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ABSTRACT »
o,
Ultimate goals of Alr Force landing gear/soil interactioa recearch -
are to develop maximized landing gear design criteria for sircreft operation
on scil surfaces and to establish absolute techniques for the prediction of »
military aircraft operationsl capabllity at any soil surfaced site. In order
to achieve these goaia, real life relaticnships must be established between
sircraft surface operational capability, and soil aad site characteristics.
This program was concerned wit\ the idectification of both ecil and »
site parameters usable for deflning alrcraft operutions capability. The
research effort included a literaturae survey, a review of existing rapid
in situ and remote sensing techniques for determining soll streagth aad
ground roughness, and a study of the proposed active landing gear system »
as related to the required soil and site parameters. A detailed descriptioa
of each of the raviewed rapid in situ and remote sensing techniques is
included.
» L
’
»
This document is subject to special export controls and each
transmittal to foreign governments or foreign nationals may
be made ouly with prior approval of the Air Force Flight
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SECTION I
INTRODUCTICN

The effective and efficiert cperation of Air Force aircraft {rom sail
surfaced sites 10 dependent upon providing aircraft with maxtmized landing

gear syesteams and the abllity tc predict aircraft operstional capability at aay

soll surfaced site. A maximized landing xear systemn wiil minimise dyoamic

loads induced into the aircraft and provide capability to achieve the meximam

number of operations required at specified minimum so.l surface cite con-

ditlons. Meoreover, 8 maximized system muet have & minimum total and

related structural weight, and require the smallest stowsge space possible.
Klfective use of aircraft can bo made valy If atrcraft operational capability ot

each soll surfaced site to be used can bo ¢utabliched cn an abeoluse basis.

Io arder to deveiop maximised landing gear criteria and establish
absolute techniques to predict alrcraft operational capability at soiil svorfaced

sites, resal life relaticaships must be developed batween landicg gear surface

opsration capabllity and soll curface aud site parametersc. Thereforo, the

objective of this study, on & preliminary basis, was to obtain & generdl under-
standing and to identify s.il and site parameters reiated to landing gear cper-

ation capability. Also, the study provides a review of exioting methods for
determ.ining thess parameters.

The research effort included a literatare search, an ideatification
and recommaendation of both soil and site parametere, 2ad 2 review of existing
repid in situ and remote methods for determining these parameters. A portion

of the atudy was devoted tn relating the current statg-of-the-art of resmote and

in #itu measurement of soil and site parameters to the development of an active

lending gear system. Deecriptions of in situ and remote evaluatico techalques

aand applicable reference reports are provided in Appendix C. Caly uaclaseifled
material was reviewed for this program,

In reviewing literature searches from DDC, NASA, and other soarces.

approxiroataly 1000 titles and/or abetracts were screened and, of this total




119 appear 1n Appendix A, with a croes index. In addition to this Appendix,
there 19 considerable literature that reporte using either in situ or remote
sensing devices. These articles, however, either did not discuss the devices
directly or were references which gave only examples of specific applications
of remote sensors. Consequentiy, this type of article provided no basic
insight into the problem of aircraft surface operation research as related to

either in situ or remote sensing and therefore was not included in the list.

Tec suppiement the litersture review with the most current informatiun
on {n situ soil testing techniques, zn information request was sent to twenty-two
governmental. ed\:clticc:\al. and industrial organizations who were ideatified
as knowledgeable in the rapid in situ and remote sensing areas. A copy of
this request, which is included as Appendix B, wsas sent to each organization
subsequent to a personal phone call from the Unlversity of Dayton Research
lostitute. This information request asked each organization to comment on
the methods listed , to write in any method not listed that might be applicahle,
and to evaluste current methods of in situ rapid teating and remote sensing of
soil properties which will define sotl properties applicable to aircrafe flotation

and operation on soil surfaces.
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SECTICON I
RAPID IN SITU SOIL MEASURING TECHNIQUES

1. Method Identification

Among the many methods of evaluating soil properties in situ for
analysis of alrcraft flotation and surface operation capability, eight were
selected from the literature as being either the most feasible or the most
currently used, Of the eight, all but two report a soil streagth that is ob-

tained through some type of penetration test. All but one define some strength
parameter. These eight mechods are:

Mobility Cone Penetrometer

Airfield Cona Penetrometsr
California Bearing Ratlo

Bevameter Bearing and Shear Devices
Remolding Index

Sheargraph

Nuclear Methods

Dimensional Analysis for Relatiag Military Vehicle Ruts to
Alrcraft Flotation Capacity
The ruclexr devices and the sheargraph do ot me
type of strength and the former does not measure strength at all. Stre—-gth
can oaly be inferred from the moisture content and density as measured
with the nuclear devices. FEach of the methods listed and a few other related
methods are described in detail in Appendix C. Included in this description
is a reference which will serve as a prime cource of information for that

method. Note that the Mobility Cone, Airfield Cone, and Remoclding Indices

are very closely related and may be considered either as one system or

three separate methods aa listed.
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2. Orgenizational Review .. Rapid In Situ Results

Twelve organizations responded to a request to review, coinment on,
and rate rapid {n situ techniques for the determination of soil atrength.
Appendix B provides a list of particlpating organizations, thas reguest letter
used, and Information Summary Sheets. Table | provides a summary of

the ratings given to the in situ techniques considered.

The comnments on each of these methcds were somewhat repetitive,
therefore oniy a condensed iist ie presented below. For convenience they

are grouped by method.

Mobility Coae and Airfleld Index:
Is simpie to operate and easy to reduce data
Gives soil profile with depth
Gives good correlation of data
Messures a small loadlng area
Does not measure a fundamental scil property

Ie not applicable to high strength soll

Callfornia Bearing Ratio:
I8 a well-known test
Gives good correlation of data
Measuree only surface properties
Fequiree heeavy equipment acd is time conswniag

Requires excavation to get a depth profile

Bevaimeter:
Attempts to measure a fundamental soil property
Presently gives no correlation to aircruft flotation
Boundary coadltions not defined

Data reduction difficult
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Tabdble 1. Organizstional Review and Rating of In Situ Techniques.
M Ree ) o Weighted
'”’OW 2y |4ls|el7le folre] 1112 ghte
. fAverage
MOBILITY
CONE 2|l 11113 11 3 2 1.6
AIRFIELD
INDEX Tja 1311 v} 2 14712 2 1.7
CALIFORNIA
BEARING RATIO 213312zl 2z)y 2} 4 4 2.6
BEVAMET ER
SHEAR 3 4|7 2 (5] 8 ! 3 4.1
BEVAMETER
REMOLDING .
SHEARGRAPH 3 6 61 4 2 9 5.0
NUCLEAK
METHODS 212 5]15] 4 (9] 6 S 4.8
Dimensional
Aaalysis (Military
Vehicls to Aircraft 2 33|85 6 1 3.7
Flotation Capacity)
RATING KEY: Methoda are rated in order of prefergnce (i. e., l-best, 2-next
best, . .......9-least acceptabla). Blauk hlccks indicaie that

no rating was given in the response.
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Remolding Iadex:

Gives a possible multipass correlation

Sheargraph:
Is casy to operate
Boundary conditions are unknown
Data is instrument dependent
Presently gives no correlation to aircraft flotation

Mesaures a emall loading area

Nuclear:;
1s rapid and rnondestructive
Presently gives no correlation to soll strength

Needs calibration for each soll type

Dimensional Analysis (Military Vehicle to Aircraft Flotation Capacity):

Preaently glves no correlation to aircraft flotating

Has limited prediction capability

In sddition to personal ¢ .aments on differant methods, some respon-
dents listed other methods they thought would be of interest. These are as

follows:

Fenetro-Shear:
Apparently a method of testing such that both shear and bearing
properiies can be measured concurrently. '
"The Penetro-shear Apparatus', Tech. Report No. 1033g,
U.S. Army Tank-Automotive Center, Warren, Mich.,
July 1968.

Soil Truss:

A method of measuring shear strength under a large loading area.

Tech. Mem. M-003, U.S. Naval Civil Engineering Lab,

Port Heeneme, Callifornia.

R e e el e A e ki
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Evans Shear Vens:
Measures shoar strength.

“Measurement of Surface Bearing Capacity of Sail",

Geotechnique Vol. I1, June 1950.
Plate Bearing:

Allows evaluation of soil properties using larger loading areas.

This is & common method to most englnecrs.
Scismic:

These devices have responses that are related to stiffnese but

the data has not been fuily developed into a suitable correlation
for actual use.

Vibratory:

A method under development that will hopefully give a value of

the shear modulus of soil.

The above six methods are generally obscure except, of course, for plate

bearing. They are not, for various reagons, applicable to the tire/soil
ioteraction problem.

3. Results

Based on the review of literature and the organizational review, the

cone penetration type test (either Mobllity or Airfield) is presently the best

rapid method of assecasing the fur the prediction of aircraft scii

surface interaction phenomena. The first cone penetrometer was developed

by the Waterways Experiment Station for mobility research aod testing. Siace

that development by WES, the penetrometer has beea very popular in eval-

uation testing of aircraft for flotation on unprepared airfields, Most of this

testing was reported using CBR values, and as a consequence, there are many

correlations relating flotation and CBR values. Upon reviewing some of these

earlier tests, it was noticed that many of the CBR values were obtained through

a correiation of CBR vs Airfield Index values. Thue, most of the field testing

of soil strength in the past has been done with a cone penstrometer and therefore

«c@ s
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there i a good correlation between aircraft performsnce and cone penetromater
. values. In &dditlon to the above, the cone penetrometers, elther the sirfield »
or moblilty type, are simple to operate, easily carried by one man {or fleld
use, and permit quick data reduction, \*
. The major drawbacke of the penetrometer include operator error which
decreases reliability, need for individual calibration to be able to accarately »
reiate cons penetration values ta CBR, need for repetitive testy to estabilsh
A realistic average soil streagth index and other minor operational problems
. a8 noted in Appendix C,
Another promising method, presently in an ioitial evaluation stage, ’
is an empirical correlation between the measured rut depth of a atandard
military truck tire and the flotation performan-e of an aircraft tire on the
{ same soil. This simple method would allow the evali sticn of an airfield
by measuring the rut depth of a military vehicle, and relating that value to ’
the flotation capacity of the fleld for & specific aircraft through the use of a
previously developed empirical correlation. This type of approach to flotation
! analysis does not allow a fundamental look at the soil, but It does give a simpl
quick method of evaluating airfields without the use of sophisticated equipmen' ’ *
and analysis techniques. Ansther advantage of this method is that it will ailo
an absolute evaluation of {lotation without walting for a more fundamental
1 solution to the problem to be developed. ’
q
]
L]
v
{ 8 »
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STCTION IU .
®

t REMOTE SOIL SENSING TECHNIQUES

; Remote senasing s not & new sclence and is highly sophisticated in '—t’
maay specific applications :clated to probleme In agriculture, highway
engineering, and miiitary reconnaissance, and cansequently a considerable

body of knowledge concerning remote sensors has been compiled. The major

— e n

problem with all remote sensing techaiques is that 2 grneralized method of

analysis of remoute sensor datz is not presently possibie, aad therefore each

f e ——

application/analysie must be related to a set of specific conditions involy ng
the specific sensor, weather, time of year, time of month, and time of day,
to mention oniy a very few of the ceontrolling variables. Thus the conclusions
that are reached during some remote seneing application are only applicable
to the same original set of conditions, and are oot generally applicable. In
light of this, a general analysis of remote sensors for application to aircraft
flotation/eocil surface interaction parameters is not poseible, and only & few
iuveltig;torl“' &34 have studied the specific psratueters associated with
the military aircrait flotation and operation on soil through the usz of remote
sensors, Therefore the dlscussion of remote sentors in this report will

include only limited basic descriptions of the remote sensing methods and

their possible application to the sensing of flotation parameters.

