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OBJECTIVE

Present the elements of the terrain environment which

affect vehicle performance and tabulate or indicate avail-~

ability of data.

" RESULTS

Data couacerning soil stfength are available in an

adequate quantity to indicate the expected range of soil

strength, There are not sufficient data to fdentify the

range ol'geometric profiles nor the impact of vegetative

cover.,

RECOMMENDATIONS

Terrain desfqgn criteria shonld be presented in guantita-

tive terms where possible, Additional data should be included

in Military Characteristics as they become available,

ADIMINISTRATIVE INFORMATION

This prujgran was supervised and cenducted by the Land

toconavr.on Laboratory, ATAC, under D/A Project No, 597-01-

004, Projsct No, 5016,11,84400.
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ABSTRACT
. A discussion of the elements of the terrain which affect
. vehicle performance s presented, The soil value data current-

1y available are tabulated and a brief description of their

applicatjon s provided.
Prograns devoted to the descriptiaon of terrain environ-

-

ments are reviewed.
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“SYURBOLS

. k = Physieal Soil Value assoclated with b
¢ sinkage s ¢ o & ¢ o o & o s & o o -—(-;"l)
: ’ ' in,
’ | = Physiecal Soll Value association with b, |
‘ sinkaqe s o e * ® & & e o o o & & o o in.!MZ) H
n = Exponent of Sinkage
€ .= Soil Cohecsion, psi ;
P = Anqgle of Internal Friction, degrces
k = Tanqgent YModulus of Deformation, Inches ;
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INTRODUCTIUN

Background?

In order to desicn any device It ts necessary to
have detalled prior knowledge of what the device s ex-

pected to accomplish, The more complex the device, the

more detailed must be the design speciffcations or criteria.

When a naw vehlcle is required by the Army, the criterta
arn establfshed in the "Military Characteristics®, These
criteria have normally been stated in qualitative terns
such as 3 requirencnt that a venfcle is to be mohile in
mud, snow, or some other “difficult™ soll or terrain en-
vironment,

The Arny has Ioﬁg been aware that the use of qunli-
tative de{initions of the vehicle operating environment
wasg not adequate, Ilowever, vecognizing this fact did not
produce a bettnr means of specifying vehicle requirements
sinply because no one had mere than 3 vague idea of what
impact the terrain environment had on vehicle performance,
Even today we do not know what elements of the zerfain
environment act most strongly on a vehicie nor i3 there

general aq-ecnent on a rmeans to identify the environment,
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History:

In 1941 the Aray began its efforts te remove the

mystery surrounding the off-road performance of vehicles.

The Corps of Fngineers was given the respoasgibdility for
the development of a means for vehicle performance eval-~
uation., There was no great desire at that tine to estab-
1ish d&sign criteria: the desire was simply to find o
way to properly evaluate or predict performance if sofl
conditions were known, The outcome of this effort was
the application of the Civil Engineer penatrometer test
to soil and a correlation of performance to penetrometer
readingl. The so0il was identified by means ef a cone
index and a nobility index was developed that character-
1zed vehicle porformance, Esscentially, the mobility in-
dex was estahlished by a curve fitti;g procedure in which
all of the assumed vchicle characteristics affecting
rnobitity werce juggled until an equation was found which

fit tiie axperimenial results, This work produced & very

wseful evaluntion tool but did not provide an tasight fa-

to the interaction betwcen a vehiéle and the sofl, With-
out such an insight 1t was not possible to determine how
s vehicle should he deslgned, Rather, 1t gave an fnsight

into how vehicles were designed,
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The Ordnance Corps became concerned abouat the pro-
blem of vchicle design for off-road performance when it
became evident that their of f-road machines could not

cepe with the natural environment, However, the initial

emphasis was placed on "mud mobility™ since this was as-
H . suned to be the prohlem that had to be solved, This,of

conrse, was not really believed by ahyone since what was

rnnfly fneant was that the mud mohility was to be improved
without any }cductibn in other clements of performance,

This statement s o?fered as fact since it yould be no

great nccorp)ishmcnk to produce a vehicle'capnble of cop~
ing with alnest any?"mnd hole* that {t would meet, However,
the machine would n;t be useful in a reasonably wide range

i

of terrzin condition, The demand for a universal vehicle
has apparently bccn‘dropped since a paper was writteuzv
stating this boldly, Decause it was to rescive wide dis-
tribution the pnpe; recquired concurre.ce hy many channels
within the Army, Since 1t received the necessary con-
currences, one can only assune that the statement must
be, or has been in the recent past, trne, However, even
ff we don't demand a universal vehlicle, we do dumand at

least a r1easaonable rvange of terradn types in which a ve-

. hicle can operate,
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Athough thie Ordnanse Cofps' 2ffort to improve off-
road pcrformuﬁce was originally devoted to mud mobility
it soon hecame cvident that a wide range of soil types
and a multiplicity of terrain elements must be coasidered
in establishing terrain design criteria. fbis was re-
flected in the work of the Land Locomotion Laboratory
which attenpted to ganeralize the problen; The approach
taken was to fdentify the terrain eloments in quantitative
terns and to then develop equations relating the vehicle
to the terrain, A soil value system‘. was developed which
consis;c& of two parts: A physical scil value system and
a qeametric snil value system., Tho physical soil value
system cornsists of 3 set of parameters that f£it into 3
‘family of equations which‘describe the vertfcsl and hori-
zontgl force-deformation curves, The force-deformation
curves are obtained by means of an instrument called a

