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ABSTRACT

The photographic data obtained by the Ranger (VII, VIII and IX), the
Surveyor I, the Orbiter I, II and III, and Russia's Luna IX and XIII space
vehicles have been analyzed and interpreted in the development of lunar
terrain models for use in the design of lunar roving vehicles., An attempt
has been made to make the design criteria as realistic as possible with
the information now available from these lunar probes. As additional
information about the lunar surface is gained from additional flights of
the Surveyor series, these models will be re-evaluated and revised when-
ever necessary,
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TECHNICAL MEMORANDUM X-53661

LUNAR ENVIRONMENT: DESIGN CRITERIA MODELS FOR USE
IN LUNAR SURFACE MOBILITY STUDIES

SUMMARY

A series of baseline models has been developed for use in the design
of lunar roving vehicles for manned lunar exploration. The mobility
capabilitiy requirements of a lunar roving vehicle must be established at
the present time on data obtained from the interpretation of the photo-
graphic data of Ranger, Surveyor, and Orbiter, and the Russian Luna IX
and XIII probes. The models presented in this report are based on the
author's interpretation of these photographic data, on a review of the
literature, and on extensive discussions with representatives of such
agencies as JPL, USGS Branch of Astrogeology, and the Lunar and Planetary
Laboratory of the University of Arizona. The literature survey, as well
as the personal discussions, revealed that personnel of the scientific
community who are primarily concerned with interpretation of the data
obtained by the cameras of the various lunar probes are not in complete
agreement among themselves so, of course, complete agreement with the
interpretations presented herein cannot be anticipated. One of the diffi-
culties stems from the fact that the photographs from the various probes
are of different areas of mare surface so that real geophysical differ-
ences and differences in interpretation are intermingled. Since the best
available data have been obtained from this lunar photography, a great
deal of reliance at the present time has been placed on these data for
purposes of establishing design criteria for lumar roving vehicles.

I. INTRODUCTION

The Ranger, Orbiter, and the Surveyor programs were established for
the purpose of obtaining the most information possible about the surface
and environment of the moon for use in determining the requirements for
eventually landing a man on the moon, for his survival in this unique
environment, and for exploration of the lunar surface. Although these
lunar probes have yielded a wealth of photographic information about the
lunar enviromment, there is much disagreement among scientists regarding
the interpretation of such data, especially in determining the bearing
strength and cohesiveness of soil and whether the surface features are
due to volcanic activity or meteoroid impact. These factors have great
significance not only for safely landing a man on the moon, but also for



his mobility while on the surface, and for his safe return to earth.

The various data have been interpreted in this report specifically for
the development of lunar terrain models on which to base design criteria
for lunar roving vehicles.

The mare areas on the moon, such as Oceanus Procellanum where the
Surveyor I landed at 06:17:37 GMT on June 2, 1966, were believed to be
the smoothest and most suitable for a landing site for manned spacecraft.
The mare terrain models in this report, therefore, are based on photo-
graphic information of this area, and other mare areas, from the Orbiter
series (for crater count) and from the Surveyor I spacecraft (for boulder
count, surface roughness, and soil texture).

Current lunar exploration vehicles were designed on the basis of
less accurate information than is now available as a result of the
various programs referenced above. The author believes that the dark,
regional, smooth-rayed, and rough-rayed mare models presented herein are
the most realistic possible based on the data now available. While
these models were being developed, the Surveyor IITI successfully soft-
landed on the moon on April 20, 1967. Before the report was completed,
Surveyor V made a successful soft-landing on September 10, 1967. Data
from both of these spacecraft, when they have been analyzed and become
available, should result in even more realistic models that are appli-
cable to broader areas of the maria. Also, photographs of higher
resolution from Orbiter IV and V spacecraft will become available.
Thus, the '"guesses'" and estimates will be gradually removed, more real-
istic lunar surface models will be defined, and better lunar vehicles
can be designed.

