iihinsmdms‘
uce the blow.
units &re me;.;oz:dm" fall ‘uide-—thftpﬂd:s
wei;hxmemblyusedlogmde!h_t
hammer.
3.8 N-value—the blowcount np"’-l ﬂ.i
the penetration resistance of the o™
n of Solls nlue,r:pomdinblmp:rfoql.ﬂ:’."
of the number of blows required A1)
. Mentift L mnler over the depth inerval F 69T
cedurel (15510 450 mm) (sce 7.3) yoF
¢ Tans  * 39 AN—the number orb_loﬁ#f oy
each of the &-in. (150-mm) 0 ’
netration (see 1.3)
s pe3.10 number of rope vl ,_(
anple between the 10p¢ and ’:ﬂ .
weight 85~ . P
LT T
1 the dnll Subcommasee DIt 0l om
» Ot -
- windlass b(s':ln:ﬂwwwws.:;'.’l»—’,_‘:

ber 1954 Ongnain pudiished

ehion D 1386 - 6711874 vans
a‘_,‘/‘.‘d‘:ﬂlw » .

.o of the operator’s rope slackening to
oop e hammer, divided by 360" (see Fig 1)
.’_"Wingmds—-rodsthuwnmm
thblywthe-mpkr.brﬂlmds

312 SPT—abbitviaton for Sundard Pene-

- Test. 8 term by which engineers com-

"Wnﬂh .
"tl'nismhodprovidalsoilnmplefa
J and for laboratory tests
sate for soil obtained from a sampler that
-Muhmshwwtindiamhmintbe
_--u‘l'hismethodiswdu‘lu_uivdyham
amimy of grotechnical exploration projects.
@adations which relate SPT blowcount, or N-
‘Whe, a8d the engineering bebavior of earth-

“oeiks sad foundations are available.

T e T

<31 Drilling Equipmeni—Asy drilling equip-
WS Bt provides at the time of sampling a

“er aad enisures that the penctration lesl is
on undisturbed soil shall be accepta-

Yhe Sollowing pieces of equipment have
P ©e suitable for ing 3 borchole -
Y dmwe maduurace conditions. -

:Jnaopﬁuwruhaﬂlﬂs,h
i (162 mm) and greater than 22 in.
-"'ﬁlmclam'hemndinmjuaion
~WM&-ﬂlin;uusing~adm
rfling methods. To avoid disturbasce of
;‘.‘:mnu.mmmwuumm
--Mﬂ-Caw Bits, less than 6.5 in. (162
'g.,mmuin.(.%mm)indiam-
Ny h_'ﬁdinconjuocﬁonwithopea-bok
Shy, or casing-advancement drilling
g,,:"munuiddmkm
&y g " %0ow-Stem Continuous Flight Augers.,
N o e T D amembly, may B
v the boring The inside diameter of
W gy o augers shall be less than 6.5 in.
iuawwman?lin.(ﬁmm).
\n% Continuous Flight, Buckel and
v, o 65 in. (162 mm) and
"hﬂ ta. (36 mm) in diameter may be
%0 the side of the boing does bot

cave onto the sampler or sampling rods during
sampling : -
8.2 Sampling Rods—Flush-joint steed drill
sods shall be used 1o connect the split-barred
sampler 1o the drive-weight assembly. The sam-
pling rod shall have & stiffness (moment of iner-
tia) equal 10 or greater thao that of paralld wall
*A" rod (a siee} rod which has an outside diam-
eter of 1% in. (41.2 mm) and ap inside Gamerer
of 1'Ain. (28.5 mm). :
Note }—Recent research and compantive testing
*A" size 10d 0 “N~ size rod, will unually have 3
pegligible effect on the N-values 10 depths of at least
100 A (30 m). S

Fig. 2. The driving shoe shall be of bardened steel
and shall be replaced or repaired when it becomes
dented or distorted. Theuse of livers to produce
8 constant inside diameter of 1% in. (35 mm) &8
permitted, but shall be noted on the penetration
_recosd if used. The use of s sample retainer basket
i permitiad, and should also be noted oo the
penetration record if used. .
Nove 2—Both theory and svailable test dsta

SIFTR
that N-valuss may incresse berween 10 10 30 % when
Kners are med.

§.4 Drive-Weight Assembly: -

5.4.1 Hommer and Anvil—The bammer shall
weigh 140 £ 215 (63.5 £ 1 kg) and shall be 2
the anvil and make stee] oo steel contact when it
is dropped. A hammer fall guide permitting a
free fall shall be used. Hammers used with the
cathead and rope method shall have an un-
impeded overlifi capacity of at least 4 in (100
mm). For safety reasons, the use of a hammer
assembly with an internal anvil is encouraged.

Nore 3—h is suggested that the bammer fall guide
hpuuwd;'mﬂdwuaﬂcmwuain-
specior 10 judge the hammer drop beight

$.42 Hammer Drop System—Rope-cathead.
trip, semi-automatic, of automatic bammes drop
systems may be used. providing the lifting appa-
ratus will pot cause penetration of the sempler
while reengaging and lifung the hammer.

5.5 Accessory Eguipment—Accessonies such
as labels, sample continers, data shees. and
proundwater level measuring devices shall be pro-
vided in accordance with the requirements of the
project and other ASTM sandards.

. PN
> - - “a® v R o [P VR =
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6. Drilling Procedure

6.1 The boring shall be advanced incremen-
tally to permit iatermittent or coatinuous sam-
pling. Test intervals and locatioas are normally
stipulated by the project engineer o geologist
Typically, the intervals selected are 5 (1.5 mm)
or less in homogeneous strata with test and sam-
pling locations at every change of strata.

6.2 Any drilling procedure that provides a
suitably clean and stable hole before insertioa of
the sampler and assures that the peoctration test
is performed on essentially undisturbed sodl shall
be acceptable. Each of the following procedures
have proven to be acceptable for some subsurface
conditions. The subsurface conditions antic-
pludsbouldbecoasidﬂadwhn:decﬁn;tbe
drilting method to be used.

6.2.1 Open-hole rotary drilling method.

6.2.2 Continuous flight hollow-stem auger

6.2.3 Wash boring method.

6.2.:4 Coutinuous flight sobd auger method.