. L. Method Identification )

From the diverse selection of ramots sensing methods and sensors,
eight categories of sensor techniques aere selected to be discussed and
discussion is limited to specific applicitions that are directiy related to

flotation parameters. The eight categories selected are:

Acrial Photography
Infraied




Impact Penetrometere

®
Microwave Radlome’er [y
Gamma Ray
Multlsensor ¥
Limited descriptions, discussions, and refereaces {or these categories
are provided in Appendix C, and in addition there are & few prime sources for »
background and detalled descriptions of theee categories in the reference
llu”' 2345 6,. The Proceedings ofthe Symposiumns on Remote Senslng of
Eavironment, which were beld at Michigan University, Ana Arbor, Mickigan,
are alec good sources of remote sensor information. °
2. Organizational Review - Remote Sensing Results
Ratings of remote senaing techniques by organizations contacted are
provided in Table 2. Agalin, the comments were scmewhat repetitive and they [
are presented here in condensed form.
Alirphoto:
Gives broad area coverage
Is most advaaced of all methods of remote sensing » ®

I not & real time method
Sun apgle and other atmospheric conditions are importaat

Needs expert interpretation

Radar:
Penetrates soil and consequently relates soil properties with depth
Defines only gross topographical features
Moderate to high moisture content will mask soll properties

Is not a real time method

Lasver:
Is a rapid real time device
Glves accurate microrelief Y

Gives a continuous profile

10
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1 Table 2. Organizational Review and Ratiag of Remote Senaing Techniquee, ]
&
.
A Ree on ‘ Weighted -
fethog No [ V{2 3| efs|e|T]8]9]10] 11] 12 ¢
Average
) AIRPHOTO s tfs]1]s]a 1 2.3 ’
€ !
!
; RADAR 7 s sls{3]|« 4.8
t
LASER )
‘T | PROFILER 2 2 3je6el7y1 3.5
MULTI-
SPECTRAL L] 2 H 2.7
4 ANALYSIS »
AERIAL IMPACT
PENETROMETER | | 3 ol IR N I 2.1
[ ®
* INFRARED 5 4 | 4|2 P4 3. 4
MICROWAYVE 4 5 31413 3.8
q GAMMA RAY 5 5 6|4 5.0 b
RATING KEY: Maethods are rated in the order of preference (1. 4., l-bast,
2-next best, ........9-least acceptabla). Blank blocke lndicate
J that no rating was given ia the response. )
q b
11
* »
»




Does not penetrate foliage to seese scil surface
Needs further dJevelopmaant »

Needs better altitude reference

Multispectral:
Gives optimum amount of iaformation
Glves good spectral signatures
Is not & real time devica

Neede expert analyein

Impact Penetrometer:
Preesrntly glvees no correlation to sircraft flotation
Needs many tesiv for proper evaluation

Strength value has low reliability

Infrared: »
Gives good data related to moisture cuntent
Ie not & real time device

Meavures only surface properties

Mlicrowave:
Gives data with depth
Sensitive to molsture content and soil type

Needs compensuticn for atmospheric corditions

Camma Ray:
Is restricted to low aititude flight

Glves no correlation for strength evaluaticn

Adiiticcal sensing techniques suggested which were cot listed on the »

information request form due to their lim.ted stage of development were:

Polarization (optical):
Ylelds {nformation cn sarfsce structure snd porcaity bu? has

to be used with multispectral data.

12




Sickes Farameter Anaiysets:

Yield: loformation os micro- aad macrostructare of souls aad

«@

must be doae multispectrally.

[a addition to the info~mation request, a trip was made to Wiliow Run
Laboratories at the University of Michigan. Willow Run Laboratoriee *ae
held all of the previcue sympreiums on remote sensing of eavironmest, aad
are curreatly pureuing state-of-the-art research in remote eensing. As a
result of this trip, the following conclusinne were drawn as to the application

of remote scusing as applied to flotation analyete:

A. All remote seneing is coruposed of two thinge: (1) a statisticsl
saalyeis of the data, and (2) inference of the mesalng of the »
statistical acalysis.
B. Ramote seasing ie in it beginning stages ia many sreas.
C. The laser profilometer cano measare accurats microrelief if it
"sees' the surface, . »
D. Radar eystems probably will not be of a great deal of help to
flotation saalysie.
E. Microwave anaiyeis can be related to moisture content and soll
type. » @
F. An anslysis of the techaique of & multisensor system has oot
been done.
G. No ooe has sttempted to study roughness and strength, as related
to aircraft flotatioo and sarface operstion; therefore, there is no ’
correlation at present between remote devices and parameters used

eLels SRS

for {lotation analysis.

3 Results
[ ]
In considering the value of the remo’e sensor av a device for evaluating
flotation parameters, it must be remembered that remots sensore (exceopt
for the aerial pesetrometer) maasure an effect raiher than some {fundamental
property of soil. Therefore, parameters such as soil type, moisture content, ®
13
»




density, and especially aoll etrength can oanly be inferred {rom the remote

eensor data. Additlonally, remote sensing analysis results have not been
correlated with aircraft flotation end surface operation parameters to the

needed degree of accuracy.

In order to discuss the merits of ramote sensor devices, the basis of
comparison will assume that some measure of strength combined with some
measure of microrellef or roughnees is necessary to adequately defiae surface
parameters which can be related to aircraft operation capabllity and that the
remole sensor parameters be obtained in real time. Based on the literature
review, organizational review, and other factors, the laser profllometer
sppears to be at present the best sensor method for establishing surface
roughness measurements on a real time basis. This method is not as yet
operational, but has been shown to accurately measure microrelief to high

(1

accuracies The operation of a laser profilometer is very complicated due
to the sophisticated electronics and associated mechanical prablems (i.e..
aircraft roll and pitch). The data analysis is difllcult, aince reflections will
occur off bushes, grass, trees, etc., and therefore there is doubt as to
whether the laser messures the elevation of the soil surface or the top of other
vegetation or the surface water over a soil. Due to this feature the laser
profiler cannot be used by itself, but rather must be used with a system that

accurately tracks the laser beam and describes what surface the laser is

senaing.

It appears that the best system for surface roughness evaluation to
fit these requirements is a combloation of the laser profilometer, infrared

scanner, ~ .d strip photogrlphy(”.

The infrared scanner will accurately plot
the path of the laser beam, and the photography will ahow exactly what has
been profiled and with considerable revearch it should be possible to use such

A combined system on 2 real time basis.

Other remote sensing devices are even more difficult to evaluate since
they were not developed for sensing soil surface parameters related to air-

6
craft operation capability. It is very clearly pointed out by Rlb( ) that

14




Seneralizations made

from the specific application of one sensor to another
application of the same sensor will in all \ikellhood be wrong. Rlb(b’ does

provide a good compilation of Previous remots sensor applications.

At present the best remote sensor method for evaluating eoil strength

is probably the aerial impact type penetrometer. While this device has not

been shown to measure unique woil strength parameter for different solls,

it does measure a a0il response that can distinguish between different soil

types and provides an estimate of soil ltrength(q) in specific cases. A

almilar instrument, which wae actually a forerunner to the impact pene-

trometer, lo the aerial cone penetrometer. The aerial penetrometer 1o alen

GOt an accarate soil strength measuring device, but does bracket the valne of

the soil strength within certain limita,
The aerial impact penetrometer, at present, pravides the caly remote

8oil strength measuring technique available on a real time basls, although

there ia the possibility of inferring both soll streogth and rarface roughaoess

from other remote sensor devices. Alrphoto analysis {s probably in & general

advanced remote sensing method and can be used to interpret
the type of soil, molatyre content,

dense the most

but presently only after extensive correlation to grouond truth data, and with

2 lower order of aAccuracy than required. Airphoto analysis is therefore not

A real time method and the problems a2as ith iia use and data inter-

pretation are highly sophisticated. Other methods of remote sensing, at thia
stage, can only pravide supplementary information for obtalning soil strength

and surface roughness parameters.

15

soll strength, and soll surface roughnecc(‘n,




SECTION IV
SOIL AND SITE PARAMET ERS

(10, 11, 12) ‘(13.14.15. 16)

'"-; Experimental investigations by NASA and other
have shown that significant ground loads are induced in aircraft operating on
rough runways. These roughness-induced ground loads lesd to structural
fatigue fallures 1n the aircraft and, in some instances, landiag gear failures,
The specification of roughness alone for aircraft operating on unprepared
runwiys (& not wufficlent, however, for estimating ground loads since the
stiffness (strength) of the scil tende to reduce the developed ground loads below
that which would be encountered oa & rigid surface with the same rou:hneu(”).
la fact, for aircraft operations on extremely low strength soil (instantaaeocus
siakages greater than approximately 4''), little effect of short wavelength grouna
roughness would be ''felt'! by the landing gear. Thus, it is evident that a dual
parameter system is necesaary la order to define the sultabllity of a site for
aircraft operations. A suitabie measure of aoll strength defines one required

parameter, while a suitable measure of surface roughness defines the other

required parameter,

1. Soil Parameter (Strength)

Three methods of 2]l those reviewed were coasidared applicable for
defining the required soll strengih: parameter.