A, Composition of the Mare Surface

1. Luna IX and XIII Data

Russia's Luna IX spacecraft, after surviving the impact of
landing, provided a wealth of photographic information about the mare
areas of the lunar surface, especially the bearing strength and cohe-
sion of the soil. The fact that the spacecraft did not sink in the
soil to any appreciable depth implies that the mare surface does indeed
have a finite bearing strength, estimated by Scott in his analysis [1]
at about 2 to 4 psi, Luna IX, which landed ir Oceanus Procellarum,
produced the first photographs of small-scale lunar structures. One
photograph (figure 1) showed many boulders ranging in size from three
meters to smaller than 10 cm and many craters some as large as 17 meters
in diameter, the smaller ones producing an undulating appearance of the
terrain. The Luna IX cameras also photographed numerous small rocks
that, even though they had landed at some velocity, seemed not to have



penetrated the soil to any great depth. The mare soil appeared vesicu-
lated, or composed of a rubble of fine-grained material. The question
still remains, however, as to whether the soil at the Luna IX landing
site is of volcanic activity or meteorite impact origin. It could have
been created by volcanic action because of its similarity, as seen in
the photography, to scoriaceous lava of the AA type. On the other
hand, the fine-grained material could be the result of meteoroid impact
because of its similarity to ejecta from meteoroids striking the earth
and to ejecta from underground nuclear explosions.

Luna IX also provided some indication of the cohesiveness of
the mare soil. This information was obtained in a study by the author
[2] of stereoscopic images of the small craters at the Luna IX land-
ing site. Some of these craters appear to have raised rims; if this
analysis is correct, the soil around the rims of the craters is cohesive
to some extent, based on studies of terrestrial craters by Gault and
Quaide [3] and Moore and Shoemaker [4&4].

Luna XIIT [5] data indicated that the mare surface at the land-
ing site was not hard rock as supposed by some, but the upper layers
(7.7 to 27.9 cm) of the surface had a density of approximately 1 gram/cc.
The Luna XIIT photographs provided additional information on the size
and distribution of craters and rock-like objects already seen in the
Luna IX photographs. Figure 2, a plot of the distribution of boulders
as seen in the Luna IX photography, was produced by Smith in reference
14,

The cameras on the Luna IX and Luna XIII spacecraft did not
produce enough information to establish whether the surface features
they photographed were of volcanic origin or whether they were produced
by meteoroid impact. However, Luna IX gave us the first look at the
surface of the moon at close range, and helped to establish the fact
that, insofar as the surface bearing strength and cohesiveness was
concerned, man and his equipment could land and operate on the lunar
surface for some period of time.

2. Surveyor T and Orbiters I, II and III Data

Surveyor I soft-landed on the floor of Oceanus Procellarum on
June 2, 1966, about 5 months after the Luna IX had landed. The photo-
graphs from the Surveyor T were of higher resolution and thus gave a
better indication of the actual texture of the soil at its landing site.
As a matter of fact, it was definitely established that the soil at
the Surveyor I site is composed of a mixture of fine-grained particles
(figure 3) and is littered in some areas with boulders and ejecta (fig-
ures 4 and 5). Also, the terrain as seen by the Surveyor I cameras is
pockmarked with numerous craters ranging in size from a few centimeters



to 80 meters in diameter. The smaller craters (see figure 6), ranging
from a few centimeters to 3 meters in diameter, cover about 50 percent
of the surface [7]. The rims of the larger craters (see figure 7),
with diameters ranging in size from 80 meters down to about 6 meters,
were strewn with blocky material, indicating that the thickness of the
fragmental layer of fine material extends from about one meter to
approximately 15 meters above the bed-rock, which is manteled by this
fragmental layer. The angular shape of the ejected rock indicates that
the bed-rock material is relatively strong.

