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the borings a t depths fro m the ground surface varying from 7  feet (2 m) to 55 feet (17

m). Th e wate r wa s no t alway s observed durin g drilling, bu t sometimes a  day afte r

drilling, whic h i s typica l o f groun d wate r i n the mountains . Som e wate r was als o

observed in the cavities.

As previousl y discusse d th e bedroc k consiste d o f th e Eagl e Valle y Evaporit e

Formation. Thi s bedrock consisted of intermixed and interlaminated anhydrite , shale,

sandstone, an d limestone seame d an d veined with white gypsum. I n some areas the

gypsum had been eroded fro m the bedrock by flowing ground water. Thi s resulted in

open cavities an d cavities filled with very sof t soils . Th e surface of the bedrock was
discovered a t depths ranging from 1 9 feet (6 m) to 85 feet (26 m) beneath the ground

surface. Cavitie s rangin g i n heigh t fro m 2  fee t ( 1 m ) t o 1 3 fee t ( 4 m ) wer e

encountered i n the borings. Th e cavities wer e intercepted b y the borings a t depths

from 2 5 fee t ( 8 m ) t o 8 4 fee t (2 6 m ) beneat h th e groun d surface . Base d o n th e

investigation i t appeared that several long, linear, narrow, chambered solution cavities

existed i n th e evaporit e bedrock . Thes e cavitie s appeare d t o b e geologicall y ol d

features (create d befor e th e en d o f th e ic e age ) an d th e solutionin g proces s wa s

dormant or occurring at a slow rate. Base d mainly on direct observations mad e fro m

boring PH-2 of the cavern penetrated by that boring, a geologic profil e (Figure 3) and

a geologic ma p (Figure 4 ) were prepared. Th e location o f the profil e and map ar e

shown in Figure 2.

Figure 3. Geologi c profile of the cavity complex
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Figure 4. Geologi c map of the cavity complex

Foundation System

Shallow and deep foundation systems were considered fo r this site. Th e performance

of each foundation system was influenced by the cavities beneath the site.

A shallow foundation system, such a s spread footing foundations , could suppor t th e

structures with a low risk of movement i f the cavities were filled wit h grout. Fillin g

the cavities wit h grout was possible. However , th e quantit y of grout that woul d be

needed to fil l the cavities was unknown. I n addition, confirming that all cavities were

filled with grout would be difficult. Therefor e this foundation system would have an

unknown risk of settlement.

Deep foundation systems such as driven piles and drilled caissons were also possible.

These system s coul d suppor t th e structure s wit h a  low ris k o f movement provide d

they were founde d i n the competent bedrock. Bot h o f these systems woul d also be

influenced b y th e cavities . Drivin g pil e foundation s throug h th e soil s woul d b e

possible. However , i t woul d b e difficul t t o driv e th e pile s throug h th e bedroc k

surface and then through cavities to the competent bedrock. I t would not be possible

to observe the tip o f the pile. Wit h the unknown bearing condition, thi s foundation

system woul d hav e som e ris k o f movement . Constructio n o f caisso n foundations

would require drilling a  caisson hole through the soil, into the bedrock, throug h the

cavities, and then socket int o the competent bedrock. Th e drilling and bottom of the
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caisson coul d b e observed . However , the portion o f the caisson through  the cavity

would require forming so that the caisson concrete did not flow into the cavity.

Due t o th e unknow n cost s associate d wit h fillin g th e cavitie s wit h grout , ris k o f

settlement wit h a  spread footin g foundation , construction difficultie s wit h a  driven

pile foundation , th e developer selected a  caisson foundatio n system . However , t o

contain the concrete when the caisson penetrated throug h a  cavity we recommended

installing permanent casing through the cavities. A n example of a permanently cased

caisson is shown in Figure 5.