Bevameter, The detalls of the instrumentation and the

‘procedure for obtafning the sofl values have been com-

pletely described in Reforcnce 4 so will not Be prescnted
here. [lowever, a description of the usge ot‘flo perameters
is gqiven irn Appendix A,

The geonctric soll values ders:cibe the profile of

#
terrain since It was observed thut even if soil was streng,
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vehicle vibretion llmitéd vehicle speed to a2 low level,.
It 13 o relatively simple proposition to develop equa~
tlon:s. describing the vibration characteristics of o
vehicle once the vibretion input {s know, Adnittedly,
ff the non-linesrities of tirc deflections, springs,
d:dpar:, or the effect of s heavy track on vibdbration élﬂ
add 8 great amount of complication to the equations,
However, {f the equations pfoduco general trends which
are oorrect, the designer knows how to inorove performance,
He may not know the exzet level of improverment without an
experiment but he knows whether a given change represents
sn improvement or deterioration fn perfornmance.
Once the vibratibn or profile environrnient gnd soll
strength characteristics were identified, ft would seenm
;reasonablo that a vehjocle desfigner would be In s reason-
ably good position to ostablish his desiga criterias,
Howcver, thézo two factors do not consider one very im-
pertant facet of the environment: the ef{fect of odstacles
(6) in the form of veqot:tlon’. It often occurs that soil
i1s strong, profile 1s mild but vehicle perfornance is still
1imited Sy vegetation, For example, Figure 1 shows the
affect of grass on the performance of a tracked vehicle,

TWe gress sinown in the photogreph was spproxinmately five
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foet hijgh and became packed into the suspensfon.systex

of the vohicle to the point of Immobilizing the vehicio.

~In Figure 2, we see o typical obstacle produnced by vegeta-

tion fa a jungle envirommant, The Corps of Engineers has
been very actlive ia the development of o technique to
catalog vegetative environmant as a part of the Military
Evslugtion of Geographlec Areas Syston.developed by crnbnu7.
It would appoar that there are three prime olemenks
of the terrain which 1imit vehNicle performancet the soil,
the sofl profile, and the vegetation cover, This report
represents a collection of the physical soll values and
geometric profiles that have been obtained hy the Land
Locomotion Loboratory, Other than s cursary review in
Appendix A, no sttempt ts nade hero to doscribe the ap-
plication of the soil volues since this has beea done in

esrlier publications,

0BJECT

rho‘ebjtct of the wort reported was to collect and
report the physical and geometrio soi) values that have
been obtained by thoe Land Licomotion Laboratory and to

fndicate otler sources of terraln design eriteria,
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DISCUSSION

The physical and genmetrie valves that have hcenm obtain-

. ed ave included fn Socction YII, The major portiom of current

work dovoted gspecifically tc obtaining terrain design ceriteria

A - -

i1s belng conducted by the Advanced Research Projects Agency
and tho Waterways Experimant Statfon (WES) of the Corps of
Enginners. These projects are reviewed below along with the
stndies of muskeg in progress ia Caneda.

‘The WES proeject fs entitled The Military Evalustion of

Geographic Areas and is concerned with a complete quantitative
! description of s}l elenents of terrain., The discussion pres-

; ented here is concerned primarily with the description of

5 : vegetation,

; The progress to date of the vegetation anslysis bhssc of

the NEGA program at WES {g the establishment of a workable

descriptive vegetation classification, The systen was devised

by Pr, Dansercaw pf New York Rotanfcal Gardens and has Leen

used fn Puerto Rico, Thafland, and portions of Central America. .

reese s 0T 0T ‘““Thrf"éliiifffé?fl?ﬁ']f?biﬁts Tn a nualitative fashion for

) vogetal features such ag height, eroun shape, leaf charscter-

: istics, stem, hranching, roots, grmature, and distribution,
The finsl description oZ an srea 13 s combination of symbols

in which these characteristics have been categorized,
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The ¢lassification, although quite invnlved and rightly

so considering the natnre of vegetation, {s free !ro, Latin
namas and has the adrantsge that it can he used by o bct:on ' .
with 1tttle or no binlogic background, The avold@nco of
Latin names, howaver, neglects many of the subtle properties
which prasently have to be descrihed symholically fa the
classification, |
The mathod of deserihing an area consiasts of selecting
random points hy statistical means such as a2 grid pettern
and then measuring oll the pertinent data at this point with-
in g certain radiws, Fnectors such os pofisonnus needles,
edible frult, Jimited visibility, etc., which may be spplic-~
ahle in some regfons but not in nthers, are all incorporated
in the description, WES also Ras a project in progress te
dotermine the effects of trece spacing on vehicle mobility,