Orbiter II photographs (see figure 8a) have also shown a large
amount of blocky material lying in and near the large craters. Some of
the largest craters, ranging from about 60 to 200 meters in diameter,
look strikingly similar to Danny Boy (figure 8b), a man-made terrestrial
crater created by an underground nuclear explosion. Trafficability
near fresh craters of these types will probably be limited within
approximately two crater diameters, since some of the blocky debris
which can be resolved are much larger than one meter even at two crater
diameters distance from the source of the primary crater producing the
ejecta. Cumulative size versus frequency distribution of craters and
particles on the surface near the Surveyor site is shown in figures 9a
and 9b, A cumulative size versus frequency distribution of craters
(30 to 400 meters) based on Orbiter I data near the approximate area
of the Surveyor I site is shown in figure 10. 1In addition to the
blocky-type craters, there are certain craters seen in Orbiter II data
which have a patterned-ground appearance., These craters appear to be
filling because of the slumping of materials toward the floor of the
crater (figure 11). Other areas of the lunar surface, as seen from
Orbiter II data (figure 12), appear to be smoother than might be
expected, because of the presence of possible volcanic materials which
appear to have subdued the craters and their blocky type ejecta rough-
ness resulting from impacts. Orbiter III data also showed large amounts
of blocky ejecta, confirming that the lunar surface has quite a spectrum
of roughness. Thus, at the present time, one can only estimate what a
possible realistic model of the lunar surface might be like based on
the very small "ground truth'" data samples and photography.

B. Discussion of Baseline Terrain Models

The design of roving or flying vehicles for exploring the lunar
surface requires a knowledge of the lunar terrain and its character-
istics. Most important to the designer are those parameters which
describe the surface in terms of roughness, slope distributions, soil
characteristics, and the various obstacles which may be encountered by
this vehicle during its normal operation.
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To provide a vehicle designer with data which will describe as many
of the types of conditions or obstacles which may be encountered, base-
line terrains for use as design criteria were developed. Since the
vehicles will be required to operate over a series of terrains, different
in terms of their roughness and various types of soil characteristics,
the models, as presented, depict a spectrum of increasing roughness.
These terrain models are classified as: Dark Regional Mare, the Smooth
Regional Mare, the Smoothed-Rayed Mare, and the Rough-Rayed Mare. A
model for each of these types of terrain will be discussed in the follow-
ing sections,

II, BASELINE TERRAIN MODELS AND SUPPORTING INFORMATION

1. The Dark Mare Model

Before the landing of the Surveyor I spacecraft, those areas on
the moon which were dark in texture (low albedo, 0,068, based on earth-
based telescope observations) were considered to be the smoothest areas
and thus the most suitable for the landing of a spacecraft. These areas
have very low median slopes (1°) based on a 1 km interval for the slope
measurement, as expressed by McCauley [8] in his terrain analysis (see
figures 13a and b). Interpretation of data gencrated from Ranger 7 by
McCauley and Rowan [9] indicated that the median slope based on a one-
meter resolution for the dark mare at the Ranger 7 impact area was
approximately 7° (figure 14). Thus, the Ranger 7 provided another sample
of information on surface roughness at the one-meter resolution. However,
the fact that there were no one-meter or larger blocks in the mare area
photographed by Ranger 7 was very misleading, since this seemed to imply
that most of these types of mare terrain were free of blocky material.
Ranger 8, however, indicated that therc was some blocky material lying
on the surface of the mare particularly near large craters (figure 15).
In addition, Surveyor I and Luna IX and XIII established that the mare
areas in some locations do have variable amounts of blocky material one
meter or less around craters whose diameters are even as small as three
meters., Thus, these data imply that the fragmental layer, particularly
at the Surveyor I site, is relatively thin (one meter to two meters),
but possibly quite variable in thickness at other places in this and
other areas. Recent Orbiter IIT photos (figure 16) of the Surveyor I
site have helped to provide some mcasure of the thickness of this
fragmental layer by a study of the similarity of the various small
diameter craters and their blocky ejecta distribution along with the
data from controlled cratering experiments performed on the earth,

Thus, the dark-mare model has been developed on the basis of interpreta-
tion of the Surveyor I data supported by Orbiter data. The general
terrain in the area of the Surveyor I site close to the spacecraft
appears to be relatively flat with many small rock-like obstacles and



craters (figures 4, 5, 6, and 7). Thus, any vehicle operating on this
type of terrain must be able to negotiate (climb or straddle) small
obstacles of 20 to 30 cm or less and be able to steer around an occa-
sional one-meter or larger block every 100 m® of the surface area. This
terrain appears to be pockmarked by craters with diameters in the range

of a few centimeters to five meters and above. This type of roughness
will require a certain amount of reserve power for climbing in and out

of these smaller craters (two meters or less) which cannot be avoided,

A typical slope distribution considered by the author to be representative
of this terrain is shown in table T,

The following crater distributions are considered to be representa-
tive of the minimum number of craters which may be expected to occur in
this particular baseline terrain in the vicinity of a certified 1M land-
ing site (50 km® area):

(1) 10,000 craters, 1 to 10 meters in diameter,
(2) 6,500 craters, 10 to 20 meters in diameter,
(3) 1,200 craters, 20 to 30 meters in diameter,
(4) 400 craters, 30 to 40 meters in diameter,

(5) 500 craters, 40 meters or larger in diameter.