6.3 Several drilling methods produce unac-
ceptable borings. The process of jesting through
an open tube sampler and then sampling when
the desired depth is reached shall not be permit-
ted. The continuous flight solid suger method
shall not be used for advancing the boring below
a water table or below the upper confining bed
of 2 confined non-cobesive stratum that is under
artesian pressure. Casing may not be advanced
below the sampling elevation prior to sampling.
Advancing s boring with bottom discharge bits
is not permissible. It is oot permissible to advance
the boring for subsequent insertion of the sam-
plersold,vbymuusofpnvimsumplin.vim
6.4 The drilling fluid leve! within the boring
or hollow-stem augers shall be maintained at or
above the in situ groundwater level at all times
during drilling, removal of drill rods, and sam-
pling.

7. Sampiing and Testing Precedure

7.1 Afer the boring has been advanced 1o the
desired sampling clevation and excessive cuttings
have been removed, prepare for the test with the
following sequence of operations

7.1.1 Ariach the split-barrel sampler to the
sampling rods and lower into the borebole. Do

;“mf"l’:d"“"“‘“"“”d'”"“’"'ﬂ“ . pammer shall be moﬂrﬁhcd using

it g s otlowing two meth .

2 Foiton e bammer shov g 3§ St g i, automatic. o s

ma bedonebefzthe su'nph“h '{l-l‘:!mmcfdmsysmmwhicbﬁhsﬂnlm

pbymbwerdiuwdn’:cmmﬁ"ﬁ m)mmmamdano%ilwdrop]o:
7.13 Rest the dead weight of the g’ 4307 m £ 25 mm) unimpeded.

rods, anvil, and drive weigh e wngy § ”gjngaalhadwp\lltwﬁ'

rods, anvdl, an At 00 the bong ¢ 1wl ‘Mmme‘.wnugathmm

boring 2 -vvlyl;:nuuo-.rN e i,mdlhcsyutmlldm‘i“

&m:: :t:ove tbenumﬁl::::d dy ‘mfum(oﬂtefoﬂovint .

B oncin and e e oy vy | #7 e The cathead shall be essentialty free of
714 Mark the drll rods in three s 1A o grease and have 3 diameter in the
i ( . gy § * i 250 mm).

ﬁ(O.l&quw&nm“‘ “f:goamusos;uwbeopenud s
iy impact of the el M ,pggdo(m'aﬁonoflmkf.\d.“'he

been’lyouervedbtach's-m(o.ls-.)‘_b g of rotation shaB be

e o Fns’ te speed of o2t
7.2 Drive the sampler with blows S g § 99 I8 18- . on the

140-1b (63.5-kg) bammer and count the may § 5 1423 Nobmd;a:di“'rw o

m%?m#mm.hl? g ::mnoow test, as shown in Fig. 1.

occurs . .- oint 8. )
72.1 A total of 50 blows have been :.=..n-mapawmﬂ::‘h"*;:
during any ooc of the three 6-in. (0. , m""‘w"“'";fw“hm
mentsdescribed in 7.04. . [ : o F AL cathead. 1t is groenlty knows and
121Awu|_cal'_lmhb-shvghl§* Mmgmw“m
7.2.3 There is no observed advng_jt *:&“{;mw"::'u cdglyrns
ing the jon of 10 )

T ot B
7.2.4 The sampler is advanced the ““9424 For each hammer blow. 3 30-in. 0.7¢

18 in. (0.45 m) without the Emiting blow st ¥ @) and drop shall be em by the ope-

oe;u;iuadacn. wi.u;;.u.z.qn‘-: ..T:uop:z“w““:lﬁh"‘wlmﬁu

eﬂ'eclachﬁn.m(eonl;m:afpeuu-aﬁOll- mhmnthcwpohhtmke

Gon thereol. The first 6 in. is considerad W8V ¥ 7.3 Bring the sampler 10 the surface and opc

seating drive. The sum of the aumber of W8 the percent recovery or the length of

required for the second and third 6 is. of @ fmple recovered. Describe the soil samples re-

pencoatios @ K. Grewnd a3 10 composition, color, stratificatos.
the s ¥ § @i coadicioa, then place one Of more fepre
percioet® | wmmive poctions of the sample irto sealsble

tration is termed the “standard
sistance”, or the “N-value™. If
driven less than 18 in. (0.45 m), as

7.21, 722, or 7.2.3, the number of bows ¥ §  Moimareproof containers (an) "Mﬁ';’"
each compiete 60, (0,15-m) increment sl 9 § “Siag or distonting any apparent SraC dn;
ucbpnnialincremcnlshubemddﬂ. txch container to prevent evaporaion

bori For partial iwzm&ﬂ“‘ Swsmre. Affix labels to the conuiners bearag
Dtn:t:ll:i:mﬂbeupondwtbew"" _ #b designation, boring number.um_pkdevdi-
(25 mm), in addition to the number of S 4 the blow count per 6-in. (0.15-m) increment
the sampier advances below the botiom I & the samples against extreme temperatere
boring under the static weight of the drB B ¥ if there is a soil change within the
the weight of the drill rods plus the ssai< 03 :-ah,m.jurormhmmmmdmc
e o mer. s information shoud e 989 B Wlecaion ig the sampler barrel
on the boring log. - S B L —
14 isi ing of s 1 Segart ,
T4 The e 0 dropwins - &} Drilling information shalt be recorded in
B ®fed and shall include the fllowing:
N
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“anmpknodmpcﬂwlhedl i