A. A cone penetrometer {ndex

B. California Beariog Ratio (CBR)

C. Milltary vehicle rut depth correlation.

The first two methods have long been used for definlag strength parameters

i
(18. 19, 20, D Ihe wilitary vehicle rut depth correlation

for flotation analysis
uas ast been fully investigated, bat it does afferd the possibility of a simple

apd uick evaluation method for an emplrical alrfield streagth parameter. Be-
cause the third method is not operstional at the preseat time and due 1o the fact

thas the cous penetrumeter is a better field evaluation tonl than the CBR, the
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cone penetrometer type of lndex ia conetidered the most suitable means to

messure airfield soll strength. The limitations and accuracy aszocisted with

«@-

the use of the penetrometer certhirly suggests the need of 3 more accurate »

fieid evaluation tool. Until such a device is developed through an operational

&

stage which measures more fundamental soll properties, however, the use of
the cone penetrometer adequately fulfills the interim requirements, There
are four types of cone penetrameters currently savailable, including the mobility ’
cone, airfield cone, aerlal cone, and many variations o’ the impact cone. Of
these four devices the mobility and alyfield cone penetrometer are considered
: moet suitabie and have been utilized in sautomated field enaviruoment analyzers,
Both the mobility and airfield penetrometer provide well-developed correlstions ’
betweea soil strength and aircraft flotation analysis. Also, accurate correlaticas

bave been established between these two penetrometers and CBR related flotation
data,

‘ 2. Site Parameter (Roughnesas)

Of particular interest in defining surface roughness of soil runways is
the determination of surface elevation differences to within approximately
cne-quarter to one-half inch, Preseatly used methods of remote sensing of
surface elevations were described in Section III. To date, only the Izser
iechnique has shown sufficient promise of fulfllling aircraft remote rougnness
measuring requirements. This aection Is concernsd with the interpretation
of rcughness data leading to the definition of 8 roughness parameter. The
problem, simply stated, is to define roughnear in a precise and meaningful

maaner with a minimium number of variables.

interpretation of surface rooghness using runwva; profile data can be
based on either a discrete (deterministic) approlch(la' 14,15, 19. 22. 23) '

ora

‘ ) p
; stetistical app:c:ch(24' 25, ¢6. 27, 28). A summary of each of these approaches
i is given below.
}
{ A. Discrete Method

] '‘The basis of most discrete methods in to take either the actual

ranway profile or a simulated worst condition bump or dip proefile and use this
17
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profile as input to a mass-spring-damping mathematical model. This model

is intended to simulate the actual aircraft through select on of the proper model
parameters. Present technology permits an accurate characterization of the
aircraft by use of multi-degree of freedom modeln(”' 14. 19, 23, The advantages
of this approach Include the abllity to generate greater amcunts of and more
exuct information including the determination of the magnityde and location (on
the runway profile) of peak ground induced loads at different atations within

the aircrsft. The disadvantages include much greater computer running times

in comparison to statistical approaches when accurats simulation models a-e

used. Additionally the discrete method does not permit the developmeant of guide-

lines or limiting values which might be applicable to a broad class of unaurfaced

ranwayws.

B. Statistical Methods

The major efforts {or ground roughness anslysis have beea directed
at the sratisticai analyseils approach. This effort was partly brought about by the
lack of success in early atternpts to determine represeatative bump shapes,
amplitudes, and vehicle speed to use in conjunction with landing gear design
and alac by the previously meationed large computational times, Two of these

statistical approaches are described below.

The power spectral density (PSD) methed is a mathematical
method of presenting the essential aspects of the profile by showing the dis-
tribution of roughness (amplitude as defined by power spectra) with wavelength.
The higher the power spectral density at any waveleagth, the grester the ampli-
tude or displacement from the mean (roughness). Slace the power spectral
method represents the average roughnese over the length of the runway for
various wavelengths, the method cannot ideatify the magnitude or location
of the peak ground induced load. It does, however, permit the quantitative

interpretation of levels of roughness.
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Uelng powar spectral analysis rmethods, it haa been obl.rved{‘u' 26) ¢
that most man-made surfaces (runways and highways) and aatursl {virgia) 0
surfaces can be categorized by the simple expression, o
P = ca™ (1 ’
S
whore
P() = power spectral density of the surface profile
i height (L*/cycle/L.) »
'- G = opatial {requency (cycles/L)
! C. N = constante
The value of N has been shown to be approximately 2.0 for natural lurhcot(%’.
Air Force Flight Dynamics Laboratory has conducted soil runway profile [
menluremenu(za) and a curve fit to the bare soil su yeeted roughness criteria
vields an N value of approximately 2. 0. 1If the relationship as given by
: Equation | is valid, then the magnltude of the parameter C provides a measure
of surface roughness in a statistical sense. The larger the value of C, the ®
rougher the ground profile.
An siternate parameter to express roughness is to determine tha
variance (g) which is the integral on fraquency of the power spectral deasity
(Equation 1). This variance is a measure of the deviatinn (amplitude) of the » g
surface profile from the mean.
: Ancther form of roughness parameter based on the PSD approach
was suggestad by IITRI(U) and is based on a review of al}l funway power »
.E spectral density plots for paved runways which were avallable ae of 1963,
The {ollowing single pArameter was used as a measure of roughness:
o.822 @)
9
where
N =~ an index reiated to the horizontal position of the PSD
curve at a spectral deasity of 1.0 in?/radianft .
D = an index related to the vartical position of the PSL' curve »
at a frequency of 2w radians/ft,
19
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The larger the value of Q, the more severe the roughness in relaticn to

landing gear ground loads. Although the power spectiral density approach has
received considerable use for delining the roughness of paved and unprepared
airfields, coneiderable work remains to be accomplished in correlating PSD
with aircraft perforinance on soll runways particularly through the tacor-

poration of soil strength as it influences roughness.

Vector Approach

iace in specifying roughness the amplitude, wavelength, and

repetition must be considered, a vector quantity rather thans a scalar quaatity
has been suggested as & more suitible specification of roughne-."zq' 30'31).
This vector method consiasts of subdividing the plan area to be investigated
into a finite number of triangular areas. Each triangular area ic assigned a
vector (both magnitude and direction). Smooth surfaces have high vector
magnitudes and rough surfaces low vector magnitudes, By compariag the
orientation (direction) of the vectors in adjacent triangular areas, an indi.
cation of roughnees can be determined since smoosth areas will have low
vector disgersions (see Figure 1), while rough arsas will have high vector

dispersicns (see Figure 1).

“YOUTH" TTRRAN 0w VECTOR On$REON “mOUeDC’ TEWRARY R WTTOR OHFEYROR

Flgure I, Expression of Roughoess

A quantitative description of dispersion (roughness) has been

proposed by ther(“) as,
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For smooth surfaces R1 approaches N, and K approaches inflnity. For

rough surfaces, R] approaches zero and K approaches one. This method has

been found to be suitable for describing roughness in a general oenle(z’” but

no correlation has been developed to define its suitability for land mobility

or aircraft/soil type problemas.

Selection of » Site Parameter

At the present time (1970), sufficient correlations between
measured soil surface roughness and landing gear loads have not been made
to permit the selectlon of a parameter which adequately defines roughness for
aircraft operation on unprepared runways. It is recommended, however, that
the roughness parameter C as defined in Equation ] be used on a preliminary

basls as & parameter for specifying limiting inagnitudes of ground roughness.

A esimplified look at this roughness problem is shown in Figure 2.

For high #oil strengths (apprdaching paved runway conditions), the limiting

roughness approaches that of paved runways. For example, Hall(zz). Houbolt(?")

and the proposed airplane military npeciﬁcatlonnuz) have specified limiting

roughnesa levels for paved runways which yleld a C value from Equation 1 of
C=21l.7tc2.1x lo-sft. as shown i{n Figure 2. For low strength soil runways,
the ground roughnese could be considerably higher since the compressibility

of the soil will amoosth the input to the landing gear.

The proposed military
(32)

apecifications have specified a roughnees level for all bare soil ruaways

which yields a C value of C = 5.0 x 1073 ft. as shown ia Flgure 2.

It shouid be recognized that the suggested roughness parameter
does not include the influence of soil strength on roughness. As indlcated in
Tigure &, considerable resecarch needs to be done {or the intermediate con-
ditions between high strength and low strength unprepared runways. Additional
efforts should include the further evaluation of the parameter C, purhaps ina

modified form, as a suitable specification of limiting runway roughness for
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slrcraft operatica? oo unprepsred runwave, Foture research oo landing gesr

shock struts, articulated landing gear and active landing gear syotems will

gltimately influence the magnitude of limiting runway roughness,
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SECTION V

APPLICATICNS TO ACTIVE LANDING CEAR SYST 243

‘%

Current aircraft shock strut landing gears are eystems which react to
ground induced loads in a passive manner. An active landing gear system @ 1
is one which permits the programming of the shock strut ln anticipation of
expected ground roughness. Tha use of such a programmable shock strat
requires the lnput of surface roughness sad ground strength data obtaiced by
remo‘s sensing to the landing gear system. An indicated in Section III, (] J
remote saensing devices (radar, lafrared, laser, etc.) have been daveloped
through the operational stage only for a limited number of specific applicatioas.
The active landing gear aystem is a totally new proposed use of thede remote
vensing systems and consequently coreiderable research and development ] d

must be vadertaken to bring such a system to the operational stage.

There are two poasible modes in which the active landing gear syotem
could be used. For aircraft in landing and take-off operations, the dlacrete 4
mode would use forward looking remote sensing devices to measure grouand » o
streagth and roughness ia the path of the landing gear system on a real time
s an sabosrd compatar, would be
used to program thg landing gear in anticipation of the expected roughnass, J
taking into account the ground deformability based on soil strength. The ’
second, or statistical mode, would utilize airborne remote vensed ground
roughness and strength data as a basis for a statistical input for programming
the landing gear system in landing aud take-off opecrations. A review of
existing techniques of remote censing of ground roughness and streagth for » q
poseible application to the sctive landing gear system is summarized in
Table 3 and 4 for the alrborne sensing mode and the on-ground sensing mode,
respectively. These methods of sensing are defined {a terms of their present
state of development for application to the active landiag gear concept on » » ’

resl time basis.

24 l




Table 3. Alrcraflt Alrdborne Beaaing (Statisticai Mode)
Research Feeawibility Operationsi
Stage Stage Sage
Roughneus
Sensing MAlltl;:hoto laaer None
(Site Parameter) . eneor
Strength Air Droppabdle Cone
Sensiog Airphoto Peaetromater Penetrometer®
{Site Parameter) M!litary Vehicle Tractor Crawler
Rut Dapthe Peaetrometer

¢ Requires ground crew

Table 4. Aircraft On Greund Forward Seasing (Dlscrete Mode)

Revearch Feasbility Operational
Stage Stage Stage
Roughness
Sensing Laser Neos None
(Site Parameter)
Streagth
Sensing Microwaves® Noane None
(Sits Parameter)

% Suggested as holdlag research promloo””
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]
As indicated in Table 4 the aircrafs airborae (statistical) mode is in the
most advanced state of development for application to the active landing gear.
33
Recent work by the U. S. Army Tank-Auatomotive Commlnd( ) have shown
the potential for using active suspeneion systeme in reducing ground loduced ’
loads. Although the use of airborne sensors and on-ground remaote sensors
1a conjunction with a programmable landing gear holde promise for potential
reductions in landing gear loads in landing and take-off operations, considerable
®
research and development still remaine to be sccomplished.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

1. The results of the literature review, the organizational review,

and this atudy indicate that:

A. The cone pencirometer ia the only operational device for
evaluating an adequate meanurs of soil streagth for rapid ln sity proceduree
which satisfy the requirements of portable equipment, rapid measuremeant.
&0d little or no data reduction. The mobility and sirfield cone penetrometer
presently fulfill these requirements, and the military vehicle rut depth

correlation technique is also very promisiag.