The results of this study seem to §ndicate that thisg analy-

sis 1s similar to a labyrinth problem,
Along with the vcyetal deseriptlon of a terrais, WES

hopes to incorporate » "Family Factor Concept” !u'tho study

IS
e

of obstacles in vehicle mobllity. This concept basically
fmplies that nnot one feature of the terruin 3lone is as im-~ . j
portant in the immohilization of a vehicle as the combination

of scveral, The other siqgnificent terrain foatures conslider-

ed are surface composition, microgconmetry, mascrogeometry,
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Rydrologie geonmetry, Systems for nS:roﬁeonetry classtifica-
tion are being worked on st Vandordilt University, Marshall
University, and the University of Tonnessee, MNicrogeometry

is being studied under contract st the Univorsity of South-

ers Californio snd hydrnlegies geonetry and surface composition

is being handled at WES,

Project MZRS (Nilitary Enviconmental ncsﬁgrch Studies)
balnq‘coudueted hy ARPA is dcvoted to the definition of
specific terrain environments, As ; part of Projeét MERS,
the technfques estahlished for MEGA will be ntilized along
with the soil d&scription usod hy the Land Locomotion Laboras-
tory., It is anticlipated that Project YERS will provide a
mejor input fnte the ostahllshncn: of terrain criteria since
this fs the first projest in which all elowents are being
examined in the broadest torms possible, .

A review of the clacsification of muskcqg is presented
primsrily to demnnstrate the Ceasibility of classifying
vegotation,

Nost of the world's land surface in the extrene latitudes
toward the north, and {7 some casas, the suuth, 1s covercd
by en orginic terrein known as nuskeg, MNuskeg is a2 term
which has spacific connotations with respect to both ihe
surface and subsurface matortal, 'The work done in estadblish-

fag a valid classification has bean conpleted by N, W Radforth
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of Nelfasters University, This system has been pro;on applic-
able In countries such as Alngka, Canads, Rwssis, Treland,
and parts of Chile, The elnssitientlon.ln sinrle enough te
bo used by a non-biologist and has the prosbectl tor direct
. ¢correlations to opglnonrinq properties, V
The swrface classification of ruskag is dividad inte
nine eatcanries labaled from A to I, These catcgories are
bssed on the vepsotal features of woondinass, and stature. An
area 1s identifiod by the letter of the most predeminaste
categnry, followed by o socond and third if necessary, but
never mnre than threellcttors are nsed, This allows for

many possible theoreticnl muskeg comdinations, more than

<
The sudbsurface portion of the muskeg, known as peat

actually found in the fleld, _ -

has boon divided into sixteen categories numberod 1 to l‘.
Those cetegorins are tumped into thrce broader groups based
on the visual nature of poat, Categorier ! to 7 are amor-
phons-granutar, O to 11, arc fine-fihrous, and 12 to 16, are
coarsc-fibrous, Tle entegories are qua!itatirel! deflined,
but work is progrossing to evaluate them on a gqnastitative
hasis,

In cnw)unction with the surface and gubsurface classi-
fications of muskeqg, an overall terrain evelnation of the

ruskeq reveals sevoral definite topngrophic retationships,
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These relationships are divided Into sixteon contonr types
1sheled "o” to "p", They include topography described as
peat plaie.n, closed pond, qgravel bda=, and rock gravel plaln,
te nann a fow, Tables have hocn estahlished which show in

descriptive terms, at least, the correlation of topography

"to swrface and subsurface conditions,

The most widely nsed method of muskee mapping is with
the wse of uirpﬁotoa. This {8 partly due to the'accuracy

and ease with which the alrphotos can be ugsed and partdly due

¢

At T Vo

to the fnuccessibility of nuech of the arca to he mapped.
Cefinite muskeg patterns have becn idantified at altitudes
of 5,000 and 10,N00 fect. These patterns are in turn re-
1ated ®n tho topoagraphy and nuskeg coveraqge according te
the ltadforth system fron which praperties of the underlying
peat can be iInferred. '
There was littte In the way of previons expericnce to
indicate what type nl description wonld best describe terraln
profile, The das?rlption would have to be statlistical since
the terraln geometry is s random phé;omenon. Basically, the
ﬁoscript!bn had to rest on statistical properties sufficient-
1y simple to bhe determined experimentally snd yet suffliclent-
ly detsiled so0 ar to Include a feanture or featurcs which

would be significant In :nalyi!ng statisticgl vehicle dynanmie
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It was doridod? tn measure gronnd ronghness initially in
terms of the power spectral density,

To nhtalna the power spectral density, psd, of ground
"nlavation (randem Cunetien) slonqg a strafght line, or more

precisely, Lo ohtain an estimate of it, one proceecds as

L L i

follows: mc#snrn and record the elevation at equidistant } ?