Py Rammer shall be accomplished using
’gom:l’onowingmmhods

- mer sbove aad owing "
oy :h: ::v::ull‘:: m sampling mt.~ ';:1.4.] By usipg & trip, automslic, Of SCMi-au-
By mybedonebefotuhcumphncmdsd- _’uthmmaﬁwsyumwbghhnsﬂnlw-
- are iot0 the borebole. - "¢ » hmmuudnlqnnwdropao:
- ﬁ.l)mmwﬂdﬂ“d&* ?h.(ﬂ.?ﬁm-tﬁm)umw
M 4 ‘anvil, and drive weight on the bonom ¢ H342 by wing 3 cavead 10 pull » 1ope 1
the boring and apply 8 scsting blow. If excen -{ﬂwme_hm c o :
‘d.' cmﬁnpmmnwdnﬁtmr‘. ‘mﬁw;mm M ‘open' tion
3 Munmovtﬁcnmplﬂnﬂnmh. - 0 ad shal b I ree of
test ﬁomuum.dmmm‘_‘_f___v a.I.AJ.IT\R 2 esgnn.ny o
hall VIAMmm&inmdshm.ﬁ g, Oil, or grease have a diameter in
ares - 15-m) increments so that the admen o wdtwiOn UNwSIDD,
face meumpletundﬂmthpdof!khn_. -,J..AJJTRMMH operaied at 3
B D¢ ly obscrved for each G-in. (0.13-m) e “gaimu specd of rotstion of 100 RPM, or the
the b RN -’umuuddmmuw
; sampler with biows frem & gt boring log-
i&%{;&:wﬂmh‘ S WWM}%WWMH:
v J s applicdin cach 6-in. (15w} ot & £ sy be waed during the perlormance
et one of the following ooCuTE REETY # gpeseirsion ket, mbown s Fg 1.
L vl of 50 blows have beca or —The epenor thoukd racrlly we cier
o dmin;anyoaedtbem&'m.(o.lsdb ‘.ngammw(m:)wau“ .
nac- 1s m7a4 .- b “:-"dﬁtuﬁld-ﬁi A 3 “n:“’
:ﬁ ﬁﬂﬂAuﬂdl@M‘,_ ! ~3ﬁhu2’t-u-u¢mwmﬁdmﬂy'
® ¢ »23 There 8 30 day” ' sad should mot be weed -
e during the 3 cathead rope shosld be mais- ©
v B i sampler is advapced the @ ._%’ium;hmwua.uso-mo.w
st L D AS ) withowtthe miing BT end drop skal be emploved by the cper-
anced ‘n.asdcsaihd'ﬂ"ll-’,. & ;.“mdﬂhﬂmqmm?gme
pling. unecmdmembadum_ﬁ “oe thall be performed hythmically without
: dfeciachhn.(O.lSm)ol'paﬂ:"‘..‘ B~ the rope at the top of the stroke.
"',,,‘: H Md‘lhﬁmﬂn.iswd‘" ¥ B Bring the sampler 10 the surface and opes.
uﬁn;dﬁve.mun'ohhen "F" e percest recovery or the length of
Rl uiredfoﬂhtsetolldmdlﬁ"“". Py - Nrwgle tecovered. Describe the soil samples re-
s ,::.ionis nz-nndudv""‘". wnd &5 10 composition, color, stratification.
< m‘.a&‘h’-ﬂm'-“‘h_‘.#.. @aditicn, then place oac OF KOTE FEPIC-
borisg & than 18im QASBL ST p Maabve portons of the sample inio sealable
smor 721 7.21.«1.2.3.&:“#‘ - .'w._ containers (an) without ram-
ures uch'gompkus-in.p.ls-m)hcﬂ:# 1o hﬂm sny apparest muﬁauon.
i nm ud\p-nillinacmldunbuw‘“i g mlopnm(mmoﬁ‘od
Dorin ufag.n'nlw&!" P ¥ o Affia tabeks 10 the containers beanng
| ‘mmumﬂ»*'::"_ Q:v'mbaiunumbﬂ.nmpkdep(h.
(25 mm), in addition 10 tbe sumbes ¥ .ghz'mwo-im (0.15-m) increment.
the sampier W“": g nmples against extreme lemperature
’::t:i: \:orin;un;u stanic weight of % = o B :‘:"_ilnﬂdnnpﬁu\inug
vith the mwdshtdm@mds"_‘“buf _f\.h&:'mf:buchmtummm
1w the on the boring log- and v Ll _‘JN
ole. Do 7.4 The s B ﬁhm"infmlion shall be recorded in

... wd shall include the following’

. sampler,

.-mw-u'“.d H - .3t x

- recorded in the field and shall inctude the follow-

8.1.1 Name and location of job,

$.1.2 Names of crew,

'8.1.3 Type and make of drilling machine,
-4.1.4 Weather conditions,  ~ .

8.1.5 Date and time of stant and finish of
boring.

8.1.6 Boring number and location {suation
and coordinates, if available and applicable).

8.1.7 Surface clevation, if available, -

8.1.8 Method of advancing and cleaning the -
boring. e

8.1.9 Method of keeping boring open,

$.1.10 Depth of water surface and drilling
depthatﬂnﬁmeofmndbsofdrﬂlin;ﬂlﬁd.
and time and date when reading of notation was

8.1.11 Location of strata changes,

8.1.12 Size of casing. depth of cased porion
of boring.

8.1.13 Equipment and method of driving

$.1.14 Type lmpl&mdhﬂhandm&
diameter of basrel (note use of liners), - :
l.l.lSSiu.lwt.lnd:ecdonlenphddn
le emanks. L i
$.2 Dawa cbuined fof each sample shall be

s2.! s:mpkdcpdluﬁ.d'milmd.tbeﬂmpk
number, T . -
8.2.2 Description of soil.
£.2.3 Strata changes within sample,
$.2.4 Sampler penctration and

lengths, and ]
£.2.5 Number of blows per é-in. (0.15-m) o
panial increment.

9. Precision and Bias

9.1 Variations in N-values of 100 % or more
fhave been observed when using different sand-
ard penciration test apparatus and drillers for
adjacent borings in the same sos! formation. Cur-
rent apinion, based on field eaperience. indicates
that whep csing the same appanatus and dnller.
N-values in the same soil can be reproduced with
a coefTicient of variation of about 10 %.

9.2 The use of favhy equipment, such as an
extremely massive or damaged amvil, 3 rusty
cathead. 8 low speed cathead, an old. oils rope.
or massive of poorly lubncated rope sheaves can
significantly contnbute 1o differences in N-values
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obtained between operator-drill rig systems.