B. The aerial impsact penetrometer and the tractor crawler
penetrometer (automated field s.ation) are the ouly devices which have been
shown to be feasible for evaluating a measure of soil streagth by remote
techniques sithough a microwave device has been suggested as haviog potential
for soil strength evaluation. Aerial photographs can be used to infer eoil

strength with limited accuracy but at the present time (1970) caonot provide

this information on a real time basis.

C. The laser profilometer is the only device which appears feasible

for determining an adequate measure of ground roughness on a real time basis,
but it eppears that the laser device will have to utilize other remote sensors

({afrared and photographic) In order to become an operational technique.

2. On this basis, then:

A. Research efforts should be continued on correlatiag cone peae-
trometer indices (both Al and CI) with aircraft operations flotatioc performasnce
on unprepared runwaya, utillzing the cone penetrometexr indices as the only
scll strength parameter until such time as future resesrch indicates a better
in situ rapid evaluation technique. In additlon, research efforts should be

andertaken to fully evaluate the military vehicle rut depth correlation techaique
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through a limited number of {ield operations. Such a technique can provide &
vital interim tool immediately usable to pilots [or determining the suitabliflty ‘
of sites for aircraft operations. .
[ ] ]
B. A suitable method of exprereing surface roughness (the
site parameter) has not been deveioped to date. Although seversal roughness *
parameters have been suggested, none have been fully verified through corre-
lations of sircraft perfcrmance on soil runways, On & preliminary basis the » '
roughneas parameter, C, would be used as a site parameter. Coansiderable
research remains to be accomplished in determining a suitable method for
expressing roughness which, when combined with the soil parameter, will
permit the determination of the operational capacity of alrcraft on unprepared » ‘
runways.
C. Should research efforts leading to the developmeat of
the active landing gear system contince, then research should also continue
primarily on the laser profilometer device but alsc on the other remcte sensors [ ] '
as research shows the feasibility of these rensors to active landing gear
applicstions. A description of the state-of-the-art (1969) of all remote sensors
and their applications can be found in Needleman's report(lﬂ.
» ® ‘
» [
» t
» '
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Douglas Aircraft Co, Inc.
Long Beach. California

Lockheed-Georgia Co,
Marietta, Ceorgia

1IT Recearch Institute
Chicago, IMMnois

Waterways Experiment Station
Vicksburg, Mizsissippi

Princeton University
Princetos. New Jersey

U.S. Army Tank-Automotive Center
Warren, Michigan

Air Force Cambridge
Research Labcoratories
Bedford, Meass.

U.S. Naval Civil Engineering
laboratories

Port Hueneme, California

The Roeing Caompany
Renton, Washington

Cornell Aeronautical lab, Inc.
Buffalo New York

50

Alr Force Weapons Lab
Kirtland AFB, New Mexico

Texac Instrumente Inc.
Dzllas, Texas

Booz-Allen Applied Research, Inc.
Cleveland, OChio

Boeing Company
Morton, Pennsylvania

General Dynamics
Fort Worth, Texas

Grumman Ajrcraft
Bethpage, New York

State University of New York
Buffalo. New York

University of Texaws
Austin, Texas

Howard Univeraity
Washingten, D. C.

Old Dominion Un' rersity
Nerfolk, Virginia
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UNIVERSITY OF DAYTON
DAYTON, OHIO 45409

RESEARCH INSTITUTE

Dear Mrx,

Attached are two coples of the information request we discussed
recently, Please keecp one copy for your own file and return the other
copy to me after completing your review of it.

Thank you for your interest and cooperation.

Sincerely,

Dr. David C. Kraft
Agwsoc. Professor, Clvil Engineering
and Engineering Mechaanics

University of Dayton Resezrch Institute
DCK:mw

Encl.
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SUBJECT: In=Situ Rapid Testing and Remote Sensing of Soil Properties

Your participation is requested in a current University of Day*on
program to identify and evaluate current methods of in situ rapid
testing and remote sensing of goil properties which will define goil
properties applicable to aircraft flotation and operation on =soil
surfaces. Theoe methods refer to tests and/or measurements
c¢ommon to mobility and flotation type problems.

Based on our initial review of existing literature and/or resesrch
studies, a listing of existing methods has been prepared and is
attached. Your review of the listing and the addition of vour applicable
comments as well as an indication of the method or methods your group
conaiders as currently the most feasible will be appreciated. While
you and other selected individuals are being contacted and the responses
to this letter are evaluated, the University of Dayton will continue 1's
study of methods. The responses to this letter will be used as a yuide
for a more detailed study and evaluation.

Although your participation is requested on a no cost basis, each
individual responding will autematically receive a copy of the final
report at no cost, Thank you for your interest and assistance., If
there are any questions, please call me., (A/C 513, 229-2036)

Attach (2)

1 Suwrnmary of Methods (2)

2 Return Envelope
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APPENDIX C

Descriptions of In Situ and Remote
Evaluation Techniques
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TEST METHOD: Penvtration &
®
k. TYPE; Mobility Cene « CI ®

Description: The moblility cone is &8 mechanical field instrument consisting

S of a 30° righ* circular cone with a 1/2 ¢q. in. basc area mounted on one end

- of & 36 in. shaft. A proving ring with a dial gage and hapdle is mounted on [ ]
top of the ehaft. The dial yage reading is in termas of cone index, CI, given

in pat to a maximum value of 300. CI numerically equals the force of !

penetration divided by the vase area of the cone tip. The shait is normally

reduced to 3/8" diameter to avoid ehaft friction. There is a0 ?rcsently [
available mathemnaticul solution to the description of penetration resistance

la terms of either soil stress-otrais propertics or claseical failuze theory

pariunetere. The cope is seneitive to variaticas in its phynical shape and

size 2nd spe2d of penetration, and thns the size acd shape has been.stundarqized ®
a8 in the case of the mobility cone. The rate of penetration presentiy used as

standard iw }.25 inches per second, and smali deviations will not void the value
obtained.

Procedure: Before starting the test, the dial indicator munst be seroed while

the instrurr.ent is wuspended by its handle. Then, placing the cone tip on the

ground surface the operstor positions himself to be able to force the cone

into the ground while kolding the device lu a vertical plane. Whil penetratiang

the 00il at a steady rate of appruximately 1-1/4 inches per second, the opera-

tor reads the value of CI as the coue top enters the soil and takes subsequent

readinge 2t 3 inch intervals to a depth of 18 inches. The CI values are plotted '
versus depth and then the acil strength can be specified as the Cl at a given !
depth of peaetration or as an aeruge CI over a given range of depth. Same E
care and expeérieuce are necessrry to obtain good resultr and two men running l
the test help ‘0 make the data more rsliable. It should be noted that this 18 an
abtreviated version of the cornpieie set of procedurea a ° .hat the reference

below should be consulted for dewnila.

*.8




Discussion: For s CI value of 30C, i50 pounds of force muet be applied te

the staff; therefore, an avearage mae would Sfind it Gifficult to use this instru-
ment {n hard soil [CBR 7.5) accurately. The device is for use in fine-grained
soil and soil which contains large rick or which is composed mainly of large
rock cannot be evaluated by thia method. More than ovne CI tcst should be
performed to establish the homogenity of the soil and to increase the reliability
of the regults, but the exact number of testas has to be determined in each case.
This test is quick and easy to performn, and has been used in flotation research
so that considerable correlation does exist for current flotation analysis.

Over all, the mobility cone penetrometer is a geod soil strength evaluation
device, even though it does not measure a fundamental soil property but rather

some cambination of the fundamental atrength parameters, cohe..on and friction.
Reference: '"Soils Traificability', Department of the Army Techuical Bulletin -

TB ENG 37, Headquarters, Dept. of the Army, Washington 25, D.C.,
10 July 1959.
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TEST METHOUL. FPernetration

TYPE: Airfield Cone¢ Ponetrometer = Al

Description: The Airfleld Cone is a field device that consiets of & 30° right
circular cone with a bese diameter of 1/2 inch (azen = 9.2 uq. in.), mounted
on a graduated stalf. On the opposite end of the etxif are a spring, a load
indicator, and a handle. The overall length of the asaembled penetromaeter in

about 36 inchea, and disassembled the locgest pieca is 14-3/4" loag. There

are two extencion shafts, the handle, spring losd assembly, two wrenches, and

one extra cone tip in the airfield penetromneter package, and the total weight
te about 2.6 pounds. The load i3 measured by a calibrated spring which {e
used in tension much like a epring scale, and the readings are given in teno
of pounds. Thue, the maximum reading, which is 15, is equal to 150 lbs. on
the device, The parameter measured is called the airfield index, Al, and is
equal to the load on the tip divided by 10. Thus, Al is a measure of forcae,
The only difference between Al and CI is the range of readings and the sensi-

tivity of each instrument. CI equals fifty times the Al value,

Procedure: The procedure for operation of the airfield penetrometer is
identical to that of the mobility cone penetrometer with the exception of the
penetration rate, which is 1/2 to 1' per second for the airfield penetrameter,
The readings are taken at specific depths a6 determined by the 2" graduations
marked on the shaft to a maximum depth of 24", The device should be kept
clean and ciled, and when performing a test care should be taken not to hit
rocks while penetrating the soil. 1f a rock or other cobstruction is hit during

a test, the erronecus reading should be disregarded and a duplicate test run.
Care should also be used when determining the depth of peaetration for a given
reading. This test ia identical in form to that of the CI test and the data is

redu 1 in the same fashion. The advantage of this device i rointed eclely
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to the size of the tip, for i stronger solle it takes lasa loed on the iostrus
; ment to penstrate the acil,
! s
2 Dlscursion: The weight of thes operator ¢ well as hie ctrengih limite the
[; penatrometer reading and the device will not accurately measurc soil propasgtice \‘E.
' in other thzu fine graincd goils and vand, U possible, two men should run the
test and many testn at & given eite should be run to lmprove the reliability and ®
accuracy. Same judyermnent must by exercised by the opsrator in evaluating
the results, particularly if only & few teots are canducted. Ae with the
mobility cons, the AL value ie uot a fundarmnental sois property, but ruther eame
lumypad atrengih parametesr of cohesion aad friction. Like the I, the AL is a v
§o>d indicater of strength for evalusting flotation capacity.
Referencer: "Desc . iption and Application of Alrtield Cone Penetrometer, "
W. B. Fenwick, Instruction Report No. 7, U.S5. Army Waterwryq .
Exneriment Station, Corps of Enginears, Vickaburg, Miss.,
Cotober 1945 (AD 8GO0 746).
5 &
B
3
®
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TEST METHOD: Penetration

TYPE: Remolding Index (RIl)

Dercription: The remolding index is an expression designed to indicate the
#ffect of multiple pasees of a vehicle by describing the proportion of the
or:ginal strength retaioed in a soil after that soil ia remolded as measured by
before and zitex Cl readings. The equipment needed is the mobility cone
perietrometer, a pivion-type sampler that is 7 inches long and 1.9 inches in
diameter, a banse piate with attached cylinder of the same dimensions as the

sampler, and a campuction drop hammer with a 12 inch free fali and weigh-

ing 2-1/2 poundyw,

Procedure: A ¢-~inch sample which is obtained with the piston sampler

is extruded into the cylinder and puaked to the bottomn with the foot of the

drop haramer compheter, The CI readings for thes sample are taken as the

the cone top enteyrs the suriace apd at vertical increments of 1 inch to 2

depth of 4 iczhea. The sample {s ther remolded using 100 blows of the hammer,
and the penetrations repuated. Dividing the average of the five CI values

after x¢molding by the average of the five readings before remolding gives the
R}7 value, The prucedures used {or obtainiug the CI readings are similar to

those used for the field teet, cxcept for the deptha at which the CI value io

road.