. e

points along the Yine; sompute the serial correlation from ?

these data at xelected intorvals: the smoothed Fouriler %

T ieem e~y ansfoTiS of the scerial rorrelation fs the psd estimate - %

thirs is the analysis scheme according to Lha nethods of

-

Pinrkmann and Tnknyq, The abscissa of the psd is in

('nngth)'1 units, f.0,, Jonath frequency nuits and the

AR Ny B

ardinate i in (10nnth)2 nnjts,

The concept of thoe power spectral donsity of » rondom 1

function has proven fruitful In a numher of {lelds Includ-

ina spectroscopy, commnniecatlion theory, tnrrbulence, ete,.

g ———

The validity of this conecopt rosts upon the nssumption that

the undarlying staotistleal mechanisu which qenerates the

RN
!

fluetuatinn does not ehanne as the absclssn» Increases and

that estinates of the psd may be obtalrned from records of

Y LR RO

the fluctuatfon One basic point must be stressed, Different
segments of a record, i,e,, different segments of a long .
survey record of elevation along a strafuht line, may ap-

pe~r different fron one another, The psd estinates from

BESTANRHABLEQQP¥
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these seqgments may also he ditferént from one another, But
ss the length of eachAreeord and segment Increases, these
estimates will hecome clozer and closer to one another. Ul-
timately, when the segmonts bocome infinite in length, they
are assumed to soincide, 'Thgg, differences in psd estimates
are sssuned to arise from the tt‘ite record length,

Of course, no records are of infinite length, None-the
less, the concopt of psd has provad useful fn the arcas men-
tioned; and thus, the assumptions just described have a
practicol validity, It is reasonsble to expect that psd
may prove uscful in describing ground or terrain roughness
over recasonable distances,

The selection of a methad for spécifying terrain pro-
fi1e made possible an sttempt to answer the fuﬁdnmentul
question: “What {3 the maximum speed of a partlcuiar vehi-
cie nod;l on terrain with a glven psd?®, or alternately,
"How rongh is a ride at a given spced with a given vehicle..
model on ground with a specified psd?* It {s to be noted
that a ncw point has heen raised: namely, the criteria to
be used to determine “naximum speed™ or “rough rlde,”

Conversations witﬁ‘;ospons!ble ﬁersonnel at varicus
estnblishuents estahlished one point of Importance, Most
individuals held the position that the human driver or

hunan cargoe §s one of the most significant factors in setting

- BEST AVAILABLE copy
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maxinum speed or determinfnu how rongh a ride is, Further,
the view was expressod that present vehicles could be
8riven nucﬁ faster if onlj the driver would deo sof mochan~
ical breakage, if it was a limit, conld he oliafnated.
It hecame clear that the areas requiring basic resecareh
were!
a. Statistirgl description of rowgh ride based
upon subjecting humans to random vibration environament.
b, Statistical description of terrain prefile
based upon survey data.
| Both arcas are presantly heing investigated, The sub-
Jection of humans to random vibration conditions, in its
initia) stages, is being carried out in a dynanic sest
sinulator, The initial staﬁes,?f the test program are to
dotermine the extent to which 3 subject can detect the re~
lative roughness of simple vibration environments from twe
- - = Ar3CTNCT power spectral densitics that are of the nsture

O ——

of real tortaln #pactra. 1he statistical design of the ex-

perinant_tokes_ Into nccount the act. that the sanplePul———m ——
is of finite length and will be subject to the variablility

In amplitude thaﬁ osccurs when looking at only s small portien

of a record that is statistically statfonary. The ultimate

goal is to determine those aspects of psd that determine

BEST AVAILABLE COP*
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quantitatively the Yimits of comfort a hunman nill'accept
in being :uhjected to random vortical vibrational environ~
ments, The linits could then be nsed ts dotermine how
rough the seat motion wonld have to he in order to pre;cnt
the driver from going too fast,

In the other area, surveys of terrain profile have
been initiasted to dotermine psd estimates, Since the psd
;ffordc a quantitative method of descriﬁ!no terraln profile,
one can deduce quantitatively the roughness of a profile
having this psd in any specified frequency band., Illence, it
becomes posasible hy use of psd to classify terraln accord-
fng to these measures of roughness, It is therefore possible
to classify the roughness af those areas of the world which
are of strategic military importance,

Since th;ro is no readily avaflahle data for studying
the terrain as a surface, a2 survey on a field located in
North Central Indians, adjacent to Purdue University, has
been conducted, The survey was takem along five concentric

lines that divided a circle Into equal scctions, as shewn

in Figure 3, The length of the lines vary from 1,500 feet

for line A, to 1,200 feet for line D, The elevations were
taken at six~-inch intarvals along each line, thereby ylelding
a spectral resolution of ore cycle per foot, These are pres-

.nted In Ticures 4 through O,
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Survey Plan, Plowed, C.l“'lt“.A'
and Grazed Fleld o

Purdue University, North Ceatral Indiansg ¢

%
-
a
North
/ 3
c D
1600° - _‘
Figure 3.
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TEST EQUIPMENT

In order to obtain physical sefl vylues, "r".;,i‘§i-.