The craters are considered to be randomly distributed and the craters in
the 20- to 30-meter range are considered to have blocky ejecta (1l meter
or less) within a radius of 2 crater diameters from the center of the
primary.

Although the mobility power requirements can be computed for steady
state operation (no dynamics) based on the slope distribution for a base
line terrain, data are still required to describe the surface roughness
of the terrain which may be superimposed on the normal slope trend and
at a scale which directly affects vehicle dynamics.

In general, vehicles in off-the-road operations on the earth or
on the lunar or planetary surface will encounter at least two types
of "hard ground" roughness. Obstacles such as large craters, large
boulders, cracks, and abrupt collapses of the topography are considered
as one type of ground roughness. Trafficability by the vehicle in this
type of ground roughness depends on the driver and the vehicle obstacle
capabilities and geometry; i.e., what is an obstacle to one vehicle is
not an obstacle to another. The other type of roughness consists of



variations in elevations which are stable over reasonably large areas
(small craters, crevices, and small rocks) but change gradually with
distance is called "stable-ground roughness." Rapid traversability
over this type of roughness is a function of vehicle geometry, sus-
pension systems, speed, types of cargo, and driver comfort, Designers
of off-the-road vehicles have turned to the use of statistical tech-
niques or power spectral density estimates (P.S.D.) to characterize
stable-ground roughness for predicting vehicle performance and improv-
ing the performance characteristics (vehicle speed, comfort, con-
trollability, etc.). ©No information has yet been developed on the
power spectral density for the Surveyor I landing site,

However, preliminary power spectral estimates of the roughness
content of a sample of lunar mare by Jaeger [10] and Van Deusen [11]
have been developed based on an analysis of topographic data generated
from the small areas photographed in high resolution during the
Ranger VII and VIII missions., Van Deusen [11] in his study concluded
that the P,S.D. of natural terrains can be expressed in the following
form:

N
P(Q) = K

where P(Q) is the P.S.D. of the surface displacement (profile height)
in units of meters®/cycles/meter,  is the spatial frequency in cycles/
meter, and K and N are constants for any given spectral estimates. In
addition, Van Deusen [11] concluded that natural surfaces have not
favored a predominant frequency and that the value of N is approxi-
mately -2. Thus, for the purposes of this report, the author, using
the data generated by Jaeger and Van Deusen as well as his own sub-
jective analysis of the Orbiter data, has concluded that the lunar
mare terrain in some locations will be somewhat smoother than indicated
by the Surveyor I and is in some locations considerably rougher than a
spectrum of roughness that the author has seen on the earth (e.g., old
volcanoes and those craters caused by nuclear explosions). Thus, the
P.S.D. information presented in this report reflect the author's 'most
realistic" interpretation of the expected "stable-ground" roughness in
the various types of mare terrains. Although these P.S.D. estimates
cannot yet be verified by actual topographic data, analysis of Surveyor
and Orbiter data can, hopefully, provide this type of data at a later
time. Therefore, it is believed that the following P.S.D. function

is more representative of the "stable-ground" roughness of the dark
regional mare terrain,

P(Q) = K



where

K=2.4x 10"%
Q = frequency range 0,05 to 0.5 cycles/meter
N = -2,

2. The Regional Mare Model

The regional-type mares are those areas on the lunar surface
which have albedos generally in the range from 0.075 to 0.090 and are
characterized by moderate slopes and pronounced heterogeneity. Super-
imposed on the basic mare material are ridges, crater fields, irregular
depressions, subdued craters, domes, rilles, etc., which help to con-
tribute to the roughness of this type of terrain. A terrain model is
best developed by using an analysis of the photographic data from
Orbiters I and II. The slope distributions presented in table II are
considered as representative of this type of terrain while a photograph
of the typical terrain sample for this type mare is shown in figure 17.
Since there has been no landing in this particular type of terrain to
show the small-scale roughness which affects vehicle mobility, an index
of roughness must be estimated at the present time. Therefore, the
following power spectral density function is recommended as a statistical

model for this type of terrain:

P(Q) = KQN m?/cycles/m
where
K=4.3x10"%
Q= 0.05 to 0.5 cycles/m
N = -2,

The following crater distributions are considered to be repre-
sentative of the minimum number of craters which can be expected to
occur in this particular baseline terrain in the vicinity of a certi-

fied IM landing site (50 km® area):
(1) 15,000 craters 1 to 10 meters in diameter,

(2) 11,600 craters 10 to 20 meters in diameter,

(3) 1,620 craters 20 to 30 meters in diameter,



(4) 200 craters 30 to 40 meters in diameter,
(5) 440 craters 40 meters or larger in diameter,

The craters are considered to be randomly distributed and the craters in
the 20- to 30-meter range are considered to have blocky ejecta (1 meter
or less) within a radius of 2 crater diameters from the center of the
primary:

3. The Smooth-Rayed Mare Model

The smoothed-rayed areas in the mare are those areas of the
dark regional mare upon which a mixture of blocky rubble (large and
small sizes) and fine-grained materials have been deposited., These
areas have albedo in the range from 0.088 to 0.096 and many of the
smaller craters and their ejecta have been somewhat subdued by the
presence of a fine-grained material produced either by volcanos or
meteoroid impact. Certain areas of this terrain will be littered by
one-meter or larger boulders ejected from the surface by the impact of
bodies with energy sufficient to penetrate into the harder materials
below the fragmental layer. The terrain in some areas will be smoother
than the dark regional mare area (as seen by Surveyor I) in terms of
crater distribution, A typical slope distribution considered to be
representative of this terrain is shown in table III. A photograph of
the typical terrain sample for this type of mare is shown in figure 18.
The following crater distributions are considered to be representative
of the minimum number of craters which can be expected to occur in this
particular baseline terrain in the vicinity of a certified LM landing
site (50 km? area):

(1) 12,000 craters 1 to 10 meters in diameter,

(2) 8,800 craters 10 to 20 meters in diameter,

(3) 300 craters 20 to 30 meters in diameter,

(4) 140 craters 30 to 40 meters in diameter,

(5) 400 craters 40 meters or larger in diameter.
The craters are considered to be randomly distributed and the craters
in the 20- to 30-meter range are considered to have blocky ejecta

(1 meter or less) within a radius of 2 crater diameters from the center
of the primary.



Since there has been no landing in this particular type of
terrain to show the small-scale roughness which affects vehicle mobility,
an index of roughness must be estimated at the present time. Therefore,
the following power spectral density function is recommended as a
statistical model for this type of terrain:

P() = K¢F m~/cycles/m

where

3.6 x 10~7

K

D
1]

0.05 to 0.5 cycles/meter

N = -2,

4. The Rough-Raved Mare Model

The rough-rayed areas in the mare are those areas of the
regional mare upon which a large amount of the ejecta from the fresh-
impact crater has not been subdued by a deposition of fine-grained
materials. The rough-rayed areas are those which have albedos in the
range of 0.096 to 0.114., The main roughness in these areas will be the
result of the many slope reversals due to the presence of secondary
craters which have not been filled by fine-grained materials. Rough-
ness will also be due to the rough ejecta blankets (boulder fields)
produced by those bright craters which have penetrated into the bedrock,
thus ejecting blocky type materials., A typical slope distribution is
shown in table IV. A photograph of the typical terrain sample for this
type of mare is shown in figure 19. The following crater distributions
are considered to be representative of the minimum number of craters
which can be expected to occur in this particular baseline terrain in
the vicinity of a certified IM landing site (50 km® area):

(1) 20,000 craters 1 to 10 meters in diameter,
(2) 14,500 craters 10 to 20 meters in diameter,
(3) 500 craters 20 to 30 meters in diameter,
(4) 130 craters 30 to 40 meters in diameter

(5) 500 craters 40 meters or larger in diameter.
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The craters are considered to be randomly distributed,and the craters in
the 20~ to 30-meter range are considered to have blocky ejecta (1 meter
or less) within a radius of 2 crater diameters from the center of the
primary.