COMPETENT BEDROCK

Figure 5. Exampl e of permanently cased hole

Additional Investigation

Upon discussin g an d reportin g ou r finding s wit h th e owne r o f th e lot s an d th e

developer, a  fourt h phas e o f th e investigatio n wa s developed . I n thi s phas e th e

caisson foundation  system was designed fo r each o f the fou r buildings . The n KC E

investigated th e subsurface conditions a t each caisson location. Th e purpose o f this

phase o f the investigation wa s to evaluate the location an d depth o f cavities a t each

caisson location. Acces s t o the site was provided for a truck drill rig by grading level

areas where the foundation walls would be constructed. Thi s was performed in June

and Jul y 1987, b y drillin g 10 3 borings wit h a  4-inch (10-cm) diameter, continuou s

flight, powe r auger . Th e holes wer e advanced continuousl y with the auger withou t
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taking samples of the subsurfac e materials. Th e plumbness of the drill rig and augers

were maintaine d a s th e hole s wer e drille d t o obtai n a  vertical straigh t hole . Th e

subsurface materials were logged based on the behavior of the drill rig, the materials

emerging aroun d th e auger , an d ou r experience fro m th e previou s investigations .

Each boring was drilled at least 25 feet ( 8 m) into the bedrock resultin g in the depth

of these borings ranging from 40 feet (12 m) to 113 feet (34 m). Base d on the results

of thes e boring s w e recommended th e nee d fo r permanen t casing , th e lengt h o f

casing, and the bottom elevation for each caisson.

Construction

The additional boring information , bottom elevation o f each caisson , which caissons

required permanen t casing , an d th e lengt h o f permanent casin g wer e provide d fo r

contractors t o bi d o n th e project . Onl y 2  contractor s bi d o n th e foundatio n

construction. Th e contract was awarded to the low bidder. Durin g construction w e

observed th e drillin g o f th e 10 3 caissons. Du e t o th e investigatio n program , th e

drilling o f th e caisso n foundation s occurre d a s anticipate d an d th e contracto r

completed caisso n constructio n a s scheduled . A  photograp h o f construction o f a

caisson is shown on Figure 6.

Conclusions

Even wit h comple x geolog y beneat h thi s sit e constructio n o f th e building s wa s

possible. Communicatio n wit h th e develope r s o tha t the y understoo d th e risk s

associated wit h the cavities resulte d i n their willingness t o perfor m a  more detailed

subsurface investigation . Wit h th e detailed subsurfac e informatio n fo r th e caisso n

Figure 6. Caisso n construction
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foundations a  bi d wa s obtaine d fro m th e foundatio n contractor tha t ha d ver y fe w

contingencies. Th e selection o f this innovativ e foundatio n syste m wit h permanen t

casing in the cavity zones resulted i n a system that could be constructed wit h known

costs. I n addition, the quantity of concrete needed to construct this foundation system

was significantl y less than pumping grout into the cavities. Th e buildings have not

experienced any movement almost 20 years after construction.

Technology keep s evolvin g suc h tha t othe r foundatio n constructio n technique s

continue t o b e developed. Toda y anothe r foundatio n option woul d be micropiles .
Micropiles were not available at the time these buildings were constructed.
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Abstract

During Surveyo r an d Lun a missions , thirtee n U.S . an d Russia n lander s an d

rovers examine d th e surfac e o f th e Moo n an d evaluate d soi l mechanic s usin g a

variety of penetrometers, soi l scoops, and nuclear densiometers. Sample s o f the lunar

regolith were returned to earth via unmanned rocket capsules . Durin g the Apollo Era,

the U.S . sen t si x manne d mission s t o th e surfac e o f th e Moon . Astronaut s

incorporated various penetrometers, drills, trench excavations, and other techniques to

evaluate soi l mechanics . Luna r modul e footpa d penetration s an d eve n astronau t

footprints were analyze d to obtain soil mechanics information .
More recently , focus has shifte d t o exploration o f Mars. T o date,  two Viking

landers an d thre e rover s hav e explore d th e surfac e o f Mars . Soi l mechanic s

information ha s been collected b y analysi s of rover tracks , trench excavations , airbag

impacts, bac k calculatio n of landslid e features , and footpa d penetrations . O n Earth ,

geotechnical engineer s an d geologists emplo y a  number o f standar d test procedures .