meters were utilized, The eqripument shown {n rlcuit 9?1

representative of the equipment uwsed, The use of the Beve-

meter Is described in Referance 4,
Figurc 10 shows the device used to obtain geometric
profiles. A description of its use and charscteristies is

given {n Appendix B,

RESULTS

The physical soil value dsts sre presented fa tadulasr
forn with the soil valnes listed along with scil type, The
geometric s0i1 values are given ia a power spcetr.!_dénsity

function format,

As {wplied ia provious sections, the collectlon of fleld

data to give terrain a goneral description is divided inte

three srenst Soll strength, soll cover or vegetstien, and
terrain profile or geomotry, Foch category, in itself, 1o

s major undertoking, The ultirate goal is to cheracterize

or classify terrain over large aress so that s comprehensive

description of the terrain will be avallsble, In time, it

18 hoped that thiz deseription will be on a world-wide basis,

24
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In reviow, the strenctﬁvof the soil, as descrihaé by
‘the Land Locomatfon Laboratory’s Soil Yalue System, is
composed of the vertical and horizontal components of soil
strongth, Tho vertical strength of solls {s described by
the paramoters kc, k‘ and n, These parameters are used to
determine the sinknge'of a2 loaded area and if’thisAloaded
area is a1 wheel or track of a vehicle, they arc used to
determine the wheel or track motion resistance, The hori-
zontal or shear strength of tﬁo soil is dcscribcd by the
parameters ¢ and £.,Dy combining tﬁe vertical and horizontal
strength paranecters of softs and applying them to vehicles,
it is possihle to determine the performanco of the vehicle,

The soil strenqgth paramecters have been dofermined for
various soils under controlled laboratory conditions as well
as in the fi0ld, All measurcments were obtained by the
Bevameter, a device desfcned by the L#nd Locomnotion Lahora-
tory, The vertical parameters ufe dctermined hy analyzing
the load versus sinkange characteristics under qirculat and
rectanqgular sinhage {ootings, The shear strength parameters
are detcrmined by the tornque versus deformation relation-
ship of g shear annulws at various nornal pressures,

The following 1ist is a3 tabulation of the soil strength

values, first for the coatrollsd conditinan and then for the

fleld conditions:

-
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CONTRILLED LAGORATORY GCONDITION

1MOISTURE . : ' )
o1t CONTENT SR ¥ * (Ben) $
) Degrees
1. Bishigan 14 17.5 6.6 0.53 1.6 29.5
Loanm
16 9.5 5.6 0.50 1.9 27.5
10 6.5 4,7 0.47 2.0 25,5
20 4.5 3.7, 0.42 1.6 23.5
22 3.3 2.9 0.39 1,0 21.8
24 2.2 1,8 0.35 00 19.5
2. Crystal -
silics ) 3.3 1.0 0.0? 28
Sand
Dry & loose
3. volc‘a, - o 1.0 l.a‘ Q 32
Dry & Loose
4, Pumice Stone
(Powder) - 0 1.08 1.1 . O 32
Dry & Loosc -
5, Masen Sand - 0 3.5 1.0 - 1] 27.5
Dry & Loose
6, Nississippl .
Buckshot 9 11.7 3.7 0.12 2.9 11
Cloy
0Py
grT AVNILIBIES
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FIELD CONDiTIONS

i
|
|
i

SOIL NOISTURE
. CONTENT
B »
~ 1. Detroit | " Saturated
3 Arseral
: So. Stde 50
3 Bldg 219
1 Centeriine, 40
: dich, j
E z 34
1 % 25
% lE
3 Sand Nar 4"
: Vickshurg, (at 0-6" depth)
E Niss, *
¥ 3. Arep 23
4 Ft.Knox,KYy.
g Clay | 24
f Sendy Loan 13
8 ; Sendy Clay 15
E ‘
£ 4, Churchville 33
g Area, APG
TE ﬁary;and‘ 32
£ i 29
‘é 28
B . 26
fard Pan. -

- - -

$

k° k‘ ‘_ (psi) Fegreec
5,3 2.7 0.96 -~ - %
3.2 4.4 0.42 - - ;
!
‘02 2.6 o.as - -
13 3.1 0.20 =~ - }
23 —or o AO— 028 ==
1.5 27.4 1.1 0,25 29 %
}
t
5.2 0.2 0.75 1.0 10 g
7.0 7.6 0.87 0,40 20 :
2.3 1.3 1.3 0,85 10.5 ;
0.90 1.7 0.33 0,75 1 ;
0.66 1.4 0.44 0,60 13 ?
1.6 2.7 0,63 0,90 23 ;
4.8 1.8 0.40 2.0 26 }
1.6 2.8 0.58 2.1 26 '

2.68 6.8 0.31 2.0 22
BEST Ava
i
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FIFLD CONDITICNS, CONTD,

o
sy

: SOIL . MOISTURE c
: CONTENT k- - n (psf) Degrees
| % ¢ 4
. 5. Erle 0rd 19 . - - - 1.6 41
Depot, Port
Clinton Ohio 24 - - - 2,9 31
27 - - - 1.6 24
29 - - - 3.3 t‘
: 6. Durden Creek
o=~ Aresy WESy —-~-
Vicksburg,
Miss,
Si1t with - - - - 4,3 23.3
Vegetation
7. Rep. of
Panama, Area B 20.0 ?.2 1.4 2.0 33
SWANP FOX '
II' Areﬂ Ar’. D 0 47.0 1.2 3.2 ”.0
Ares C - - - 2.3 3s5.0
8. jort Story, - 13.5 7.0 1.0 0.1 . 318
Beach Sand :
9. Fort Eustis, : '
Va, - 21.0 7.0 0.82 0,42 3
Messick Marsh
"10. Thailand - - - - 0.2% 30.6
Sara Buri $1
§ . Sara Buri S52 - - - - 0.49 » 31.2
Sara Burf S3 - - - - 0,54 24,2
Korat K4 - - - - 0.54 22,1
20 REST AVAILABLE COPY"
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FIELD CONDITIONS, ConTD,