Plscussion:  This method is limited to flue grained soil and sand, and requires
& conxiderable arionnt of equipment. There is the problem of reliability,

fer running 10 tc 15 of these tests would be very time conswming and there are
special procedures 1o be fellowed in surne specific cas:s. 7Therefore, due to
the reliabiliry, equipmen?, and time Himitations, the remiolding index ie not a

goed field evaluxrlon tool for {lctatéon analysis.

o2

@



N

Referencaes:

Department of the Arrny Techuical Bulletin THB ENG 37,
'Solls Trafficabl'ity*, Headquarters, D«pt. of the Army,
Washington, D.C., 10 July 16§89,
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TEST METHOD: Penerration

TYPE: Alr{ield Penetrometer Remolding Index

Cescription: This index is identical to the remolding index, both in procedure
and purpose, and is used when testing solls that exceed the range of values

that can be measured by the mobility cone penetromcter. The equipment
required to run this test is identical to the remclding index test with the

exception of exchanging the airfield penetrometer for the mobility cone

penetrometer.

Procedure: The procedures outlined for the remolding index are aplicable

tc this test.

Digcussion: As is the case with the remolding irdex, complex operational
and analytical limitations make the airfield penetromneter remolding index

impractical for an evaluatica tool as related to flotation analyasis.

Reference: Departmect of the Army Technical Bulletin TB ENG 137,
"Soils Trafficability", Headquarters, Dept. of the Army,
Washington 25, D. C., 10 July 1959.

64

-’

e@e

<



en - m -

TEST METHOD: Penetration

TYPE: Rating Cone Index - RCI

Description: The RCI is intended to exprees the soil strength rating of a
point subjected to sustained traffic, and is numerically equal to the measured
cone index multiplied by the remolding index. The equipment necessary io

obtain a RCX value {a the spame as that for the remolding index.

Procedurae: The remolding index, averaged over some area, is obtained in
the atandard fashion while CI values in situ are obtained at various specific
locations. The RCI at those specific locations is the product of the sverage

remolding index and the CI at that location as determined by standard CI
procedureas.

Discussicn: The RCI is limited by large data collectioa and reduction
Tequiremecnts and by procedural complications, some of which are noted iu
the discussion of the CI and RI tests, Due to the above limitations, the RCI

is not well suited for soil strength determinationa for aircraft flotation
analysis,

Reference: Department of the ..rmy Technical Bulletin TB ENG 37,
"Soils Trafficability', Headquarters, Dept. of the Army,
Washington 25, D. C., 10 July 1959.
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TEST METHOD: Nuclear

TYPE: Molature and Density Determination by Backscatter and

Direct Transmission Methods

Description:  Nuclear instruments are commercially available devices that
contain £mall nuclear sources for the purpose of emitting neutrons for
moiasture determinations and gamma rays for density determinations, by
applying the principles of nuclear attenuation. The device contains a ssnsor
or detector and a scaler that counts the n~u’rons or photons that return to
the sensor by either backscatter or direct transmission. The density and
moisture contents are functions of the transmission of these particles either
through the medium or reflection off the medium. By use of a calibration
curve, the readings can be converted toc density or moisture content through
the use of either direct count per minute or count ratio methods. These devicer
have been shuwn to be as accurate as the sand cone meihod and only take an

approximate 15 minutes to get a moisture and density determination,

Procedure: Tha test surface must be level and free of loose material, and
relatively free of large voids. The gauge is then placed on the soil surface
and hooked up to the scaler. After allowance for warm-up time, three

one-minute count readings are taken and the gan

ge is then rotated 900 ox
180° and three more one-minute count readings are taken. The total of these
six readings are divided by 6 times the standard ccunt as determined during
callbration. The wet dansity or water content can then be determined from

the calibration curve. The latter description is the surface backscatter
method using the count per minute calibration method. In the direct trans-
miseion method, the procedure is similar to the backacatter method, except
that the probe ia inserted into the ground before the readings are taken. Io

the aix gap method, the gauge is set above the ground in a preset distance
before the readings are taken, and the procedure is identical to the backscatter

method for taking the readings.
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Discussion: Nuclear devices meagsure very small quaatities of soil in the

determination of moisture and density. They measure to a depth of approxi-
mately 6 inches and for a volume of 0.1 cu. ft. of material maximum, depend-
ing on the material and the density. Calibration curves for each instrument
should be determined to check the manufacturer's curve and verified each day.
Io addition, {for accurate measurements, calibration curves need to be made
for individual soila. The equipment, which is rather large and bulky, needs
battery power or other power source and has many safety regulations that
muet be observed. The main drawback is the necessity of calibration for
cach soil type encountered and the relisbility of the results. The principal

advantage is the speed of operation and the non~destructiveness of the test.
References: '"Evaluation of Nuclear Methods of Determining Surface in-Situ
Soil Water Content and Dencity', T. B, Rosser, S. L, Webster,

Misc, Paper 56915, U.S. Army Engineers Waterways Experi-
ment Station, Vicksburg, Miass., April 1969 (AD 688 079).
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TEST METHOD: Penetration

TYPE: California Bearing Ratio {TBR)

Description: The CBﬁ test is a plate bearing test to deterniine the CBR
value which is the ratio of the load necessary to pash a cylinder inte the
ground relative to a standard load. The apparatus is composed of a 3 8q. in.
end area cylinder, a screw jack, surcharge weights, a proving ring, a dial

gage, and some type of reaction frame,

Procedure: After setting up the CBR apparatus on a smooth soil surface,
a teat is run by forcing the piston into the soil at a rate of 0.05 inches per
minute whkile recording the load at 0,025 inch intervals., After maximum
penetration of 0.5 inches, the CBR value is calculated by dividing the
measuved load at 0.1 inch deflection by the standard load at 0.1 inch deflec~
tion. The standard load is obtained from a test on a typical well-graded
crushed gravel. A standard annular surcharge weight of 10 pounds is
normally placed on the surface before running the test, but if the test is not

run at the original soil surface the surcharge weight ie increased to approxi-

mate the weight of the overburden that was removed from the original surface,

The load vs deflection curve is plotted to expose errora due to improper
seating of the piston on the scil or premature shear failure. The standard

values for load vs penetration for a typical well-graded crushed gravel are:

Penetration Standard Load
{in.) (ps=i)
0.1 1000
0.2 1500
0.3 1900
0.4 2300
0.5 2600
68
@ ® L) ® o &

c@c

*



&

Discussion: This device is bulky and heavr, and requires a reaction frame (3
for operation; therefore, it could not be carried by one man. There is ® '
considerable data compiled that relates CEBR to flotation analyais and the -
CBR is a well known test that is generally understood by moat engineers, .
The results, however, are not always consistent and the loading rate is low,
but 3 major drawback {3 that the CBR meagsures strength only under a smali » ¢
deformation. Based on the above limitations and coasidering the leagth of
time te run 2 CBR test, not to mention the experieace required te interpret
the results properly, the CBR test is not a good field evaluation device.
& (]
References: "Investigation of Test Bed for Airfield Matting Test Facility
Model Soila and Boundary Effects", B. V. Washolder, Naval
Air Engineering Lab (Ship Installation), Philadelphia,
November 1954 (AD 820 420). ’ ¢
"Alrcraft Landing Gear Dynamic Loada from QOperatior. on
Cl-y and Sandy Soil", C. K. Butterworth, W. 8. Truasdale,
AFFDL Air Force Systems Command, Wright-Patterson AFB, » ® ¢
Ohio, March 1969 (FPreliminary Data).
“"Subgrade. Subbase, and Test Method for Pavement Base -
Course Materials', Mil-Std-621A, 22 December, 1964.
) (
» [
» ¢
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TEST METHOD: Penetration

TYPE: Bevameter Bearing and Shear

Description: The bevameter bearing and shear apparatus are two entirely

separate upnits, one of which {s a measure of the ahear strength of the soil

and the other which measures *the bearing capacity of the soil as related to

trafficability. There are six different soil values obtained, three from the

bearing unit and three from the shear device. The three parameters obtained

from the bearing unit are identified as the modull of sinkage, k. and k¢ , and

the exponent of sinkage, n. The parameters cohesion, ¢, angle of internal
friction, ¢, and the tangent modulus of deformation, K, are obtained from the
shear test., These parameters are related to the bearing and shear tests
through Bekxer's load sinkage equation and a modified form of Coulomb's
equation, The bevameter bearing equipment consists of a hydraulic load
cylinder, a rotary potentiometer or helipot, a load cell or transducer, various
sinkage footings, an X-Y plotter, and a reaction frame that is weighted by the
operators standing on the frame. The shear device consists of a trans-
mission, a shear head shaft, a shear head, a constant normal load applicator,
instrumentation for measuring the normal load and torque, and a reaction
frame similar to that of the bearing device.

for both devices.

A power supply is nececasary

Procedure: Load Sinkage T~st - The bearing device must be capable of

developing 35 psi footing pressure, a load sinkage rate of 60 in/min., total

travel of 18 inches, and at least 2% accuracy on the measurement of the load

and deformation. The load-gsinkage curve is continuously plotted during a

test as the hydraulic cylinder is used to force the plate into the soll. The
detajled procedures for obtaining one set of test values involves site prepara-
tion, trial tests and data reduction, and 3 minimum of six teste u

different plate sizes. The data reduction involves plotting thz sinkage vs load
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data by plate size«s onlogarithmic graph paper and drawing parallel straight
licer through the data points of which the sinkages were two inches or graater.
The slope of these lines define the value of "n'' and the intercepts of these
lines define constants that can be related to k

* and kc by a relation derived
from Bekker's equation.