It is importan t to alway s keep in mind tha t almost an y penetration o r interaction with

soil and rock can be analyze d to determine usefu l propertie s of those materials .

Introduction

A brie f histor y o f th e exploratio n o f th e Moo n an d Mar s i s presented . Soi l

mechanics investigation s durin g variou s mission s ar e described . Th e goa l o f thi s

paper is to expose the reader to a brief accoun t of planetary soil mechanics technique s

for th e purpos e o f demonstratin g tha t observation s o f ordinar y interaction s wit h soil

and roc k can  revea l an  extraordinar y amoun t of  usefu l informatio n abou t soi l

composition, density , and strength.

Pre-Apollo Geotechnical Exploration of the Moon

In 1961 whe n President Joh n F. Kennedy proposed the manned luna r landing

as the focu s of the United States' space program, little was known about the properties

and compositio n o f the surfac e of the Moon . Th e histor y of luna r space missions i s
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shown i n Tabl e 1 . Befor e 1961, th e U S luna r mission s consiste d o f fou r Pionee r
spacecraft . On e of these exploded, two failed to reach escape velocity , and the fourt h

flew pas t th e Moo n o n a  ver y distan t trajector y an d too k radiatio n measurements .
Each spacecraf t weighed less than 6 kg (13 Ib).

Prior t o 1961 , th e USS R luna r spac e progra m consiste d o f tw o successfu l
lunar flyby s an d a hard lander. Lun a 1  was the firs t luna r flyby . Lun a 2 was the firs t
spacecraft t o impact the surfac e of the Moon, an d Luna 3  returned the firs t imag e of

the Moon' s hidde n sid e (Fig. 1) . Thes e spacecraf t weighe d u p t o 38 7 kg (85 3 Ib) .
Clearly, the USSR had a significant head start in the space race.

A numbe r of early theories abou t the compositio n luna r surface were derive d
from laborator y research . On e attemp t to simulat e th e formatio n o f igneou s rock i n
vacuum an d low gravit y resulted in a  fiber glas s like structure . Th e wor k suggested

that the surfac e of the Moon might consist of loose, fibrou s material simila r t o cotton
candy in strength and consistency.

A secon d se t o f experiment s consiste d o f exposin g a  granula r silicat e t o

ultrahigh vacuu m and high temperature for a  considerable time period. Th e resulting
product was a type of ceramic. Thes e experiments suggeste d the surfac e of the Moon
might be extremely hard and cemented.

A third series o f experiments consiste d of loosely depositin g granula r silicates
in ultrahig h vacuum . Th e soi l forme d a n extremel y porou s deposi t du e t o

unexplained temporar y cohesion . A  hypothesi s calle d th e "fair y castl e theory "

suggested that the surface of the Moon was extremely loose and meta-stable.
Yet anothe r researc h projec t involve d creatin g iro n particle s i n ultrahig h

vacuum. Whe n ai r containing oxyge n entered th e chamber , a  spark occurre d du e to
oxidation o f th e metal . I t wa s theorize d tha t openin g th e Luna r Excursio n Modul e
(LEM) coul d cause spontaneou s combustion on the highl y reduced iron-ric h surfac e
of the Moon.

Still anothe r set of experiments involve d depositing dus t in vacuum . Th e dust

became electrostaticall y charged durin g deposition an d adhered i n thic k layer s to all
surfaces withi n the chamber includin g the undersid e o f wire s an d equipment . On e

interpretation o f th e result s wa s tha t dus t o n th e surfac e o f th e Moo n woul d be s o

adhesive and pervasive that the LEM and astronauts may be immobilized .
Immediately followin g Presiden t Kennedy' s announcemen t o f th e luna r

agenda, much effor t wa s dedicated to furthe r laborator y testing of soils in low gravity
and ultrahig h vacuum. A  numbe r of high qualit y investigation s were conducted , too

many to lis t herein. Th e Lunar  Source  Book  (1991) contain s man y references . A n
example i s foun d i n Perko and Nelson (2000), whic h describes som e o f the research
at the Illinois Institut e of Technology conducted in the 1960s.