9.3 The variability in N-values produced by
different drill rigs and operators may be reduced
byumuringlhapaﬁoflhehamm«mru

delivered into the dnll rods from the g2 e v
adjusting V on the basis of com gy -

PAntive
A method for energy measurement agg

adjustment is currendy under devel -

A&

sppronimauty 1% terms

(o
) dockwise rusion
approzimenedy 2% terms

- : ad (3) Cochwiss ol
Torns and the Angle for (g) Commerciock wisn Rotation
nG. 1 Definicions of the Numbar of Rope o

g
N .l R
= - B
S S
N |0
N
- TN
- -
i S ~
ER \ X
TR

y/.
A

G
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LUNAR SOIL STIMULANT 8TUDY, PHASE B

PART I, OUTGASSING CHARACTERISTICS

PART I: INTRODUCTION

Background

1. A study to develop a lunar soil simulant whose physical behavior In the
earth's gravity field approximates the behavior of lunar soil in the reduced gravity
field of the moon was initlated In Fiscal Year 1966. The first phase of the study
which was completed and reported()® in April 1966, was to develop a material, des'gn-
atsd Type A Lunar Sofl Simulant, ‘which. in an soviroament varying {rom atmos-
pheric to 10 torr. would have certain prescribed properties. The matsrial developed
under this phase was gramiar and was composed of uzweathersd diabase rock,
crushad and processed to fall within ungnhuonbcndsmﬂﬂpul. Other
pertinent properties inctuded the following:

Bulk density (free fall state) . . . . . < - o o - 1370-1450 kg/m3(85-90 1Mt
Particlespeciflegravity . . .. . . . oo v oot 3.02-3.18

Lizht reflectivity (albedo) ces e menens e 007000

Sinkage under simulated astronauts weight
0{0.352 kg/em? 5 1ba/1n.2) . . ... .o h ... 2.5-5cm (12 I0.)

ple lole

2. The second phase of the overall study requires a more severe environment
for the testing. The Type A simulant developed during the initial phass of the study
was used in the Phase B investigation, The required vacuum level for the Phase B
study varies from the roughing range to spproximately 1x10~5 torr, Should the
Type A simulant prove unacceptable in the Phase B savironment, it will be
modifiod to approximats certain outgassicg and thermal propertiss established
from earlier studies. The Phase 3 Investigation is broken into two parts:

(1) outgassing characteriatics and (2) thermal properties. Phase C of the overall
study will test the lunar soil simulant in 8 environment of 10~8 torr and below.
This vacuum level approaches that of the lunar surface and will provide a severe
test of the ability of the lunar soll simulant to meet prescribed properties.

Pu and

3. The purpose of this report ls to presant the outgassing characteristics of
the simulant produced under the first phase study, The report is limited toa discus-
sion of the results of conditioning, outgassing. and overiay experiments on the crushed

*Raised numbers in pareuthesis refer lo references.
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diabase material. Problem aress that should be overcome so that man-rated vacuum
chambers may be evacuated to a specific pressure with a minimum of delay due to
' simulant outgassing are discussed, The res:lts reported herein constitute the first
- part of Lunar Soil Simulant Study, Phase B, described above,

Approach i

4.  The high vacuum facility avallable at these Laboratories was used to deter- .
mine the cutgassing characteristics of the simulant, The tests included the following:

2. Length of ttme required to pump down to a specific pressuce,
b. Outgassing rate at the specific pressure, and

€. The ocuigassing characteristics of the simulant under repeated pump
cycles of pumnp down and repressurization.

- 8. The experimental approach to accomplish the work in this study involved
- oomsideration of the following bedavior characteristics of the simulant in the Phase B
environmasat: -

a. Becauss watsr vapor is the most difficult source of cutgassing to
sliminats, the simulant should be stored so as to exclude moisture.

b. Conditioning of the simulant should be 80 designed as to remove as
much adsorbed water from the htorlorouho material as possible prior to placement
in the vyacuum chamber,

8. The techniques employed included consideration of the following:

2. Couaditioning of the materisls was accomplished by heating all quan-
tities of the matarial in air, The effectivensss of the program of preconditio. ing was
evaluated by a seriss of plots relating prebsurs to time. Analysis of this data should
provide valuable insight into gas loads to be anticipated for large quantities of tae’
simulast,

b. The effect of nitrogen overlays between successive pump down was
examined to evaluate overall system characteristics under simulated day to day opar-
ations,

c. Special emphasis was placed on describing pump down in the roughing
region so that a8 complets picture of gas load as a function of time could be obtained.

10



A closed form solution of the one-dimensional diffusion squsation was

d.
obtained, and the theors

tical relationship between pressure and depth within a mass

of simulant was plotted.

,
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PART I: EQUIPMENT AND MATERIALS

High Vacuum Facility

1. 'rhom;hnmhdutyuuﬂormlmdymuudmumajorm-
ponents: forepump, diffusion pump, and working chamber. The mechanical forspump,
rated at 7.1 liters per second (15 cfm), provides initial or rough pumping down to &
pressure of about 10-2 torr, at which point the diffusion pump ‘s put into the system
bym:wﬂmﬂymhdphvﬂw. A watsr cooled chevron baffle Is in-
mudmﬁodﬂhdumnﬂbcmrbnmnmmm. A
u-c-(.-h.)dld&dumvtﬂsuhﬂmhcwdlmumm
umd@M)ymﬁo-hmbmtydnmhwmw. The
mmwd&mumwmmbmu (a) at the entrance o
the throat, @) in the throat, (c) in the gate valve, and (d) in the chevron baffls. The
m-mumummuwbmuymumnrw
(668-cim), 'rhmkhcchnhumwdan-hll“-u(ll-h.)msuﬂ
mwmﬂblwnm)d—omb’“—mut-h)w
pyrex bell jar. Ahtylrﬁborp.htpmiduﬁopthelphhum-ul.

8. Pressure is monitored by three gauges. A therrocouple gauge placed in
hm@iﬂ(uupmmunmmm and 18 used primarily to
tadicate when the diffasicn pump can be activated. A oold cathode jonization gauge
pmldumommtmbmudmbhnldIO'7mm. The gauge
unmuhummmuwmm:uemm and will
&.Mmhduhlpmumtwmupnmhm»m-m
Ammrmmwumuumuwmmpm-
pmmmlhherquMamhudonbﬂonldlO“brr

sure of the sysism,

r 8 t
9. ThTmAnmmzmuodhhmMphudﬂn-.Myudm
stored in 8 polysthylens lined steel drum. The quantity to be tested was drawn from
this stocipile. The moisture content of the stored simulant was less than 1% dry
weight.
sst Containers

10. Four test containers were used in this program and are described more
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fully in tabulsr form below, Each cylinder consists of a length of standard aluminum
plpe cut to length and welded to an aluminum base plate. The four cylinders com-
prise two groups of containers based on nominal volume. The smaller volume A oon-~
tainer was used for the majority of tests, The larger volume B containers were used
for comparative lasts to provide a basis for estimating gas loads based on either