Since there has been no landing in this type of terrain, to
show the small scale roughness which affects mobility, an index of
roughness of this type terrain must be estimated at the present time.
Therefore, the following power spectral density function is recommended
as the statistical model for this type of terrain:

P(Q) = KQN m</cycles/m
where
K =5.8x 1074
7= 0.05 to 0.5 cycles/meter
N = -2,

5. Coefficient of Friction of Lunar Surface Materials

The actual coefficient of friction data for metallic materials
in contact with the lunar surface materials has not been established at
the present time. Recent laboratory data by Fields [13] have indicated
that the coefficient of friction between both basalt powders (250 to
500 microns in diameter) and aluminum plates was 0,21 under atmospheric
pressure, increasing to .28 under a pressure of 10~ torr. Fields
noticed that, as the vacuum increases, the coefficient of friction
increases. Thus, at the present time, the recommended value for the
average coefficient of friction for this report is 0.6, This value is
to be used when performing obstacle-climbing and crevice-crossing cal-
culations when determining specific vehicle mobility characteristics,
Minimum values for the coefficient of internal friction for lunar soil
materials at the surface to a depth of a few centimeters is estimated
to be 0.46 [12]; however, for draw-bar-pull calculations, the proposed
value to be used with each of the terrain soil models in this report is

0.4 to 0.7,
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III, CONCLUDING REMARKS

A series of lunar surface models has been developed for use in an
attempt to provide realistic design criteria for roving vehicles., Since
a lunar exploration vehicle will be required to land and/or traverse
through areas which are of interest to the geologist, it appears that
the most interesting areas will probably also be the roughest. Therefore,
the proposed models cover the possibility that a vehicle which is designed
today on best available data can still be useful if it is later required
to operate in somewhat rougher terrains than those which can be seen in
the l-meter resolution (Orbiter) photographs., As better terrain, soil,
and roughness information become available, the proposed models will be
updated to reflect the increased knowledge, and thus the vehicle systems
can be optimized.
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TABLE I

Dark Regional Mare

Slope Angle¥* Percent of Total¥#¥*
(degrees) Distance Soil Constants¥¥*

2 56.0 Kg = 0.5 N=0,5

4 20.0 Very fine grained
material,

6 15.0

10 4.7 Ky = 1.0 N =0.75
Medium grained frag-
mental material

20 3.8 KQ =3,0 N=1.,0
Loose type fragmental
material.

30 0.3 Kg =60 N=1,25
A bonded fragmental
material similar to
hard sand.

35 0.2 Ky = 6.0 N=1,25

oo
«w

ok

alantasts
W

The distribution of slopes for this terrain is 50/50; i.e., +2°
slopes cover 28 percent of total distance.

Soil is assumed to be cohesionless frictional type soil (¢ = O,

Kec = 0) at the present time even though the Surveyor I landing data
implies a very small amount of cohesion is present in the lunar
soil. The slippage coefficients are K, = 0.2 and K; = 1.25,

The slope distributions are based on a series of typical scientific

mission traverses from a landing site and the distribution repre-
sents a total travel distance of 100 kilometers.
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TABLE IIT

Regional Mare

Slope Angle* Percent of Total¥#**
(degrees) Distance Soil Constants¥**
2 16.0 Ky = 0.5 N=20.,5
35.0 Very fine grained
20.0 material.

10 15.0 Kg =1,0 N-=0,75
Medium grained frag-
mental material,

20 8.3 KQ = 3.0 N=1.0
Loose type fragmental
material.

30 5.1 Ky = 6.0 N=1,25
A bonded fragmental
material similar to
hard sand.

35 0.6 Kg =6,0 N=1,25

%* The slope distribution of slopes for this terrain is 50/50; i.e., +2

slopes cover 8 percent of total distance.