To supplemen t laborator y work , i t wa s imperativ e t o conduc t roboti c fiel d
reconnaissance prio r t o sendin g human s t o th e Moon . Betwee n 196 4 an d 1965 ,
America sen t thre e successfu l har d lander s t o th e Moon . Thes e Range r spacecraf t
returned close-up photograph s of the Moon showin g a cratered surfac e wit h possible

boulders. Meanwhile , th e USS R achieve d th e firs t successfu l sof t landin g o n th e
Moon, Lun a 9 , whic h returne d severa l photograph s fro m th e surface . Perhap s th e
most important discovery of the Luna 9 mission was determining tha t a foreign object
would not sink into the lunar dust and that the ground could support a heavy lander.
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Table 1. Histor y of Lunar Robotic Missions

^European Space Agency

Date Missio n Typ e Cntry . Soi l Mechanics Studies

Jan 2, 1959 Lun a 1 Flyb y USS R Firs t Lunar Flyby

Mar 3, 1959 Pionee r 4 Flyb y US A Non e

Sept 12, 1959 Lun a 2 Har d Lander USS R Firs t Lunar Hard Landing

Oct 4, 1959 Lun a 3 Flyb y USS R Firs t Photograph of Far-Side

Apr 23, 1962 Range r 4 Har d Lander US A Firs t US Hard Landing

Oct 18, 1962 Range r 5 Flyb y US A Distan t Photographs

July 28, 1964 Ranger ? Har d Lander US A Close-U p Photographs

Febl7 , 1965 Range r 8 Har d Lander US A Close-U p Photographs

Mar 21, 1965 Range r 9 Har d Lander US A Close-U p Photograph s

Jan 3 1 , 1966 Lun a 9 Sof t Lander USS R Firs t Lunar Sof t Landin g

1966 Lun a 10-12 Orbite r USS R Photograph s

Apr 30, 1966 Surveyo r 1  Sof t Lander US A Footpa d Penetrations , Engine

Exhaust Erosion

1966-1967 Luna r Orbite r US A Photographs , Mapping

Orbiter 1-5

Dec 2 1,1966 Lun a 13 Sof t Lander USS R Penetrometers , Acceleromete r

Feb5 , 1967 Surveyor s Sof t Lander US A Trench , Plate Bearing,

Footpad Penetrations, Impact

Tests, Engine Exhaust Erosion

Jul 19, 1967 Explore r 35 Orbite r US A Non e

Sept 8, 1967 Surveyo r 5 Sof t Lander US A Footpa d Penetrations, Engine

Exhaust Erosion

Nov. 7 , 1967 Surveyo r 6 Sof t Lander US A Footpad  Penetrations , Engine

Exhaust Erosion

Jan. 7 , 1968 Surveyor ? Sof t Lander US A Footpa d Penetrations, Engine

Exhaust Erosion

Apr 7, 1968 Lun a 14 Prob e USS R Photograph s

1968-1970 Zond5- 8 Fly-Aroun d USS R Non e

Sept 12, 1970 Lun a 16 Sof t Lander USS R Drill , Sample Return

Nov 10, 1970 Lun a 17 Rove r USS R Penetrator , Densiometer

Sept 28, 1971 Lun a 19 Orbite r USS R Photograph s

Feb 14 , 1972 Lun a 20 Sof t Lander USS R Drill , Sample Return

Jan 8 , 1973 Lun a 21 Rove r USS R Penetrator , Nuclear

Desiometer

May 1974 Lun a 22 Orbite r USS R Photograph s

Aug 9, 1976 Lun a 24 Sof t Lander USS R Drill , Sample Return

Jan 25, 1994 Clementin e Orbite r US A Photographs , Mapping, Laser

Altimeter

Jan 6, 1998 Luna r Orbite r US A Spectrometer , Photographs ,

Prospector Mappin g

Dec 2002 SMAR T 1  Orbite r ESA * X-Ra y Spectrometer,

Photographs, Mapping
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Figure 1 . Sovie t Image of Lunar Far-Side