P T T

BB VTS ittt SRS Fass  TE T

volume or surface ares.
of ingr D
Cross
Sectional Weight of
Tost Diameter | Helght Area Volume | Simulant
Containers om cm «m3 x
A 10,18 10.16 81.07 $23. 87 1.18
B‘ 20.18 8.258 319.23 2635.23 3.82
Bz 12,07 35.40 114.42 2908.27 3.82
83 15.24 15.24 183.38 2704.41 3.82
Conversion Factor
em x 0,304 = inches
cm? x 0. 155 = squars inches
cm3 x 0,061 = cublc inches
kg x 2.203 = pounds
13
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, PART IIl: BPECIMEN PREPARATION AND TEST PROCEDURES

! - Test Specimens

11, ThTywAnhuhathhnMyhuhmbuomth&
test container through a cons-shaped hopper supplied with a quick opening valve. The
distance from the valve o the bottom of a container is 33-cm (13-in.). The simulant
B was allowed to fall freely into each container, but #o other attsmpt was made to assure
. uniformity of placement density.

Spectmen Conditioning

12, Simulant conditioning to a temperature of sither 150° C or 325° C was
accomplished in a 3, 75 KW oven, With the single exception of the "unconditioned A"
sample, all russ were made oo conditioned material. For each test, the simulant was
- heated to a specified temperaiure for a specified length of tims, deposited into Jbe test
countainer, and immediately placed i the working chamber. Pump down was started
immediately on the hot matsrial. Becsuse pumping continues oo materizl heated shove
room tempsarature, 2 condition approximating internsl bakeout was developed.

ce 8w

PR L = LR I

$ 13. The temperaturss to which the simulant were heatsd provide
a broad picture of the effect of prebesting on simulant ouigassing. The Asro Vac
Corporation®) identified water vapor as the primary catgassing product st pressu. es
i on the order of 1 x 10~5 torr. The primary cbjective of the oven heating was to drive
- off hygroscapic moiswre as well as the more tightly adsorbed water molecules. Vey
and Nelson(3) investigated the composition of the gas desorbed during the outgassing of
i four mineral powders and sands as a function of temperature. They concluded that the
. compodﬂudhplulmmmulyhmbrdlnhcnhhsbdudthﬂh
. predominant constituent gas was water vapor. Furthermore, the total quantity of gas
cwlvdhcmudvlthhnpcuhnhnmﬂmmumw@c. The proportion of
m-wmmmbnhrmrdqucmﬂnmntMs
tempersturc. From this evidence, it may be inferred that heating the simulant to
whmndwcmhmbmwubymlyummb

remove the more tightly bound water molecules adsorbed on the simulant particles sur-
faces.

Container Support in the Working Chamber

14, Initially, ibe contaloers were placed in the vacuum chamber on a stainless
stes! plats that measured 40. 6-cm (16-in.) in dlameter, The plals served as a positive

14
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protsction for the pump should any geysering occur which would spill the simulant out
of the container. When it was verified that geysering does not present a problem when
pumping occurs on heated material, the plats was replaced with a stainless steel mesh
coataining 0. 64-cm (0.25-in.) openings. All of the 150° C runs were made on the
mesh. Although some reduction in pumping spesd was anticipated when the plate was
used, the effoct did not appear to be 100 significast.

15
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PART IV: DISCUSSION AND PRESENTATION OF TEST RESULTS

Proliminary Tests

15. Before starting the tast series, several preliminary pump downs were
completed cn unconditioned material o develop tachniques for control of geysering. 4
if needed. mmrunnwmwy.bunlmﬁymmndbyumdq N {
aitrogen into the wp o air valve. This technique raised the pressure in the chamber
bnhdm&mwmmmmwhm.mwwmp-b
omlmhﬂuhtdhmdamhlmtmr. “The up to alr
mmumucmmuyummmnuumm. 3
Geysering. when uncontrolled, could be quite vicleat. In some cases, geysered mater-
mmlmmrh‘bhhcidohpnrhudﬂohum.uﬂuw
the working chamber and throat, mumummduummzmu
mmmhﬂmdmdcmﬁehhﬂoﬂunthuldu“ﬂe.
mu&mmlmbmhgmhu&ohndthuoduﬂhmp.
ltuMMmd&fm&uthhcm'uWWy
attracted 1o the electrodes, us reducing the distance betwees gauge elements and

b AT A RS

&

Ra causing permature dischargs. After thorough cleaning with pumice, chemical solvest,
e and uitrasounic techniques, hmooponﬂuuhrudhumdudu“ml
“; bebavior was cbeerved thereafter,

o Heating Effects o Stmulan

v‘? t

‘g 18. Ambrchxohhahnhnthummufurhmmlul

% heated to 325° C. x-uymmmmumuwumumu-
{‘if lntmuhdumﬂauymmdmulm. It is belioved that the heat

; mndhmeuhmdhbbldqundpymubchmmmubm
o and ferric iron to elther all ferrous iroa or all ferric iroa. Such a changs will gener-
Q dlye-un-lunlbwu(hhrheobr. In order to evaluate the magnitude of
3 color changs, samples of unconditioned, 150° C conditioned and 3259 C condiuoned
ey matsrial were ubjochdwluulleobrehrtlnlph. In addition o the color eval-
g uation, lwmﬂdvmouunhhumbldmwwm
& 3250 C conditionsd simulant. There was o measursble difference In albedo within the
-2: sccurscy of the photometer used. The results are summarized as follows:

A

rY




Optical Property Change Due to Heating !