S0IL HOTSTURE o c
- con;zar &, x, | ®  (ps1)  Degrees
" 10, Thailand
* Centd, .
Bang Ping I 1.7 20 16 0.31 0.50 26,0
(0-6")
Ban} Ping 11X 39,2 7.8 22 0.30 o0.20 J2.4
(0-6") .
(0-6")
Beng PU 8 40,3 - - - 0.3%0 31,4
* . . {0.6™)
Baag PU 10 60.6 - - - 0.60 29.9
(0-6")
Beng PU 11 42.9 14 21 0.21 0.4) 32.9
(0-6")
Beng PO 12 ‘ 19 17 0.19 0,20 32,0
~ ' (0-6") .
11, Houqghton,
Mchigan
sﬂa"' '.1‘0‘ -1957 3.6 003 loo 0. la 13.2
1960 0.6 0.2 1.24 0 21,3
12, Ft.Churehil}] ~
Hanfteba,Can,
Crusty Surface - - - - 0,33 23,
Sub-surface - - - - 0,23 20,
13, Greenland lce-
Cap, le 18, .
Nov, 1961
0-3.5 pst Range 1.99 1.80 o
3.5 psi Range 0 1.1 3,2 O 24.5
. 31 Btsr
4V4/[48[£C
Opy
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" CONCLUSIONS’

A —————

The work on thiz project wss not {ntiended to be con-

clusive {n wature. The effort was devote érfuarily to'tti
eolioction of currently.aVni)abio terrafin Yata. [owever, it
1s possible to nffer a.dofinit.e. c.oncluinn! 1&0 spedi‘flea-
tion of vehicle characteristics can and must ino!ud‘ s wide

range of factors associated with the terrain. It is net

.possible ab=this tine to ectablish which .lélent of the

terrain is of overriding importance or whether thore is such

s terrain element, lhmmevert:g0-44.ahs&‘nn_&l‘iv-oo-c-wio--
L -

—

S

M‘ého soil strength charactoristics, the geometric preo-
file, and the vcqgetation obstacles must be specified. in

quantitative terms,

RFEODUMFENDATIONS

It is reconmended that future vilitafx Cherscteriztics
be stated In quantitative torms where possible, The current
data only permit the ldentification of the soll streath
criteria but a3 Projects LERS gnd UEGA develop, the results
of these projects should be incorporated im Millitary Charag-

toristics,
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APPENDIX A,

ROBILITY PERFORBIANCE

In ordor to nndertake mobility performance studies on a
vehicle, the range of values of drawbar pull (DP) and draw-
bar pull per 1oad (DP/i7) with respect to a range of valucs
in sofl consistency (k) must bottonnd.

Given the values of W or p, b, o In the case of tracked
vehicles, and D in the case of wheeled vehicles, and s rarge
of values for tc' k‘, R, ¢, and tan l,valuo: of DP and DP/N
versus kX may be found and graphed by evaluating the equations

fn the following procedurst

1. k = (;g . i‘)

k-

2. Ke and l: are dependent on the angle of internal
friction with respect to thu angle of Inclination of the

rupture plane and may be obtained from the graph appearing

at the ond of the Appendix A, 2 *
_ u an +1
. = = —g'l'— : = Sinkage
wheel b/D(3-n)/
1
»
Zereck ° -ﬁ ] s Sinkage
4',quhecl =  2J3(D~2) = Contasct length
3 B
EST 4
’quq:~
i(jib}
ZECHPy

Y '



*

track = Given

Contact gregf

b 3
"
NS
"
.

S.

6, I = AC + W tan 4 = GCross Traeiive Effort

= Compaction Resistance

8. R, = »( zcKg +‘fzz Kx) = Bulldoziug Resistance

where ¥ = Sail density,

9. DP = M -(R + R,) = Drawbar Pull !
4
. R -(R_+ R ' ’
10, DP/W = ¢ L = Droawbar Pull per wheel i
] or track losd, :

[e——
r

v

Although the values obtained give the valucs for DP and

DP/W versus k for s track or froant wheel of a vehicle, the

DP and D¥/Y values for rear wheels may be differeat depending
on twhether one wishes to helieve that the other wheels are

encountering resistance, from bulldozing and compaction, or

R T ot v o o o

not, Test results appear to indicate that the rear wheels
have the same motinn resistance as the front whesls, even

though the soil has been compacted end bulldozed by the froat

wheels, This result is basod on very limfted tes%s, but e

34
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obvionsly true whea the vehicle is alanning direction, low-
ever, the following possthle assnaptions may be made coa-
cerning the resistance enconntered by the wheels in question:
' (1) Mo connsction or hulldozing resfstance is
encannterod: therefore, DP = !I and DP/M = 1I/W,
(2) Compaction hut no dulldozing resistance is

encountered: thercfore, NP = H-R_ and b/ = (H-Ra)/H.
(3) Both e¢armpaction and bulldozing resistance i3

enconntered: therefore, DP = H-(Re + Rb) and

e/ - W-(Rg+ R

]