In 1966 , anothe r USS R sof t lander , Lun a 13 , successfull y arrive d o n th e
Moon. A n accelerometer recorde d th e landin g force s durin g impac t an d scientist s
were able to determine th e soil structure down to a depth of 20 to 30 cm (8 to 1 2 in).
In addition , a  pai r o f spring-loaded  boom s wa s deploye d an d titanium-tippe d rod s

were driven int o the ground by small explosive charges. The  penetrators measure d a

soil density of roughly 0.8 g/cm
3
 (50 Ib/ft

3
).

Between 1966 and 1968, the U.S. sof t landed Surveyo r 1 , 3, 5, 6, and 7 on the
Moon. Surveyo r 1  was the firs t U.S . spacecraf t to land safel y on the Moon . O n all
five missions , close-u p image s o f th e luna r surfac e showe d tha t i t wa s saf e fo r
manned landings.  I n all , th e Surveyors  returne d nearl y 88,00 0 high-resolutio n
pictures of the Moon's surfac e and performed th e firs t soi l analysis . Th e Surveyo r 3
lander was equipped wit h a soil mechanics surfac e sampler tha t was designed t o dig,
scrape, an d trenc h th e luna r surfac e an d t o transpor t luna r surfac e materia l whil e
being photographe d s o that the properties o f the luna r surfac e coul d b e determined .

The surfac e sampler performed seve n bearin g tests , fou r trenc h tests , an d 1 3 impact
tests. Th e soi l mechanic s surfac e sample r projec t wa s administere d b y Ronal d F .
Scott, a  notable geotechnica l enginee r fro m Californi a Institut e o f Technology . A
photograph of the surface sampler and lander footpa d on the lunar surface is shown in
Fig. 2 . Soi l mechanic s informatio n was als o determined fro m footpa d penetration s
during landing . Strai n gauge s on  lander leg s provided  impac t forc e measurements .
Photographs showed penetration depths.

Equally importan t t o selectin g landin g sites, a  series o f U.S . orbiters , Luna r
Orbiter 1- 5 (1966-1967), successfull y accomplished mappin g of 99 %  of the surfac e
of the Moon wit h resolution dow n to 1  meter ( 3 ft) . Altogether th e Orbiters returne d

2180 hig h resolutio n an d 88 2 mediu m resolutio n frames . Th e micrometeoroi d

experiments recorded 2 2 impacts.
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The subsequent Apollo manned missions to the Moon were largely successfu l
due to the soil mechanics investigation s carried out remotely by landers an d extensive

mapping from orbiters. Laborator y penetration, direct shear, an d density experiment s
helped t o qualif y som e o f th e potentia l processe s uniqu e to th e luna r environment .
Penetrometer data , footpa d penetrations , landin g forces , soi l scoo p trenc h stability ,
and plate bearing tests were analyzed to estimate soil shear strength , bearing capacity ,
density, an d even gradation . Fro m these  dat a and carefu l analysi s o f photographs , a

notable geologist , Eugen e M . Shoemaker , arrive d a t th e theor y tha t th e regolith
covering th e moo n wa s forme d b y a  weatherin g proces s caused  b y continue d

meteoroid an d micrometeoroid bombardment which , wit h th e declin e i n meteoroi d
size an d impac t frequenc y ove r time , ha s resulte d i n a  gardenin g effec t wit h fine r
grained material s at  the  surfac e tha t slowl y grade to  more cours e materia l at  depth .
This governin g theory i n luna r geolog y wa s forme d an d th e Apoll o mission s wer e
attempted without soil borings and without cone or split-spoon drive samples .

Figure 2. Surveyo r Footpad and Soil Mechanics Surface Sampler
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