Conditioning Munsell Color Munsell Color | Albedo
Sample History Description Number %

1 Unconditioned | Moderats Olive SY 4/2 7.0
Gray

2 150° C Dark Yellowish | 10YR 3/2 -
Brown

3 325° C Dark Yellowish | 10YR 4/4 7.0
Brown

T

v,
SRR

I, FrEV

Pump Down and Outgassing Tests

17. General. Previous investigators bave reported pump down times measured
in bours for their studies. Vey and Nelson(%), and Jatte(i), among others, required
long pumping times to minimize the possibility of disturbing the soil structure duriag
cvacuation, Pump down times wers long partily because of the oulgassing of the fine
mineral powders used and partly because testing was to be accomplished at a vacuum
level sapproaching that of the lunar surface. Otber investigators expendsd a great deal
ol effort to insure clean particle surfaces prior to testing. Conditioning ol samples
prior to testing bave included chemical baths®), bakeout in vacuum(®). (7, grinding in
an inert abmosphere(8), and cleavage of specimens in vacuum(®), Although these tech-
niques are necessary for tosting in hard vacuum, they are not belisved to be esszntial
for tests to be accomplished at 1 x 10~5 torr,

4
R

i
B

T4

oy Rt

18. Pump Down Tests. Figures 2 through 9 are a series of pressure versus
time curves showing pump down times for the two temperatures used for conditioning
. . and for the two quantities of simulant. Figures 2 and 3 show the pump down curves
* after roughing for the 1. 2-kg (2. 84-1b) sample for differing lengths of sxposurs to each
-2 ) of the conditioning temperatures, Figures 4 and 5 repeat these curves for the 3. 8-kg

. (2. 38-1b) samples placed in the By contalner. FiguresG and 7 are of the same type for

the 3, 8-kg (8. 33-1b) sample placed in the By contalner. Figure 8 comparcs the pump
down times between the 1.2-kg (2. 64-1b) and 3, 8-kg (8. 38-1b) samples baked at the
1500 C temperature for 24 bours and for 64 bours. In Figure 8 the curves from
Figures 2 through 7 are abstracted to show a band of valucs embracing the range of
exposure times. Figure 5 presents a comparison of the pump down curves between the
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two quantities of simulant exposed for 24 hours to each of the temperatures.

19, Conditioning Pericd, The remits of the cutgassing experiments are
shown in Figures 2 through § and in Table L. Each of the figures show that, in general,
umuwdmmbhhﬂummmmum the time required to
attain & given prezsure decreases. For each set of curves, however, the relative
hpmmuﬂoruchmtdupomuncm. This sugyests the pos-
dbnuydqumhh;wmumonhﬂnbdqudm“uourybmhm .

1
e o vt o o AT et ! e M

20, Conditjoning Temperature. The beneficial sffect of heating the simulant
bm°cumthuammmdplndn¢uuo'|¢mz-uh::hmhs;
ucmnmm-mmummmw»
reach any selected pressurs. The kigher tsmperature evideatly {ntroduces & grealer
-mtdmdmrghbthmmbmuﬁmwmm
memdlyudhmdutmmﬂy. These more tightly bound
wmﬁMbuMthy&anmmu&
dmwmcmth’rnMdm

21, Reduction tn Pumping Time Dus o Heating. Figure § summarises the
offect of conditioning tsmperature at the cptimum 24-bour exposurs period for the

Ammuyhmmmdummcndhu simulant.
In these cuses, m-wumwuu.atummuuumﬁcw
Oﬂtor-phch.hdwaC. Cbviously, even the lower temparature conditioning
uouocﬂnhhpmmnﬂpodm

22, MWM Figure 8§ com-
msm“m!&hdﬁﬂorﬂmﬂﬂudﬂmu@mﬁbu
m.udm"cwuumudbrum. Refersnce to this figure and o
Tabloldnlmoﬁnpmmthuqﬂrdmdonunetormhmuty. The
mehmtuhAMhMMImuMnlytmﬂ.

However, the percentage reduction for the By quantity is 2¢4%. The wider container.,

B. wﬂypommmcﬂlclntmomdmbomudthmur cross .
ucwmmdhhmm.nt. However, the reduction of time
dWMthruMofmhmthbhswwL

23, Analysis of Pump Down Curves. Analysis of the shapes ol the punp down
m'b'nurmnlhbuhhnshehumrdmtguaw. The initial point

18
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on each curve is the first pressure reading recorded after the diffusion pump was
activated, The final points represents pressure readings when esch test was lermi-
nated, and should not be interpreted as the ultimate pressure of the system for the
given qunatity of sofl. The curves are reasonably linear through most of their lengths.
The fact that the slopes are approximatsly parallel shows that the pumping rats Is
constant into the low 10-8 torr range for all quantities tested, The curves are non-
linear at the start {indicating a heavy gas load which must be removed before steady
stats pumping can proceed), and at the end (indicating that both virtual and real system
leakage is approaching the pumping capacity of the system).

24. Roughing Period, The length of time required to rough down before acti- 7
vatioa of the diffusion pump Is an important indicator of the total time required to :
reach the specified pressure lovel. Table I lists the times required to reach sach
ol four pressure levels from atmospberic pressure. The pressure level "Roughing”
refers to the time at which the roughing pump was valved olf and the diffusion pump
was activated, In general, the corresponding pressure in the chamber at this time
was on the order of 1 or 2 x W-2 torr. It is spparent from the table that the roughing
pariod is some function of the quantity of simulant used. Figure 10 presents com-
parative pump down times in Lhe roughing regions for four quantities of simulant,

The fact that the roughing period for the Ba samples is intermediate between the B)
and A quantities suggestis a further relationship with cross sectional ares and/or
depths of material, In order lo investigate this relationship, a third B quantity
Intermediate in depth between B) and B; was pumped down. The B3 pump down curve
appears to be inconsistent in that it doss not {all beiween the curves (or the extreme
B costainers. Time did not permit as evaluation of faclors other than gzometric shape
and size. However a few gualitative cbservations may be made despite the apparent
inconsistency, All quantities pumped down Lo 200 microns in essentially the same
period of time. Thereafter, the A and B2 samples pumped down to 80 microns in
approximately the same time, On the other hand, the Bj and By samples diverged
and reguired about oo« and a half times as long to reach the $0 micron presmire
level. From 80 microns down to the pressure at which the diffusion pump was
activated, all B quantities required substantislly greater periods of pumping than

the A guantity, An assessment of the effect of the conlainer on outgassing in the
roughing range wr.s pot possible at this time. However, the results indicate that
simulant oulgassing is primarily a roughing problem, and that any sileps taken to
sugmest roughing especially in the region from 100 microns on down should improve
overall system performance,

25. Elfect of Quantity of Simulant on Pumping Time., Curves showing the
relationship between quantity of simulant and roughing time, time to 5 x 10”5 torr.
time to | x 10~ torr and time 10 5 x 10°8 torr are shown in Figure 15. It should be
noted that the curve for the roughing time is linear. This indicates that the pumping
capacity required to pump down & chamber conteining the simulant in a giver time
should be proportioaal to the quantity of simulant, The curves {or the time lo reach
lower pressures arenot linearbut appear to appruach linear hehavior asymptotically for
larger quantities of simulant. Consequently, an estimate of the pumping time required
for each glven quantity of simulant can be estimated {f information concerning the
size of the chamber in which {t Is to be used. pumping system lor the chamber and

19
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ultimate vacuum level of the empty chamber is gives.