%% Soil is assumed to be cohesionless frictional type soil (c = O,
Ke = 0) at the present time even though the Surveyor I landing
data implies a very small amount of cohesion is present in the

lunar soil. The slippage coefficients are K; = 0.2 and K, = 1.25,

*%% The slope distributions are based on a series of typical scientific
mission traverses from a landing site and the distribution represents
a total travel distance of 100 kilometers.



TABLE III

Smooth-Rayed Mare

Slope Angle* Percent of Totalw¥¥*
(degrees) Distance Soil Constants¥*¥
44,7 KQ = 0.5 N = 0.5
4 24,0 Very fine grained material.
15.7
10 5.3 Kg=1.0 N =0.75
Medium grained fragmental
material,
20 8.0 Ky=3.0 N=1.0
Loose type fragmental
material,
30 2,2 Ky = 6.0 N=1.25
A bonded fragmental material
similar to hard sand.
35 0.1 Ky = 6.0 N=1.25

alantanta
WHR

The distribution of slopes for this terrain is 50/50; i.e., +4°
slopes cover 12 percent of total distance.

Soil is assumed to be cohesionless frictional type soil (¢ = O,
Kc = 0) at the present time even though the Surveyor I landing
data implies a very small amount of cohesion is present in the
lunar soil. The slippage coefficients are K; = 0.2 and Ky = 1.25,

The slope distributions are based on a series of typical scientific

mission traverses from a landing site and the distribution represents
a total travel distance of 100 kilometers,
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TABLE IV

Rough-Rayed Mare

Slope Angle¥ Percent of Total##¥
(degrees) Distance Soil Constants¥¥
8.0 KQ'= 0.5 N = 0.5
4 16,0 Very fine grained
23.0 material.

10 25.0 Ky = 1.0 N=0.75
Medium grained frag-
mental material

20 16.0 KQ = 3.0 N=1.0
Loose type fragmental
material

30 8.2 KQ =6,0 N=1.,25
A bonded fragmental
material similar to
hard sand.

35 3.8 KQ»= 6.0 N =1,25

* The distribution of slopes for this terrain is 50/50; i.e., +4°

sk

Mastaals
WHRR
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slopes cover 8 percent of total distance.

Soil is assumed to be cohesionless frictional type soil (c = O,

Kec = 0) at the present time even though the Surveyor I landing data
implies a very small amount of cohesion is present in the lunar
soil, The slippage coefficients are K; = 0.2 and K, = 1,25,

The slope distributions are based on a series of typical scientific
mission traverses from a landing site and the distribution represents
a total travel distance of 100 kilometers,
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Boulder Density Per Square Meter

f(x):

Figure 2.
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Figure 4.

Boulders and Small Ejecta-Type Strewn Terrain
Near Surveyor I Landing Site

(20 cm to 1 meter boulders)
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Figure 6.

Small Craters (1 cm to 3 m Size Range)



Figure 7. Large Crater and Blocky Ejecta Materials

(20 cm to 3 meter diameter ejecta)
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Typical Large Fresh Lunar Crater (Orbiter II Site P-11B, Frame 177)

Figure 8a.

Diameter Approximately 385 Meters
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Danny Boy Crater at Buck Board Mesa, Nevada Test Site

Diameter Approximately 80 Meters (Moore)

Figure 8b.
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Figure 9b.
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Cumulative Size Frequency Distribution of Craters on Lunar
Surface at Surveyor I Area (A. Kelly & R. Lugn, USGS)



Figure 11,

Slumping of Lunar Soil Toward Floor of
Craters (Patterned Ground) (II-P-1 Frame H 13)
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L

Figure 12, Possible Smooth Area due to Presence of Volcanic Materials
(Orbiter II-P-11A, Frame H-165)
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Figure 15,

Blocky Material on Crater Rim Photographed by
Ranger 8, Frame No., 541



Figure 16. Typical Dark Regional Mare Terrain

(Orbiter III-P-12A, Frame 192)
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Figure 17. Typical Regional Mare Terrain (Orbiter II-P-8b, Frame H-128)
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Figure 18. Typical Smooth-Rayed Mare Terrain
(Orbiter II-P-11A, Frame H-165)
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