Shear Deformation Test - The shear device must be capable of
rotating the shear head at approximately 10 rpm, free vertical motion of the
shear head, maintain a constant load throughout the test, and have an annular

shear head that has a minimum § inch inside radius. The thear astress-

deformation data is recorded as the shear head is rotated under a given
normal load to the point where the shear stregs is a2 constant or until a con-

stant rate of sinkage of the annulus occurs. The detailed procedure for obtain-

ing one sct of test values involves site preparation, equipment adjustiment,
and at least four different normal load readings with three repetitions esch,

The data reduction involves plotting the shear stress-deformation curve and

then the ultimate shear stresc ve normal load. The value of K is defined in

terms of the initial portion of the shear stress-deformation curve, and the

values of c and $ is determined from the ultimate shear stress vs normal
load curve,

Discussion: It is obvicus that these two devices are not well suited for

rapid determination of soil strength because of the equipment size and

power requirements alone. Other problems involving these teats include

the sensitivity of the results to test procedure; scating of the shear annulus
flush to the ground; erratic results obtained when roots, gravel, and rocks

are pregent; and time involved in running sufficient tests to have reliable

results. This test does attempt to measure fundamental seil properties

yet the data reduction is not always possible and the results are questionable
even with expert interpretation.
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Relerences; 'Mobility Eavironmental Regearch Study Mability Testing

Procedures.” R. A. Liston, e al. » U.S. Army Engiveer
Waterways Eaperiment Station, Corps of Enginesre,

Vicksburg, Miso. , February Y966 (AD BOQ 432).

"A Swudy - Tromcal Soi} Strengths,” D. A. Slese and
D. M. Lassaline, presented at the Second Interna ticnal
Society for Terrain-

Auguat 1966,

Vehicle Systemia, Quebec City, Cansds,
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TEST METHQOD. Shear

TYPE: Shesrgraph

Dercription: The Soil Sheargrapn in 8 emall, hand~held self-recording
field device that e dosigned to measrore the angle of friction and the apparent
cohegion of a sqil. The device, whick 15 18 inches in length, {s composed
of & cmall groussved shear hoed with attached recording pen, & calibrated

tersion spring. & recording drwyn with attached calibrated graph paper, and
2 handlae.

Procedure: In operation, the eneaz hoad is completaly inserted into the
roil, normal strees fa applied ¥ the abear surface through axial deflection
of the epring, and shearing strena is applied LUy twisting the reccording drum
until the soil fails. After soll sheay {ailure vccure, the normal load ia
gridually reduced and, since the soil will sustaiv only a given amound of
shearing styees for & particular renar! load, the recording pen will trace
the curve of shear stress versus nermaj vtresn a5 the latter {4 reduced to
zero. The dais recorded on the graph paper ix reduced to values of cobesion
and the frictivn augle by fairing a stiraiyht Une through the average of all the
toet plots of shear strces versas normai stresos. Tha slope of this line

defines the angle of {riciion, 20d the iolercept defines the value of apparent

cobkewion.

{eiussiva. The echervrgraph was derigred tc mcasure ouly surisce reacrion
of a soll for the purpose of evaluating eusr{sce tractican of vehicles, and as
such, does not adequately evaluate the action cf a wheel unlaes the 20il is
particulariy hard and cohesive. It wil]l Lot adegquately define the strength

in ¢cohesionless soil du - to lachk of strenyth a¢ the surface, allowrag eand to
fiow {rom beneach the device. Therefore, due to Jimited application and noting
that there is no currelation between sher - graph dats and {lotation apalyeis,

the sacargraph is not : good method to evaluate soil etrength for flotation

analysis.
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"'Soil Sheargraph," G. T. Colirem, Agriculiural Enginsaring: @J,
Vol. 44, No. 10, October 1963, pp. 554.55¢, 8
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TEST METHOD: Penstrattos ( 3

TYPE: Mtlitary Vehic’s Rut Dep2y Cargela’lion &
Desciption: The prediction of roil ss1eagth can hr determined by relating ,3‘
srparimantally the aoil strength with the miakage of a given rallitary vehizle.

There existe a relation of sinkage versus x0!} streagih, tire size, welgag,

&nd other vehicle parameters, and therefore, thrcugh tiv use of dinreurioual ¢

apulysis, & relxilenship that contiing these variables cun bo Jxtermnined ai.d

uned to evaivxts soll esrength,

Procedures: To find the strength of a given field, a military truck of the ®
tyFe that has previously baen calllraied by field tests is run over the acil

surface. By rreasuring the soil deformstion or rut depth, the soil strength

cAl be determined by looking into a table for that type truck with some

mexdiure of ity groes weight at the time to determine the strength ~f a goil L
corresprudiag to the amount of measured rut depth. This strength is then

used us the otrength of the soil, and can then be directly related to aircraft
flotaticvy performance.

Uiacusaion; The feasibility of this method, which is rapid and easy to

igie~pret, haa been deronatrated in relation to heavier military vehicles,

However, at the presont time sufficient correlation has not been accomplished

ta ‘uily svaluate soll strength based on military vehicle rut depth. Other [
toac the waight of the military «ehicle

O
SRUsin

% rui deptns too small to measurs,
there axra ac lmitations ou thie 2vproximate rnethod of predicting soil surface
rorangih.

Fefarance: "Evaluaticn of Soil Strecgtk of Unsurfaced Forward Airfielde
by Uwu of Girund Vohicles," G. M, Hammitt, Draft Capy,
Reprrt No, 1, Office Study, U.S. Armuy Waterways Expersi~
waat Stadon, Vickeburg, Miseissippl, May 1968.
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TEST METHOD: Remote Sensing Technique « Photography %'

TYPE: Meotric and Multispeciral

-~

Description: Metric photography, whica is & branch of the fisld of phareo \‘Y
Interpretation caulled photogrammetrsy, {2 a science which deals with mensura-
ment of objects as recorded on photographs. By vee of stereo vertical
photography, the photogrametrist can determing yreund profiles and many

other useful items such as soil type, moisture contewt, dud degree af conw
solidation in crude form, but these iatter iterns ars verivad at enly trough
extenesive study by an expert photo interpreter, There are taree gyeneral types

of aerial photography: frame, panoramic; and strip type. At present, the fran:e
type photograpbky is better suited to the ascertaining of soil profile and roughmess
data, due to its stronger metric qualities; but the strip and panoramic types

have much greater fidelity than the frame type, and therefore the metric qualities
of atrip and pancramic photography should be further developed.

Procedures: The frame camera is a conventional 9'"x9' aerial mapping camera
and is defined as a camers in which an entire frame or format is exposed through
4 a lens that is fixed reative to the focal plane. The best type of camera for e o
metric photography has a between~the-lens type shutter and uses roll film that
is controlled automatically with the shutter. 7This type of camera, which can
have a focal length range of 3-1/Z !nches to 48 inches, can be equipped with
4 image motion compensation which is necessary for metsic work. The reso- ¢
lution in this type of photograph ie variable, and {s besi at the principal point
and gets worse as the radial distance increa es toward the edge. Common

velues of resolution are fromn 30 to 50 line pairs psr mm.

Diascussion: Sarmne of the sources of error, when trying to interpret aerial
photograghy, involve the density of the atmosphers at the time when the
photography was exposed, radial and tangential lens distortion, film distortion,
filna thickness, migration of silver bhalide czystals during developing,
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«xulilon cre~p, image irradiation, physical camera disterdon, and actual @
els= and shape of the slverx balide crystals. Some o! these errors, vuch as

tus deusity of the atmosphere, are not compensated and others, such as the ’
redial and tangential lens distortion, invoive physical impossibilities as

cnmpensation of the one causes rrors in the cther, Yet these errors a.e

very amall, and with state of the art techniquer and equipraent, most errors

can be ilentified and compensated, It has to be remembered that the nbove »
discussinn dos not include the errors irtroduced by improper sun angle,

hazz in the atmosphare, g:ound coloring for contrast, ceight of the

photography aud scale, 4nd many other suiall but ‘rnanortart features,

Evan condidering the sbove menrioned problemr, the 3endix report

picks photography (4. e., the {raize foriaat type) as the Lest scngor for the
site gxlzction task for \g*lvlng accurate profiles for cut and iUl calcula_ions
and materials evaluaiion. This reccmmendation, based on the frame format's
exceilent metric quality, also stated that image motion compenaztion was
essenticl snd that converg.nt photography gives the hes. geometry for data
analysis. Convergent photogri phy, which is tiken with two cameras tilted

) toward each other ai seme augls berween 0° and 459, gives better metric

® ®
qualities thar vhe standard type photography. J: was also pote¢ that sirip and
pan photography, which give excellent fidellty and resolution, miy replace the
frame format photography by improving the maetric jualitier of strip and pan

through the use of analvtical stereo plotiing instez? of manual plotting.

Az an indication of the accuracy possible with aerial nhotography,
the follawing equatior is presceanted, This equation predicts the amount of

error present in any one specific determination of the height of 2u object

imaged in & phitograph.

i
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whare, m, = amount of error in a spot elevation determination

H = height of camaeara above terrain

B s difference ic horizoatal posiiion betweea photcgreps

f = camera foc2l length

™m_ = experimentally determined amount <f error in any one
reading and is the amount of parallax divided by 2 that
zan be reaclved on the photograph. m_ changze for
etch photo and the best that can be gottea to date is
0.005 mm.

This equation assumes the use of an npalytical stereoplotter such as the one
developed by the Bendix Corporation, aa well as perfect conditions for both
photography and developing. The analytical plotter mentioned is very accurats

apqd fast, but canoot aow operate in a continuous mode at thie accuracy level.

Actually, the esseatial part of using aerial photography data for
flotation anzlysis is the developing of a correlation betweea the data presented
o1 2 photograph and fiotatlon parameters so that the photc interpressr will have
a correct interpretaticn koy an has been done by WES. The reason for ibe need
of this key is that the process of gatherlng information such 38 soil propertier
from photographs is oue of infereacs. Therefore, to further 2id in this process,
the analysis of alrphotos hae taken many forms such zs coler, infrared, and
multispectral photography. All of these assist in developing the baeic flotation
Informaltion and the anslysie of these newer forme of photography is being done
by computer through the usc of spectral density measurements of the photos.
The statistical analysis of such data show promnise, but as yet have not yielded
the anawers to the basic problem of cosrelation from photo data to fundamental
properties such as eoil strength. Land forms, ge ~eral classification of poil
types, and identification of vegetation are all presently being done, but the Lest
that can be expected for flotation aralysis is an approximation of water contact,
density, and soil type. From juat thege three parameters a soil sirength will

have to be estimated, tnd, at present, such an sst‘mate would be very crude.
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Many speciiic examples of remote sensing accamplishmeunts are

avmilable, yot there is not one completely urable system for the flotatico

analysis task, Therefore, the following examples of airphoto analysis

will be preaented in summary to indicate the state of the art.