26. Outgassing Ratle. The results of the outgassing rate calculations are _
Mu?»hlmuduucmrlyubumnuapondllmadyum
umtdmhrhluhuthwmm(nhz-hﬂ.“hdmm
{Container A) hhuthnﬂlﬂors.l-h(i.ub)domhlt(muhounlndw.
Thoummbrthlxoumuhu&hxbrﬁ-mmm. tndi-
amumdmuugmuwwmwmam
u.-m-m«-u:mwam«-mmaumam
w”mm.ﬂlglv-hwt. From the curves it can be seen that the

ummwu-mdu—«-o,u-h.)uuuu-dq&d
lo-eln(i.u-h.).hqmﬂn&hhﬁd&hﬂthbhaﬂlleﬂw;’l
respeciively. mwm:mnmuuuﬂmmu
mdatmwnpnmnmm‘ﬁwmmdwmn
higher culgassing rate. Thatls, mmuunmdtnuhahmnthhsl
m:nuﬂurmmnuummuu*muus.

unaffected by this type of geysering. Thhctuhmmn'dulywr
the 3. 0-Ig (8. 38-1b) -nphcpheodnl:ma.u-h.) depth suggests 3 dependence
uhﬁnﬁnhlqalﬂtydm

28, Mudmheommhlmﬁundvhnbehnhrhdm
mﬂb“ﬁhmmﬁvﬂeb%hﬂ.wmmm. This
pbmmeeeurr‘dodyumhrhlphmdhhnl container, and only for sein-
pu.pwmmmmwuuqmmmyumdm. Pump
bnmmﬂochdby&om The fact that slumpiag occurred cely on
uwmphedhbeuuhu'nhﬁ.wmuu-uuumpudbmq
dm“summdmwmmummnwh

rla )

29. The overlay experimental resuils are shown on Figures 1l through 14.
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These figures show the complete history of pressure as 8 function of time and in-
clude periods during which the chamber was lst up lo atmospberic pressure with
dry nitrogen, The pressure versus time curves for similar samples pumpad down
MMunhyoananmnbrmﬂm. The offect of repeaied -
uuhnmudummdmrmmpum-imnu. 2

30. The overlay experiments were originally designed to provide information &8
to how the simulant would behave undor conditions spproximating day to day operations 4
in & man-rated chamber, The dramatic improvement in system porformance was 8
bomus, The lechnique of nitrogen overlay was simply to pump down {0 & giver: pressure De
Mcbntbphnlnu‘lhﬂdnﬁutyﬂrmlﬂobmhq”r i
through the up-to-sir valve, ia 81§ cuses the prossure in (he verking shamber was g
mefuchutludthmrkgnrh‘. Tabie ff summarizes the dats .
for sight overiay experiments. Varisbles tested include; durstion of overiay. sumber 4
of overlay periods, dunumdpn-mdmmuwrmmdmhhn. :
Each pumping period began at stmospheric pressurs, The colzmas headed “"Pump :
Dows™ indlcate the length of time to reach sach stated pressure and was measured
tmlhumothnochniulpnmpmnud. The columns headed "Total Time
Elapsed” are accumulative time periods and include both previous overisy times and
previous pumping history. In general, evacuation of the chamber afi.. overiay pro-
ceeded so rapidly that the first reliable pressure reading could not be obtained until
a pressure of about 1 x 105 torr had besa reached. Figures Ul through 14 are pressure
verses slapsed time curves for all tast runs except A-24-1. The arTows indicate the
pressure and time at which the chamber was let up to dry aitrogen for each overlay.
Figures 11 through I3 present 2 comparison of 64 hour conditioning versus 24 hour com-
ditioning for each quantity of simulant tested, Figure |4 shows that the Ume
required (o reach a given pressure level may be significantly reducud by letting
the chamber up to dry nitrogen in the roughing stage and repeating the overlay
proc:ss at {requent intervals. It {s apparent from these resuits that pump down
time to a given pressurs level 18 reduced after 8 period of overlay, and that
pressure level atiained for a given elapsed time is lower then that which would
have occurred had there been 30 owdhy. It follows that improvement In system
performance can be obtained by repeated overlays begun alter completion of

and that dry nitrogen overlays ean be used as a technique of outgassing

quastities of simulsnt material. These tooclusions are emphasized by soting
that normal pump down on A-24 samples requires spproximatsly 160 minutes
to reach a pressure level of § x 10-6 torr. The repestsd overlays on sample
A-24-3 (Fig. 14) show thata total elapsed time of only 122 minwtes including the
two 30 minute overlay periods is required to reach the pressure 5 x 1078 torr.
Thus, & saving of sbout 40 minutes pumping time occurs when using repested
overlays as & pump down technlque. Time did not permit a more thorough eve'-
uation of the potentiality of overlay as an aid to outgassing.

3l. A possible explaration of this behavior is that the dry sitrogen gas
acts a8 a dehydrating agent. This follows {rom the fact that absorbed water i3
the most difficult source of outgassing to eliminate in & vacuum system. Small
glass vacuum sysiems are baked out at temperatures in excess of 300°C o
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remove the water adsorbed on the glass walls, The balance between the surface
density of adsorbed water molacules and the density or pumber of moleculss fa
tbmuuthnmudtumhdbythmoeunhh&ummdthnur
molscules to the surface, Since these parameters are ot precisely known, their
offect can caly be discassed qualitatively here.

2. mmammwuwummmmamw
alnpornuunoluﬂn‘thnrheuudbmth'ulcun‘"pmh-
bility, that is, tbpmhbnuythtluohuhvucheolndu-ithunmrha'lu
mhuubrsmuprbddunohomddmm’m In the
mhythMpmmnusW-uphcdhhnm
chamber at & temperature of about 150° C, and wes not heated further afterwards.
Conseguently, mwmdmmnm-umrorumumd
the tests, Mﬂﬂ“bm.ﬂ“uurmr&dnmﬂn
nitrogen overiays. mmdmwumummmrd
m-“rMﬂWﬂ&bmdeﬂid‘auudﬂh‘u
wdbw.MMhm&rdntﬁmmM
within the simulast, Mcﬂoctmuntbhnyroz&ulbymutm
ov-vt&drywnnmhnﬂcpmun An altersate explamstion wovld
hthtmw.ctuamhymmnhtmruhqﬂmu
unmvsmdmmrmm
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scale at depths in excess of 30-cm Lo-f).
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the mechasics] forepumpe s recommended. -

4 1t is reccramended that the simulant be placed st the lowest possible
m. ) -
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Recommended Typical

rameter Range N Value

Compression Index, C.