The assumption which s nost nearly correet fs left to the

resdar, since o completely verified theory is not availahle,

3
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TERRAIN PROFPILE MEASURENENT SYSTEN

. By
David B, Sless

PACKGROUND
Zarly 1a 1955, the University of Niehigsn, Engineering
Research Institute, Ass Arder, Nichigas, degan work en
“Terraln Ceometry Weasarement™, This werk was dome under
the spomsorship of the Laand Locomotion Ladorstery, Detreoit

Arsenal, Center Line, Nichigan, An extensige study was made

| of sll existing methods of measwriag terrais prefile. A con-

sept was selected based on thip study, The presest eguipment
resembles the concept closely, The differences are primarily
meehanical deslign changes which were made te sinmplify and

ruggedize the field equipment,

SYST=M OrcnaTION (Sloje Inteqration “ethod):

The equipment was designed around the slope fntegration
method of terrain geometry measvrement, This methed i §l-
lustrated in Figure 11,

With reference teo Figure 11, la order to detarnine the
relative elevetion of B to &, {(y = y.) and the horlzontal
distance betweoea the twe polnts, x, it {2 mecessary to measure
the distance frum A to B gloang the curve, s, and the angle, §
that the ground hetween |\ and B makes with & trus horlzontal

drawn throuqgh peiat A,

37
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SLOPE INTEGRATION METHOD

OF TERRAIN GEOMETRY MEASURBMENT

Elevations y -~ y,.» 3 sine ds
, °

Horizontal: x = s coe o ds
Distance
48 = Total travel along curve

Y = Blevation of ground for total
travel, as, along the curve

Yo, = Blevation of ground at start of run

® » horirontal dictance for total travel,
48, 2l&ng tha curve

@ = glops angle of ground

Figure 11,
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SYSTEM DESIGN FOR _FIELD OSE:

In practice, the distance along the curve, s, is measured
with a fifth wheel. The slope angle of the ground, 0, 1is
measured with a tandeam wheel device having a 12 inch whee!
base. Therefore, O, is the angle that the twelve inch wheel
base makes with 3 true horizontal.

The details of the profile wheel are shown in Figure 12
The trve horizontal {s measured with a gyro, The gyro trans-
mits s signal to the wheel base which posltloﬁs a synchro re-
lative to the true dorfzontal., A second synchro is meechan- V

feally connected to the whee! base, The slope angle of the

-— -
. ——— -
~ e -

ground, 9, {s the difference between the two synchro angles,

The wheel base angle is Interpreted as s D,C., voltage
between +2 and -2 volts, The voltage is positive for.positivo
angles, zero for an sngle of zero, and negative for negative

angles, This voltage is monitored throughovt. the fest runm on

sa oscilloscope.

SYSTEY CALTRRATION:

Baefore the start of each test, the system is calibrated,
Calibration consists of adjusting the system g0 that 3 specif-
lc-voltago corresponds to a specific angle, For oxanmple, one
volt could correspond to a wheel bhase sngle of 20 degrees,

Sueh a calibration {s shown ia Table I,

2
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TABLE .,

FOR CALIBRATION 1.00 YOLTS =

10°*

1.00 Yelt = 10°

X Volts = 5%§3§

Yoltage Ycitage Voltage
Proportional Proportional Difference
0 Sin 0 To Sin @ To &
0 . D000 . NOO . 000 . 000
1 L0178 . 101 + 100 -, 001
2 .0349 .201 .200 -.001
3 .0523 . 301 . 300 -.001
4 .0698 .402 - .400 -.002
5 ,0872 .502 .500 -.002
é .1045 .603 .600 -.003
[ 1219 . 703 .700 -.003
8 «1392 . 802 . 800 -, 002
9 .1564 .901 .900 -.001
10 1736 1,000 '1.000 .000
11 . 1908 1,090 1.100 +,001
12 . 2079 1.197 . 1.200 +,003
13 .2250 1,296 1.300 +,004
14 .2419 1.390 §1.400 +.,010
18 .2580 1.490 1.500 +,010
16 .2756 1.58% 1.400 +.,018
1?7 .2924 1.688 1.700 +,018
18 . 3090 1.780 1. 800 +.020
19 .3256 1.870 1.900 4,030
20 .3420 1.970 2.000 +,030
25 4226 2.439 2.500 4,061
30 .5000 2.880 3.000 +.120
35 .5736 3.310 3.500 +,290
40 .8428 3.710 4.000 +,29¢
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INTERPRETATION OF THE GENERATED SIGNAL:

Technically, the signal qeaqra}od by the synchre system

is proportional to the sine of the angle rather than the angle.