The highly developed panchroma. ¢ photography, whicu is black and
white photography, {# the most widely used remote-sensing technique because

of i’s availability, low cost, and high information content.

Infrared photography is wensitive to change in temperature, and,

thereforc, very accurately deflnee drainage patterns, bodies of water, some

vegetation, and soil moisture conterts.

Color photography is very useful in studying spectral signatures of
soll types, vegetztion, and other geologic features due to its ncany tonal

characteristics, which become even more important in light of computer
analysis of remote~ascnsor data,

Infrared color photography is ansther of the varied combinations that

are posgible jor use as a remote sensing device. Tlis type photography more

clearly ehcwas changes in vegetaticn and vegetation vigor than standard color
photography.

Muliltispectral photography is an attem 7t to use the best featurcs of all
the spectral regions that can be ecurded on filin, a~d it requires accurate
sapectral signatures to be developed and comnputer data processing. It may be
the hest approach te rcmote-sensing of flotation data.

In the final ana’ysis, aerial photography has been ¢hiown to be the most

valuable and develaped of all the rexnote censors, yet the rpecific problem of
relating airphoto dats to flotation analysir has not been fully irvestigated at this
time. Therefore, evaluallon in definite terms cannot be made of airphoto
aaalysis excsnt to say that the evaluation of landing sites for aircraft does seem

feasible fromn aigh quality photos on » non-real time basis. This would include a2

crude estimate of soll strength and rame evaluation of suxfrce roughness.
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Refersnces: "An Optimum Multisensor Approach for Detalled Engineering 5 ®
Soil Mapplng,”" H. T. Rib, Joint Highway Research Report » 1
Number 22, Purdue University, Lafayette, ladiana, Decem= &
ber 1966 (PB 176210).
"Remote Sensing and its Application of Highway Engineering, ' ® ¢
HRB Special Report Number 102, Highway Research Board,
Washington, D, C., Decembar 1968.
"Mirborne Remote~Sznsing Techniques for Site Selection, " !
Air Force Weapons Laboratory, Air Force Systems Command, ) 4
AFWL TR 68115, December 1968 (AD 845 756).
Shainburger, J. H.; Mobility Environmental Research Stady,
A Quantitative Method for Describing Terrain Foregrouund <
]
Mobility: AD835392, U.S. Army WES, Corpe of Engineers, .
Vicksburg, Mississippi, May, 1968, |
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TEST METHOD: Reniote Sensing Technique - Infrared ®
TYPE: Scanpers » ¢

Description: Infrared radiation, which is electromagnetic raaiation in a ~

band of wavelengths {rom about 0.7 to 1000 microns, is Cetected by a

system which includes mirrors, reflectors, and some gort of infrared [ ] (]
radiation detector. The mirror rotates and scans s path perpeandicular to

the flight path and the signal that the detector generates is turned into a

light pulse which is recorded on filmm. The product is a map of the terrain

that {s dependent on the thermal eminsivity properties of the surface scanned. [ ] ¢
Texss Instrument has developed an acrial infrared mapping system, the

RS-7 model, which uses a mercury-doped germanium detector aud records on

70 mm film in the 8 to 14 micron region. It is interesting to note that below

3.5 imnicrons, the sensor is seeing mainly reflected sunlight, and that above » t

3.5 microns it sees mainly emitted energy.

Discussion: The thermal emissivity of a aoil surface, which can be cor-
related to the moisture content and the soil texture in some cases, can detect
drainage patterns and vegetation rather easily, primarily because the mois-
ture content of materials exerts the major control on the thermal emissivity.
The tone of the thermal map is the key to these correlationa, but the problem
is that the tone is dependent upon:

1. Terrain radiaat emittance characteristica

2. Geometric relationship between the terrain and the sensor
system

3. Environmental modification such as wind, humidity, and [ ] ]
temperature

4. System settings

5. Image processing and reproduction.
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All of the above items have to be taken into account accurstely and correction
applied to the results before meaningful data can he determined, thus making
extensive correlation of emiesivity characteristics to the problem of wsoil

moisture and texture, which still need to be done, very difficult.

In a recent study the infrared imiagery from predawn flights was
shown to be the best data for correlation purpases, and it was further shown
that some of the soils could bz delinested by high, medium, and low water
contents. Organic soils were also detectable, as was near surface rock and

the infrared imagery proved to be an excellent tracking d2+ice for the lager
profiler,

Direct recordicg of the temperature can be collected and used to
complle isothermal contour maps which will help to delineate soil textural
and moisture characteristics, surface water, and surface and near-surface
rock. Very small differences in temperature (29 to 4° absolute) can be
detected Ly these aystems. Thus, if a correlation between soil properties
and temperature can be determined, the infrared radiometric data can
predict some of these soil properties. Note that for use of this method,
good weather is required and the infrared radiation muat be gathered in one
of two limited regions of the electromagnetic spectrum (2 te 5 and 7 to 14

micron regions) that do¢s net seriocusly attenuate the emittance from the

surface.

Infrared imagery, for example, would seem to be able to indicate the
homogenity of the surface very well, and this is an important consideration
for the landing gear problem. It is important to note that infrared imagery
alone cannot be used to any great advantage for flotation analysis purposes, but
that when used in conjunction with other sensors can highlight variations in
scil texture, composition, and moisture content. It is very helpful in soil
mapping, outlining rock formations, and exposing hidden subsurface conditions.
One iuteresting application is the plotting of ground water movement from under-

goound sources to some water body.
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The infrared radlometer i ancther type of infrared acanning device
that records the surface temperature directiy on a strip chart recorder.
There devices have less data reduction requirements and are easier to use.
They are good for periodic measurements of thermal radlation, where a sgtudy

of the change of thermal emissivity with time {9 of interest,

References: ""Afr Optimum Multisensor Approach for Detailed Engineering
Soila Mapping,' H. T. Rib, Joint Highway Research Project,
Report No. 22, Purdue University, Lafayette, Indiana,
December 1966 (PB 176310}.

"Alrborne Remote-Sensing Techniques for Site Selection,”
F. J. Buthueier, et al., AFWL TR-68115, Air Force Weapons
L oratory, Alr Force Systems Command, Kirtland Air Force

Base, N. Mex., Decernber 1968 (AD 845 756}

L.etter of comwmunccation with Air Force Weapons Lab, Kirtland
Air Force Base, New Mexico.

"Remote Sensing and Its Application to Highway Engineering,"
Highwzy Research Board Special Report 102, Highway
Research Board, Washington, D, C., December 1963.
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TEST METHOD: Remote Sensing Technique - Radar

TYPE: Side=Looking Radar

o

N

Description: I.nugtﬁg radar, which uses the region of the electromagnetic
spectrum between | mm and | meter, is eonentially a simple electric circuit
consisting of an energy source, a transminsion medium, and an energy receiver,
and the basic principles of the side-looking radar are the same as thoee of a simple
ranging radar. Short pulses of energy are sent out irom the transmitter, and

the energy that is reflected off the object or surface is received by an antenns

and recorded. The time duration between the pulsa, the so~called ""echo', is»

a measure of the range of the surface or object and the arnount of the energy

returned is a measure of the reflectivity of the object,

The signal that is returned to the antenna {# displayed on a cathode '
ray tube (CRT) as a single line, The sweep of the electron beam is begun
upon return uf the signal and the traced line is modulated by the return signal
which causes a presentation of the reflectivity of ground objects along a narrow
path normal to the flight line. The display is recorded on moving {ilm line by d ®
line and by continuous scanning forms a type of map, although the image pic-

ture defined by this map is very dissimilar from photographs.

The sensitivity and range resolution of a given system is dependent
upan pulse duration and antenna characteristics, such that longer antennae
refine data and a shorter pulse gives hetter resslution. Modulation techniques
help to obtain the shorter pulses for increased resolution, and electronic data

storage and processing techniques will also increase resolution.

Discussion: The greatest advantage of this type sensor is that the radar can

penetrate the atmosphere even in poor weather conditions and iis atility to

penetrate is a function of the frequency such that, generally, the lower the

frequency the greatsr the penetration ability. However, radar cannot penetrate ’

heavy rain storms due to 2f Teturn irom the rain.
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This maethod of sensing terrain data has not, unfortunately, been
shown to be a feasible method at this time for soil strength and rcugzhness
determinations. The SLR records are being used to identify military
targets, gross topographical data, and major environmental targets. It is
being researched for extension to geological data and possible engineering
type data in that longer wave lengths radars can pepetrate the scil to
great depths. Tha major problems with this sensor are the lack of knowledge
of the actual relationshipe between the reflectivity and the materials reflected,
and the complex relationships governing the interpretation of the records due
to sensor~surface orientstion. The radar pulses sent out, for example,
penetrate some icils and not others causing different return signals, but work
has been, and is being, done on the physical relationships between the re-
fiectivity and the soil properties, Radar records have been shown to be an
indicator of some physical properties of soil. Radar sensors can provide
fofermation on moicture content ir deep homogeneous soils although they
cannot predict the depth of surface water, presence of ground water, or
depth to ground water. Radar does provide a fairly accurate medium for
interpretation of geology and lithology in mountainous regions and can be

useful for compilation of vegetation maps, materials maps, and regional
reconpaissance services.

Again, as is pointed out with the other sensors, this device needs
additicnal research and study before the feasibility of using SLR for deter~
mination of soil streagth and roughness parumeters can be shown. The
SLR will be beet used 22 oné part in 4 complex reconnaisvance system where

other sensors belp with the interpretation of the SLR.
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References:

"Aa Optimum Multisensor Approach for D.t&lled\En‘incerin.
Solis Mapping." H. T. Rib, Joint Highway Research Project
C-26-32U, Purdue University, Lafayette, Indiana, December
1966 (PB 176310).

""Site Selection Techniques,' R, P. Forrest, Bendix Corp.,
Southfield Micbigan, Bendix Research Labs RLD 4288,
AFWL TR-67-146, May 1968 (AD 835 230).