Loose 0.3

Dense 0.01 - 0.11 0.05
Recompression Index, cr ~0.000 - 0.013 0.003
Maximum Past Presure Unknown
Coefficient of Lateral Stress, Ko

Normally consolidated 0.4 - 0.5 0.45

Over-consolidated Unknown

Recompacted _ 0.7

pavD CARRIER TIT - Rovew MAvuseailT of A 75 BE PUBLALEO

BooK 1987

SevRCE ¢




LGl Neog ansirind 38

oL Y o S YISyl h2n ey

- I 331ysv? QIAY () s 2P#N°S

*pIIBUTISTy
(SL6T “¥L6T) "T® 39 YoTAOUOT] ¥$'0 0°86 - §0°0  1S°T - 86°0 0TV - 0z wu]
. (2L67) °T® 39 Acuol)
$(SLET ‘¥L6T) °Te 32 YITA0UOY] v$°0 0°86 - S0°0  IS°T - £0°T oTv 91 eur]
(2526T “qzL6T) °T® 39 I9[LIE) 60°0 - £0°0 669 - 6°T 00°Z - 16°1
(2£L6T ‘QZL6T) °T® 39 I9LLIE) 290°0 -210°0 7°1S - 60°0 26°T - #8°1
(95261 ‘QZL6T) °TI® 39 JITLIE) 11°0 = $0°0 $°L0 - 80°0  28°T - L9°T 00z  61T°Z002T T ortody
seOUAIN ) (sd) P.BN& Mum JaqunN UOTSSTH
J oSumy ssalag e3uwy LQysueq W ﬂrﬂm oﬂ_ﬁm
_ o1

S170S euv] JO XApul uoyssaadwop *z-£°2°L HIEVL




IABLE 7-2.8'1.

EARLY INFERRED: REMOTE SEN%}NG 0

INFERRED: BOULDER TRACKS

Apollo 17 - North, East
and South massifs

SURVEYOR
J: TV & Landing Data
TV & Landing Data
TV & Landing Data
Soi1 Mechanics
Surface Sampler
TV & Landing Data

111:

Yernier Engine
Attitude Jets

s of Lunar Soil Cohesi
(after Mitchell et al., 19724,
Friction
Cohesion, ¢ Angle, &
kPa
24 0
20.007 228
20 225
0.35 33
0.1, 10-30
0.5 21-55 (39)
1" 26-50 (37)
10 0
0.15-15 5%
0.4 - 0.13 30-40
>35
0 for 45-60
10 for O
0.07 for 35
0.05-1.7
SURVEYOR MODEL
0.35-0.70 35-37

111 & VII: Sofl Mechanics
Surface Sampler

APOLLO 11

LM Landing, Boot-
prints, Crater Slope
Stability

Core Tube, Flag Pole,
SNC Shaft Penetration

APOLLO 12

(M Landing, Boot-

. prints, Crater Slope
Stability

<SevR(E :

Estimate

Consistent with
surveyor Model

0.75-2.1 37-45

Consistent with
surveyor Model

oaviy CARRIER T - Rougu MANVSRIT cF R

on and Friction Angle
1974)

References

Halajian 21964)
Jaffe (19 4}
Jaffe (1965

Nordmeyer (1967)
Hooren§l970)

Hovland and Mitchell
(1971)

Mitchell et al. (1973a)

Halajian (1966)

Jaffe (1967)

Christensen et al. (1967
Scott and Roberson(1968a

Christensen et al. (1968a)

Christensen et al. 1968b
Christensen et al. 1968b

Scott and Roberson (1969)

Costes et al. (1969)

Costes et al. (1971)

Scott et al. (1970)
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Core Tube, SWC Shaft 0.56-0.75 38-44 Costes et al. (1971)
Penetration :

LUNOKHOD 1 ‘ g

Vane Shear 3.9-4.9 N/A onovich et al. (1971,1972) X
- Lowest 0.26-1.1 50-25 ftchell et al. (1972d);
- Highest 1.2 -4.8 50-25
- Mode - 0.64-2.6 50-25

Cone Penetrometer
- Crater Wall (inner) 0.17-1.0 45-25 Mitchell et al. (1972d);
-*Crater Slope (outer) 0.52-2.7 45-25
- Horfzontal Ground 0.34-1.8 45-25

APOLLO 14 . '

Soil Mechanics Trench <0.03-0.1 35-45 Mitchell et al. (1971

Apollo Simple Penetrometer Equal to or greater Mitchell et al. (1971
than Surveyor Model

MET Tracks 37-47 Mitchell et al. (1971)
APOLLO 15 . '
SR: D:%a and Simulation 47.5-51.5  Mitchell et al. (1972a)
tudies .
SRP Data and Soil 1.0 50 Mitchell et al. (1972a)
Mechanics Trench : :
APOLLO 16 .
SRP: -Station 4 0.6 46.5 Mitchell et al. (1972b)
- (10-20 cm depth) T '
SRP: Station 10 0.37 49.5 Mitchell et al. (1972b
SRP: Statfon 10 ' 0.25-0.60 50-47 Mitchell et al. (1972b
Drill Core Open Hole 1.3 46.5 Mitchell et al. (1972b
APOLLO 17 '
Dril1 Core Open Hole 1.1-1.8 50-30 Mitchell et al. (1973a)
(Neutron Flux Probe) - .
LRV 0.17 35 Mitchell et al. (1973a)
APOLLO MODEL
0.1-1.0 30-50 Mitchell et al. (1972d,
. 1974)

LUNOKHOD 1 & I (ave.) 0.4% a0’ le(l:;;\sf;ch et al. (1974,

RETURNED LUNAR SAMPLES
Apollo 11: Penetrometer 0.25-0.85  42-38 Costes et al. (1969,
1970a, b); Costes and

- T et ’ - - K
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