"Table I shows, for a calibration of 1 volt ?‘20°. the voltage

-

proportional to the sine of the :ngld is cdual to the voltage ’

. praportion3! to the angle to within : .05 volts fer angles less

than 30%°. The system electrical resolution i« 4 .05 volts, and }

L R s

angles greater than 30° are seldom encountered in the fleld: F

therefore, in practice, the output voltage is treated as delng

proportional to both the sine of the angle and the angle. The ; §'

A function used is the one that is most convenfent, . :

FIELD PI'YRATICKN: ‘{i.
Figure 13 shows how the system works in the f{ild. The i %?
system is calibrated as described previously. As the wheel ;
traverses the ground profile, a continuous record of the wheel ;
base angle is recorded on one channel of an instrument type !
tape recorder, A measurement of the profile wheel®s movement §
along the curve 15 recorded #s a sevies of ldontie;l pulses. ; ‘
Cach pulse represents a specific distance traveled along the % ;
curve, In Figure 13 the distance is 5-1/4 fnches, ‘
. X voice channel is usad io record cailbration data and :
' gensral imformation about the terrain being neasured, i

AT\ RUEDPCTION (Raw Nata Cvasluatien):

SO —

The raw data is read out on a brush recorder gnd examia- .

ed for continuity and magnitude, The data is edited on the

42 i
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basis of this examinatioa and then the cditoﬁ data 1ls ampli-

_fied im a PACE analog computer. The amplified sigssl is

digitized in a special piece Of.cqlipﬂ.l‘ designed 2nd built
by Zpsco. The end product of this stage of dsts reduction is
an edited, digitized, magnetic tape suitadle for :si on our

Burroughs Flectrodata 205 digitsl computer.

DISITAL _COMPUTER DATY REDNECTINK:

The data 1is operated on by the computer whickh solves for
the elevation and hor!;outal distance as indicated in Fij:ve
1. .The conputer output s usually in a forn suftable for use
on the I'\CFE Date Tlotter, The datas plotter nroduces a profile

curve similar to that shows in Figure 14,

DRIFT CORRECTINY:

Figure 14 shows that the raw data exhibits a certata de
grea of drift. This drift Is ussally small, nornally belng
less than two degrees, As Figure 4 indicates, thlg drift can
be partially compensated for during the dats reduction proecis.
The correctlon process is relatively simple, Knowing the total
elevgtion error at the end of the run, s correction factor !:
applied throughout the entire run to reduce the total elevation
error to very near zero. It has bheen found that this process

reduces the error at any point along the rus to a mininun,

POSSIPLS CAUTEMENT MODTFIOATINR:

At present the data reduction and analysis pracess [

sonewhat time consuning, Consideratlion is being gliven to

44
BEST AVAILABLE COPY

e T —" ~ g 2 7 s .

st




o i ot o
T e o e e e

,r'

>t -u-u«h.

I ¥vA O uve P09 "On 0N TVNNIaY souLse

VIVQ MYY === ‘ &
dnvy ———— _ =
R 1334 2 s

h.z. €9

1831 A¥OLVHOGV

ViVQ GILOTYYO) e
VIVO MVY ~-~==
AJAUNG ==

1334
oot 002 00l
A Y

l'.\!l‘ L Say
,".lil

443

1334

ANJNLNIN “XONN 1804 1V N3NVL ViVQ Q1314

, . NIVH¥3L IvnidvY oL viva 03QH023Y 40 NOSINVENO)D

© o T3IHM 370N

A A it L R L LTS o




o R T g R T TR, T T TR TR T

T, T, T T T TR T

e
PPt
CLEN T

.

Tt
7

é .‘1'?‘ d

riod{fy the present equipment so that all or part of the data

g
7.

; ‘ reduction can be done as it is acquired 1a the fleld,

NSy oF THE NATS (fnvironnment Nescription}):

The ground profile is an important factor is descridinag
the physical environment of a combat vehicle., Previows -o:lodq
used to survey ground proflile are time consum.ng and expensive,
The terrain profile messurement asystem allows a rapid swrvey

to be made of practically asny test course im s relstively sdort

PRI, RS TR R,

tlme; It i1s also possible to repest these measuremenls as tcé
quired to determine profile change due to westker or vehicle
traffie, [

An Important feature of the system is that the data is ) ‘2
taken ia a form that can De feod directly Into s computer system
for reduction and asnalysis.

As a survey device, the systom i3, thef-fcrc, capable of:

s, describing a specific test course

b, conmparing two or more test courses, ; E;

¢, Mmeasuring short or long tera wejther effects E %g

on the ground profile. | . i §§
.d. measuring the effects of vehicle traffic on the ? ?;

ground, . 7 §
VINIGLE CONCTPT sYALBATION: ‘ A ; .
Vehicle concepts arg now analyzed at ATAC with respect . Z

to thelr ride characteristics, using an analel computer, The %
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eomputer input for this evaluation is the test course survey
recorded oen magnetie tape. ]

In the nesr future, it is intended to mse the profile
dstas in 3 somaputer pregram to prediet concept fuel conswnption

and average speed over the varfous test courses,

SUSPENCION TEST AND ARALYSD::

Frocuremeat has been initiated for a device which will
subject o susponsion unit to losdings similar {n magnitude and
frequency te those the unit would encounter in the field, The
ability of this device to ssbject a saspension unit to equiva-
Tont field testing in the laboratory makXes it 3 useful research
teel, as well as am endursnce test machine,

The Input coatrel signal fer the device will be the pro-~

file data of the test course survey recorded on magnetic tape,

47
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