"Alrborne Remote-Sensing Techniques for Site Selection,

F. J. Buckmeier, etal., AFWL TR-68115, Air Force Weapons
Laboratory, Air Force Systems Cammand, Kirtlard Air Force
Base, N. Mex., December 1968 (AD 845 756),
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TEST METHOD: Remote Sensing Tuchnique « Profile Recorders ‘

TYPE: Laaser

Description: The laser profiler, which is & system composed of a modulated
continuous wave (CW) gas laser, a bsrometric altimeter, and a photographic
recording system, operates as a simple ranging system using a tranomitted
laser beam that is picked up by a photomultiplier detector upon return from
some surface. The aircruft flies over a field at & relatively constant spaed
and altitude as the laser maasures the height of the aircraft above the terrain
and the barometric altimeter records the elevation of the alrcraft. The profile
is plotted from this data for the path shown by the photos taken with the laser
duta.

Discudsian: The system just deacribed is very unsophisticated, and since
its conception the laser profiler has undergone a great deal of development.
The lasers are now more powerful and the systems more precise than the

type deacribed above,

The major system error 1a determined through signal to noise
considerations, which are common to devices that use photamultiplier tubes.
Aerc-Scrvices and Spectrs-Chysica wrote an Internal report that describeg
the theoretical analysis of such a system. Their analysis and testing in 1965
spowed that elevation differences of 1 foot are obtainable and they indicated
that the profile can be determined if the beam hite the soil surface only 5% of

the time (i.e., in a forest).

WES tested a CW gas laser that was modulated at three different
possible frequencies and this study showed that the lassr profiler still had
problems with system noise and aircraft roll aud pitch stabilization. The laser

profiles only what it seeas, thus, when profiling over grass the results showed

the miean grase height and nct the surface, Again, the reference system for




altitude needs work, but WES concluded that vertical elovations to 20. 3 feet

are obtainable,

Texan Instruments also have reported on the use of the laser
profilesrs, uving the Spectra-Physics equipment. Their results indicate the
profiler can measure to %1 {t. accurately and could possibly measure to 0.2 ft.
with A more sophisticated system. The error associated with altitude and
attitude of the aircraft are all again noted as a major source of error. The
results aleo showed that gignal drop-out limited the laser prafiles to a 2500 ft.
altitude wbave the ground and that weather conditions auch as intervening clouds,
fog, smoke, or precipitation severely attenuated the cignal and produced un-
reliable information. WES recommends that the output of the laser profiler be
digitized to supply a well defined time and spatial base for the data.

Some of the problems menticned above can be overcome with
improvement in technoiogy, but cost is certainly an obstacle and has been
2 limitation in all previous systems. Qverall, the laser profiler apyears to

be a very promising device for the remote sensing of ground roughness.

References: "An Information Note on aa Airborne Laser Terrain Profiler
and Micro-Relief Studies,”” R. Demple and A. K. Parker,
Proc. Third Symposiu:n Reniote Sensing, University of
Michigan. Ann Arbozr, Michigan, 1964.

"Capacity of Airborne Laser Profilcineter to aieasure Terrain
Roughness," L. E. Mink, Proc, Sixth Sympoasium Reraocte
Sensing. University of Micbigan, Ana Arbor, Mickigan, 1969.

Communication with Aiz Force Weapons Laberatory,
Kirtland Air Force Bas«, N. Mex.
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TEST METHOD: Hemots Sensiag Technique = Impact Penatromoti s

TYPE: Aoarial Cone and others

Description: The original irnpact penetrometer, which was the U.S. Alr Force
aerial cone penetrometer, was designed to indicate only one level of »oail
strength, thereby evaluating the soil for aircraft flotation vn a go, no go basis.
The aerial cone device is composad of a siender tubular body which holds a
shear-pin firing device and a flare, & cone tip, acd tail fins for stabilization.
The level of soil strength indicated by this device depends on tho size shear-pin
that hae been installed, for when the aerial cons impacte the soil surface the
flare is either set off by the irnpact cr the soil strength is below that value which
will cause failure of the gshear pin. The basic idea behind the aerial cone {8
very good and the device worked whea considered withia its liuritaticns which

included the pecessity of dropping many devices to have a relable evaluation of

soil strength.

Morzre recently, the aerial penctrometer approach has been
coaverted to an impact penetrometer that measures the timo ve. deceleration
curve of an lsrpact object on the soil surface. The most advanced types of
impact penetrometers are apheres that have three mutually perpendicular

accelerometers, thus giving time vs. deceleration curver which are independent

ol impact geometry.

Discussion: As with all methods of experimental testing. egpecially in eoil
mechanics, the most important consideration is the analysis of the data, and
bhere again the analysis of the impact penetrometer does not, at this time,
reveal any fundarmental soil property. The analysis of the impact peaetrom-
etar as developed by Princeton University has used a Maxwell model to repre-
sent the impact loads and they have been able to distinguish different soil
responses vsing this method in a limited number of cases. This is not a
fundamental solution to the problem of aircraft tire-scil interaction, but does
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saeein to be a fearible mecshod of evaluating soil strength on a sexdempirical

basis. This approach is, in fact, the only method avatlable to directly

measure soil strength by remote means.

Raferences: '""Remote beternﬂnauon of Soil Tralficability by the Aerial
Penetrometer,' by C. E. Molineux, AFCRC-55-223, Alr
Force Cambridge Research Center, Bedford, Maas.,
October 1955 (AD92254).

"Strength Responsa Parameters of Natural Soil Surfaces and
Their Application to the Landing Program of Aircraft,' by
Kueliewu Tsal, AFCRJ. 67-0583, Princeton University,
Princeton, N. J., Jaouary 1967.

90

-




TEST METHOD: Remote Sensing Technigue « Microwave

TYPE. Radiometry and Imagery

Description: Microwave sensors, which detect radiation {n the regicn of the
electromagnetic spectrum between | mm and 1 meter, are similar 2o both
radar and infrared devices in that the {nstrumentation is usually that of radar
and the radiation sensed {s both passive and temperature sensitive, as is
infrared radiation. This radiation can be recorded either as apparent tem-
peratures at selected frequencies, which is done with the radiometer, or can
be recorded as a temperature map or imagery. The radiation energy emitted
from scoil is & function of both emitted and reflected ¢energy and the equipment,
usually radar, receiving this energy is controlled by factors {including band-

width, antenna characteristics, and receiver characteristics,

Discuseion: Microwave sensors are the least developed of the new remote
sensing devices, yet there are many useful applications for microwave devices,
especially for bad weather operations. Some cf the problems with interpreting
microwave data involve frequency of sensing, the relative dielectric constant
of the eoil, the surface roughness, the angle of incidence, plus all the normal
parameters that complicate interpretai.on of all types of sensor data, These
camplicaiing factors inciude the weather, eezsonal changes, contrast with

surroundings, and many others.

The microwave seascr gives appraximately the same r=salution
as & comparable infrared sensor, yet the microwave sensor has the chility to
senae data, as related to temperature, that ia dependent upon soil properties
other than at the soil surface. Therefore, like active radar devices, the micro-

wave sensor applications will involve studies concerning socil layering, meisture

content with de d oth abast

cther subsusiice types ol puenamena.

pth, a2n
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Refarences: "An Optimum Multisensor Approach for Dotailed Engineering

Soilsa Mapping,"” by H. T. Rib, Joint Highway Research
Project No. 22, Purdue University, Lafayette, Indisna,
December 1966 (PB 176310).

"Airborne Remote=Sensing Techniques for Site Selection,"

F. J. Buckmeler, etal,, AFWL TR-68115, Air Force Weapons
Laboratory, Air Force Systems Command, Kirtland Air Force
Base, N. Mex., December 1668 (AD 845 756).
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TEST METHOD: Remocie Sensing Technique - Gasnma Ray @
TYPE: Spectrometer &
)
{
Description: This relatively new sensor technique measures levels of X
natural radicactive emission of various materials in the gaouma ray regicn
of the clectromagnetic spectrum. The levels of emittance of radiation, which
comes mainly from concentrations of uranium, thoriwn, and potassiwm, J
[}
have been shown to be unique in come soils as related to soil type.
Diecuassion: Some of the problems associated with the gamma ruy-type
of sensor involve an altitude limitation of 500 feet, daylight operation, good ’
! weather, and a surface ares free of water and snow, The ability to sensec
§amma radiation is extremely sensitive to these parameters and, as with
the other sensore deecribed in this report, there are mauy operational and
data reduction problems associated with such paraxmetars as seasonal changes, »
{ wind factors, time of day, and many others.
References: "Airborne Remote-Sensing Techniques for Site Selection, "
¥. J. Buckmdeier, et al., AFWL TR-68115, Air Force Weapons » &
! Laboratory, Air Force Systems Command, Kirtland Air Force
Baz2, N. Mex., Daceawber 15068 (AD 8§45 758).
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TEST METHOD: Remote Sensing Techanigue ~ Multisensor

TYPE:

Description: A multisensor approach to remote sensing, which cambines
many different remote sensing devices using both multispectral and multi-
band combinations, is designed to use the best combination of remote
sensors for same specific task, Therefore, the determination of which
sensors are capable of measuring pertinent engineering terrain paramaetere
must be accomplished before a multisensor systemn can be designed. The
ideal system is one which obtaine simultaneous coverage aof the test area
with the various sensors, at the same time, the same detail, and the same
format in order to facilitate both comparison of the different imagery and

handling of data and measurements,

Discussioa: There are presently many widely varied multisensor systems
being studied, bLut these systems are still being evaluated as to their appli-
cations to specific problems. The limitations of the multisensor approach

are yet unknown, and the factore to be considered in designing such a system
iaclude: purposec, econcmics, time, rersonnel, equipment availabiiity,
technig-es of handling and interpretation of data, and data campatibility, to
mention only a few. Based on the limited knowledge oif remote sensor systems,
#nd the passibilities revealed by the multisensor approach, it sewmpe that this
method provides the ultimate in data gathering 2nd may possibly be the key to
the proper interpretation of all remote sensing data.

Reference: "An Optirnum Muitisenaor Approach for Detailed Engineering

cils Mappiag, " H. T. Rib, Joint Highw 3 ch

Report No. 22, Purdue University, lL.afayette, Indiana,
December 1966 (PB 176310).
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' assYRACTY

, Ultimate goals of Air Force landing gear/noil interactioa rescarch are to
develop maximized laoding gear design criteria for aircraft operation on ao1l sorfzcas
and to establieh absclute techoiques fur the predictioa of military aircraft operational
capability at any soil surfaced site. In order ‘o achieve these goals, real life rela-
tlooships must be established between aircraft surface operational capability, and
s0il and site characteristice.

Thie prcgram was coaceraed with the ideatification of both soil and site
parameters usable for defining aircraft operations <apability. The research effort
included a literature survey, a review of existiog rapid ia situ and remote seasing
techniques for determiniag soil strength and ground roughness, aand a study of the
proposed active landing gear system as related to the required soil and site param-
eters. A Cetailed description of each of the reviewed rapid in #itu acnd remote
sensing techniques ie included.:
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